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Abstract Freezing of gait (FOG) is an episodic gait dis-
turbance that is commonly seen in Parkinson’s disease (PD).
To date, treatment efficacy is limited. We tested the
hypothesis that an intervention that utilizes motor learning
provided through intensive cueing can alleviate this symp-
tom. Fifteen subjects with PD suffering from FOG partici-
pated in a 6 week progressive motor learning program (three
training sessions per week—open trial). A training session
included FOG-provoking situations (e.g., turns). Prior to each
presumed FOG provocation (e.g., just before a turn), rhyth-
mic auditory stimulation (RAS) was elicited and the subject
was trained to walk rhythmically, coordinate left-right
stepping and to increase step size, utilizing the RAS cueing.
Net training duration increased from week to week and sec-
ondary cognitive tasks while walking were added to increase
FOG propensity. FOG symptom burden was assessed before,
immediately, and 4 weeks after the training period. The mean
number of FOG episodes (:=SEM) per 10 m of walking in a
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standardized gait assessment decreased from 0.52 £ 0.29 in
the pre-testing to 0.15 % 0.04 in the post-testing (p < 0.05).
The duration of FOG episodes decreased from 4.3 + 2.1 to
26 £ 0.6 s (p<0.05). Additional measures (e.g., FOG
questionnaire, gait speed) varied in their responsiveness to
the treatment. These effects were retained 4 weeks after the
training. The results of this open label study support the
possibility that a motor learning-based intervention is
apparently effective in reducing FOG burden, suggesting that
RAS can deliver ‘anti-FOG’ training.
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Introduction

Freezing of gait (FOG) is an episodic phenomenon seen
among persons with Parkinson’s disease (PD) and with
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parkinsonian syndromes [1, 2]. About 50 % of all patients
with PD experience FOG, 10 % of PD patients with mild
symptoms and 80 % of the patients with severe symptoms
[1, 3]. During a FOG episode the patient experiences a
sudden and transient inability to move effectively. The
etiology and pathophysiology of the phenomenon are not
fully understood (for recent reviews, see [4, 5]).

Several studies have demonstrated that the gait pattern
in between FOG episodes is altered in PD patients who
experience FOG (PD + FOG), compared to PD patients
who do not [6-10]. For example, impaired gait rhythmicity
[6], a continuous decrease in step length [7] and impaired
ability to coordinate left-right anti-phase stepping [10],
were implicated with high FOG propensity. These findings
have led to the idea that FOG occurs when the gait alter-
ations associated with FOG exceed a certain threshold [11].
If the time course of gait deterioration can be interrupted,
FOG propensity may be reduced (cf., the heuristic depic-
tion of this concept in [11]). This idea suggests that there
might be a therapeutic window in which FOG can be
ameliorated.

Freezing of gait episode appears more often in the OFF
state, when the medication effect wears off. Still, the
common pharmacological treatment in PD such as levo-
dopa [12] and Botulinum toxin injections [13] are not
optimally effective for managing FOG. Results from some
intriguing pilot studies suggest that FOG may be respon-
sive to deep brain stimulation (DBS) in non-traditional
stimulation regimes [14]; however, in general, DBS typi-
cally does not provide symptom relief [15-17]. Thus, FOG
is often considered to be unresponsive to current treatment
options.

Physical therapy (PT)-based interventions for treating
FOG are also not generally effective. Recently, treadmill
training which alleviated gait asymmetry [18] was found
to be effective in reducing the FOG burden as reflected
by scores on the FOG questionnaire [19]. Two case
studies reported that repetitive robot-assisted treadmill
training may reduce FOG [20, 21]. Still, evidence sup-
porting the efficacy of practical therapeutic options is
lacking.

External sensory cueing is an effective method for ad-
hoc overcoming of a FOG episode. Visual cues, such as a
stick placed on the floor in front of the frozen patient, or a
stripe taped to the floor, can help the patient become free
from the FOG episode by triggering an ability to generate a
step forward [22, 23]. Many studies demonstrated that
auditory cueing in the form of rhythmic auditory stimula-
tion (RAS) is effective in improving gait disturbances in
PD. For example, Rochester et al. [24] demonstrated that
cued gait training improves gait performance in PD and
that the improvement is transferred to gait in the absence of
cueing and even various complex conditions. However, the
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ability of RAS to ameliorate FOG has not been demon-
strated [25].

Contrary to early thinking, motor learning apparently
can be achieved in PD. For example, Mirelman et al. [26]
demonstrated that progressive and intensive treadmill
training combined with virtual reality can induce motor
learning processes that improve gait in PD during complex,
challenging conditions. Since RAS has known immediate
beneficial impacts on gait in PD [25, 27, 28], we decided to
use RAS as a vehicle to deliver a motor learning-based
rehabilitation program to address FOG in PD.

We hypothesized that an intervention program based on
motor learning principles with RAS as the means of
imparting procedural learning can reduce the FOG burden
in subjects with PD. To test this idea, we employed RAS in
an open-loop, feed-forward manner whenever a subject
encounters a FOG-provoking condition in order to avoid
the impending episode in a 6-week training program.

Methods
Participants

Subjects with PD were recruited to participate in the study
in which we assessed the efficacy of a 6 week progressive
gait training program (open trial). The subjects were
referred by the Movement Disorders Unit (MDU) at the Tel
Aviv Sourasky Medical Center.

They were included if they:

1. Were able to walk unassisted for at least 5 min;

2. Suffer from the FOG symptom. For this criterion a
screening threshold was based on the response to the
question “Do you feel that your feet get glued to the
floor while walking, making a turn or when trying to
initiate walking?” (Question #3 from the original
FOG-Q [19]. If the answer was “at least once a day”,
they were invited to the second stage of screening,
which was based on a short, performance-based test of
FOG that includes FOG-provoking conditions (e.g.,
turns, doorways). Subjects who exhibited two or more
FOG episodes during this trial were included. This
relatively stringent inclusion criterion was needed to
avoid ceiling or floor effects;

3. Were free of serious co-morbidities or acute illness

that would make training inappropriate.

4. Did not have brain surgery of any kind, including

implantation of electrodes for DBS.

The study was approved by the Human Studies Com-
mittee of Tel Aviv Sourasky Medical Center. All subjects
provided informed written consent prior to entering the
study.
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Fig. 1 Schemes of the different gait training tasks. Double head
arrows indicate places where RAS was started. Gait training based on
schemes a—c, was performed in a quiet and isolated gait lab in weeks
1 and 2 of the training sessions. a Back and forth straight line
walking. These tasks were performed without (fop) and with narrow
passage (middle panel). As seen in the lower panel, the narrow
passage was a metal frame that could be quickly rolled in or out the
path by wheels. Frame width could vary between 70 and 90 cm. On
both sides of the frame, black drapes served as ‘wings’ that obstructed
the view of the corridor, thus creating the illusion of moving from one
space to another by going through the passage. b ‘Slalom walking
trials’. Small plastic ‘bowling pins’ like objects were put in the
trajectory and the subjects slalomed between them. These trials were
performed in the presence and the absence of the same narrow
passage as in a (not shown). Dashed lines indicate the reversed

Intervention protocol
Rationale

The goal of the training program was to generate ‘condi-
tional’ response that will improve three gait features that
are known to be associated with FOG: gait rhythmicity,
step scaling and bilateral coordination of stepping. Con-
ditioning the improved response was done with the use of
RAS. Therefore, the subjects were intensively exposed to

Slalom walking

Gait Lab

L

D T

80m

trajectory (with gray, rather than black, double arrows indicating the
places for RAS activation in the reversed trajectories). ¢ Circling a
chair. d Office space site for training. Small circles represent placing
of slalom walking trail which described in (b). Thick bar represents
narrow passage placing. In this site 90° turning (dashed line) and
entering and exiting rooms were trained as well. e Incorporating
training in semi daily living conditions was achieved by adding
‘hospital tour’. The site described in d is designated as ‘gait lab’. With
accordance to individual endurance and fatigue subjects walked the
main corridor only, or preformed full indoor and outdoor ‘tour’ within
the medical center premises. In this panel think lines represent the
external walls of the Tel Aviv Sourasky Medical Center north wing.
In addition to fixed places (e.g., in the places marked by double
headed arrows), RAS was also elicited when subjects encountered
crowds

gait situations that are likely to invoke freezing (see
Fig. 1).

Motor learning mechanism

During the training sessions, whenever the subject crossed
pre-defined spots in the training path (i.e., spots in the path
that are likely to provoke FOG episodes, recall Fig. 1), the
trainer started a metronome that provided RAS to ear-
phones worn by the subjects. This was achieved using a
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Table 1 Training program

Week  Session Site Syllabus per session
# duration
1 20-25 min  “Sterile lab’ 12 x 8 m back and forth trials. In some narrow passage is placed (see Fig. 1a)
6x slalom trials (Fig. 1b)
6x chair circling (3 time right side in, and 3 times left side in)—Fig. lc
25-30 min  ‘Sterile lab’ Identical to week #1 + introduction of dual tasking trials in the third session of the week
30-35 min  Office area Identical to week #1
90° turns are added (see Fig. 1d)
DT during the second and third sessions of the week
4 35-40 min  Office area Identical to week #3
In the third session of the fourth week, daily living tasks are added, i.e., walking between rooms
while carrying glass of water and opening and closing doors
5 40-45 min  Office Identical to week #4 with daily living tasks presented in all sessions
area,+ ‘hospital DT tasks are presented also during daily activity trials, e.g., counting backward while carrying a
tour glass of water from the kitchenette to one of the rooms
Session number 3 includes short hospital tour
6 45-50 min  Office Same as week #5 + more extensive hospital tour if subjects’ condition allow
area + ‘hospital
tour’

Remarks: Three sessions per week. Each session starts with reminding the required response to the metronome. Each week the RAS frequency is
updated in case the cadence changed. See Fig. 1 for sites and task description

DT Dual tasking

wireless controller (the subjects were not aware to the
existence of small marks on the floor and the walls des-
ignating RAS triggering points). RAS lasted for 5 s unless
a FOG episode actually occurred. In that case, the RAS
lasted 5 s after the termination of the FOG episode. The
subjects were taught to respond to the metronome sound in
the following manner: (1) To synchronize the stepping
pace with the RAS rhythm; (2) To take larger steps (i.e.,
increase step length); and (3) To coordinate the left-right
phasing in an anti-phased manner (achieved by side to side
weight shifting). These three tasks were taught stepwise
and not as triple task. First the subjects were trained to
synchronize the stepping rhythm with the RAS, then to
scale up stride size. These two features were trained in the
first 2 weeks. At the start of week #3 we began training the
task of improving left-right coordination.

Training sessions structure and syllabus

Three weekly training sessions carried out over 6 consec-
utive weeks formed the intervention program. The training
sessions were designed according to the following princi-
ples: (a) Progressive training, i.e., increasing the frequency
of gait situations with high probability for freezing and the
training time from session to session; (b) Incorporating
daily living conditions during the training, for example, by
having the subject carry a tray with a glass filled with water,
or by walking in crowded corridors and halls. The intro-
duction of a cognitive task (e.g., serial 3 subtraction,
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naming) was also used to increase the propensity to freezing
and to imitate real-life attention diversions during walking.
(c) Individual adjustments: during the training sessions, the
trainer identified situations that were more likely to cause
freezing in each individual. These situations were given
extra weight in the individual’s training program.

To add training elements that target daily living condi-
tions and not only ‘sterile’ laboratory conditions, the site in
which training took place varied as training progressed (see
Fig. 1). In the first and second weeks, the subject was
trained in an isolated gait laboratory. In this stage, the
required response to RAS was trained. In weeks 3—4, the
training took place in a quiet office area, i.e., our labora-
tory’s office area. A similar corridor space to the one used
in the isolated gait laboratory in weeks 1-2 was used (see
Fig. 1d). However, this time the subject was also exposed
to occasional passing of other people, doors opening, and
other office activity. In weeks 5-6, training also took place
in the general hospital corridors where the walking space
was more crowded and daily activities were performed,
e.g., entering stores in the hospital lobby (see Fig. le).
Table 1 describes the content of the training session in
greater detail.

All training sessions were conducted during the “ON”
stage of the anti-parkinsonian medication cycle, approxi-
mately in the middle third of the interval between two
consecutive intakes. Prior to each training session, the
trainer practiced large, paced and bilaterally coordinated
steps with the RAS. The RAS frequency was individually
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determined for each subject based on his/her regular
cadence during locomotion. At the beginning of the first
week, RAS frequency was initially set to 80 % of the
cadence, then the frequency was slightly adjusted so each
patient could utilize the RAS comfortably to alter his/her
gait pattern. At the beginning of every training week, the
RAS frequency was adjusted as needed.

Efficacy assessment

Subjects who met the criteria for participation were scheduled
for 6 weeks training, and for three assessments in three dif-
ferent times: (1) 2-3 days before the training program started
(‘PRE’); (2) 2-3 days after they completed the 6 weeks pro-
gram (‘POST’); and (3) about 4 weeks after they completed
the training program (4W) (in a couple of cases no later than
6 weeks after the completion of the intervention).

The PRE assessments included a full medical history,
history of falls, signs and symptoms of the disease, the Unified
Parkinson’s disease Rating Scale (UPDRS; [29]) and The
Montreal Cognitive Assessment (MoCA, [30]) to assess
cognitive state. The above assessments served for describing
the background clinical state of the participants. The
remainder of the examination was the same in all three eval-
uation appointments (i.e., PRE, POST, 4W) and included:

1. Fully controlled gait trials: (a) 76 m straight line
walking, back and forth (2 x 38 m) within a 50 m
long x 2 m wide corridor; (b) same path while
performing dual tasking (DT), i.e., subtracting serial
35 (S3, e.g., 500, 497, 494...); (c) 10 laps of figure 8
shaped trajectory. Each lap is approximately 10 m
long. (d) 10 laps of figure 8 shaped trajectories + S3.
During the fully controlled gait trials no RAS was
presented at any time to the subjects, earphones were
not worn, and the metronome was not present.

2. Short FOG and festination assessment [31]. This is a
recently proposed assessment protocol. Briefly, the
subjects are requested to perform a continuous sequence
of short walking related tasks (e.g., turning in place within
40 x 40 cmrectangle marked on the floor, walking 1 and
2 m straight line segments). These gait related tasks also
combine functional elements such as opening a door or
multi levels of dual tasking, e.g., carrying a tray. The
scoring of the performance reflects FOG, shuffled gait and
festination. Thus, higher scores (range 0-36) indicates
worse performance (see [31] for further details). During
the short FOG and festination assessment no RAS was
presented at any time to the subjects, earphones were not
worn, and the metronome was not present.

3. The gait trials and the short FOG and festination
assessments were videotaped. To minimize distrac-
tions, during the figure 8 shaped and the short FOG

and festination assessments the video camera was
placed on a tripod, while during the corridor walking
the camera man was following from far behind the
subject using the zoom in mode in order to stay well
outside the field of view of the subject.

4. The new Freezing of Gait Questionnaire (NFOG-Q) A

subjective measure of FOG symptom severity in
people with Parkinsonism [32].

5. Clinical and functional assessments: (a) the motor part
of the UPDRS (part 3; UPDRS-III); (b) The Timed Up
and Go (TUG) test of mobility [33, 34]; (c) The
39-item Parkinson’s Disease Questionnaire (PDQ-39)
[35] which is used to assess quality of life (QOL);
(d) Activities-specific Balance Confidence (ABC)
scale to assess fear of falling [36] (e) Geriatric
Depression Scale (GDS).

The PRE, POST, and 4W testing sessions were pre-
formed while the subjects were in the “ON” state. We tried
to start the testing of the POST and 4W evaluations at the
same time with respect to medication intake as in the PRE
evaluation. We monitored and found that drug prescrip-
tions were not changed for any of the participants during
the ~ 10 week study period. The subjects were also asked
prior to the beginning of the study not to add, change or
quit any other form of therapy activity (e.g., hydrotherapy).

Outcome measures
Primary outcomes

Frequency and duration of FOG episodes were determined
for each walking condition in all three (PRE, POST, 4W)
assessments by post hoc video analysis. Three assessors
scored the videos using a set of predetermined, standard-
ized and performance-based criteria, as previously descri-
bed [37]. The assessors (MB, SS, MD) were not blinded to
the testing, and in general there was minimal overlap
between the tests that they assessed, and they consulted
with each other when needed. To control for effects of
participant fatigue that may vary between subjects and, at
times, within subjects between the PRE, POST and 4W
assessments, the following steps were also taken:

(a) If the subject requested to stop in the PRE assess-
ment prior to completing 10 laps of figure 8 shaped
trajectories (with or without DT), then in the POST
and in the 4W assessments, he/she would be stopped
after performing a similar number of laps as in the
PRE assessment in the corresponding condition.

(b) The FOG frequency and FOG duration outcome
measures were standardized as follows. FOG fre-
quency (number of FOG episodes per 10 m) was
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calculated per walk as a function of the total number
of FOG episodes and the distance walked [=number
of FOG episodes/(distance walked/10)]. Similarly,
average FOG episode duration was calculated based
on the total FOG duration and the number of FOG
episodes.

Secondary outcomes

(I) FOG related outcomes: (a) The short FOG and fes-
tination assessment score [31]; (b) The new FOG
questionnaire NFOG-Q score [32].

(2)  General gait performance outcomes: (a) Gait speed was
calculated based on the video inserts. The distance
covered, as was measured from pre-assigned landmarks
on the walking path, was divided by the time to traverse
that path, excluding the time duration of the freezing
episodes; (b) TUG score; (c) ABC score.

(3) Background clinical measures: (a) UPDRS-III;
(b) PDQ-39; (c) GDS.

Statistical analysis

To test the study hypotheses we used non-parametric statis-
tics. The Friedman’s two-way ANOVA by ranks (three con-
ditions: PRE, POST and 4W) was used. If there was a
significant effect, post hoc comparisons were made between
each pair of conditions. A p value of less than or equal to 0.05
(two sided) was considered statistically significant.

Results
Patients: screening and compliance with training

Thirty-one subjects were referred by the neurologists of the
MDU to the research team. All of these patients met the
first stage of the screening based on the threshold with
respect to their freezing burden, but only 18 passed the
second stage and entered the study and started training.
Thirteen subjects did not exhibit two or more FOG epi-
sodes during a short, performance-based test that includes
FOG-provoking conditions and were not invited to con-
tinue to training (see inclusion criteria above). Among the
18 subjects who passed the first and second stages of the
screening, one subject dropped out from the study before
completing the intervention due to a leg injury unrelated to
the trial. Two others dropped out due to low motivation.
Among the 15 subjects who completed the protocol,
adherence to training was high; these 15 patients completed
all training sessions. All 15 subjects also completed the
PRE and POST assessments, but one did not perform the
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4W assessment. There were no problems with fatigue or
exhaustion, no adverse events of any kind, and no treat-
ment related complaints by these patients. Baseline char-
acteristics of these are detailed in Table 2.

The effect of the training on freezing of gait
Figure 2 and Table 3 detail the FOG related outcome

measures as recorded in the PRE, POST and 4W. FOG
burden was significantly reduced as expressed by lower

Table 2 Patient characteristics

Characteristic Mean &+ SD Range
Age (years) 66.9 + 8.1 53-80
Gender (M/F) 11/4 -

PD duration (years) 10.7 £ 6.4 2-24
H&Y stage 32+08 2.5-4
UPDRS 832 £ 253 54-153
MoCA 239 £5.0 14-30

H&Y Hoehn & Yahr, MoCA Montreal Cognitive Assessment
(max = 30), UPDRS Unified Parkinson’s Disease Rating Scale
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Fig. 2 The effect of the intervention on the FOG burden seen during
fully control gait trials. Data were combined from all gait trials, and
the figure depicts group means. Error bars SEM. a Number of
freezing episodes normalized to distance of 10 m long path. b Mean
duration of the freezing episodes. Significant post hoc comparisons
are indicated in the figures. Data from two subjects that used walking
aids in the ‘Post’ assessment were omitted from the analysis
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frequency of FOG episodes (p = 0.003) and the shorter
duration of a FOG episode (p = 0.01) during the experi-
mental gait trials. Figure 2 depicts data combined from all
gait trials. It can be seen (Fig. 2a) that the frequency of the
FOG episodes was reduced significantly in the post-testing
(0.15 &+ 0.04 [SEM] episodes per 10 m walking) as com-
pared to the pre-testing (0.52 £ 0.29 [SEM] episodes per
10 m walking). FOG episodes occurrences remained sig-
nificantly reduced in the 4W follow-up testing as compared
to the pre-testing (0.08 = 0.05 [SEM] episodes per 10 m

Table 3 Effect of the training on FOG burden (Mean + SEM)

walking). Similar trends were seen with regards to the
mean duration of the FOG episodes (see Fig. 1b). Data
presented in Table 3 suggests that these effects were
observed for the straight line walking and the figure 8
shaped walking.

Significant improvements were observed in the results
of the short FOG and festination assessment. The scores on
the NFOG-Q tended to improve both in the POST and 4W
assessments, but these improvements were not statistically
significant (Table 3).

Parameter (p value) PRE POST 4w
Straight line trials (with and without dual tasking combined)
FOG episodes/10 m (p = 0.002) 0.57 £ 0.31 0.07 £ 0.07* 0.04 £+ 0.02*
Mean FOG duration (s) (p = 0.002) 383 £ 1.38 2.23 £ 047* 1.34 £ 0.87*
Figure 8 shaped trials (with and without dual tasking combined)
FOG episodes/10 m (p = 0.030) 045 £0.25 042 £ 0.22 0.27 £ 0.24
Mean FOG duration (s) (p = 0.012) 7.01 £ 5.57 2.08 £ 0.61 0.96 + 0.66
Functional and subjective FOG assessments
Short FOG & festination assessment [31] (p = 0.012) 9.6 £25 75+ 1.8 9.70 £ 2.6
NFOG-Q (p = 0.537) 24.86 £ 1.73 20.23 £2.34 21.15 + 1.86

Post hoc significant differences were found only for the PRE-POST, and PRE4W: * 0.05 > p > 0.01; 701> p > 0.05. Data on FOG duration
and frequency and on the performance in the Ziegler et al. test, from 2 subjects that used different walking aids in the ‘Post’ assessment were

omitted from the analysis

4W Four weeks after the intervention

Table 4 Effect of the training on the secondary outcome measures (mean = SEM)

Parameter PRE POST A
Functional gait measures and fear of falling
Gait speed straight line (m/s) (p = 0.328) 0.86 + 0.09 1.03 £+ 0.06 0.99 4+ 0.08
Gait speed straight line + DT (m/s) (p = 0.048) 0.72 £ 0.11 0.96 £+ 0.07* 0.98 + 0.06
Gait speed figure 8 (m/s) (p = 0.408) 0.70 + 0.08 0.68 + 0.04 0.69 + 0.04
Gait speed figure 8 + DT (m/s) (p = 0.172) 0.54 + 0.08 0.56 £+ 0.05 0.66 + 0.05
"Timed Up and Go (s) (p = 0.013) 21.43 +4.28 17.52 + 3.04 13.08 + 1.30%/+*
ABC (p = 0.614) 582+ 59 643 + 59 64.8 + 7.0
Parameter PRE POST 4w
Background clinical measures
UPDRS-III (p = 0.056) 395+ 3.6 322 4+ 39 31.7 £ 3.7%
PDQ-39 (p = 0.24) 518 £ 7.5 539 + 5.7 51.8 £ 6.5
GDS (p = 0.567) 35+08 394+08 35+05

Post hoc significant differences were found for the PRE-POST, and PRE-4W: * 0.05 > p > 0.01; 0.1 > p > 0.05; ** significant difference
found between the POST and the 4W condition (0.05 > p > 0.01). Data on gait speed and on TUG from 2 subjects that used different walking
aids in the ‘Post’ assessment were omitted from the analysis. " One extreme value of TUG, 107 s (post condition) was omitted from the analysis

4W Four weeks after the intervention, DT dual tasking, UPDRS Unified Parkinson’s Disease Rating Scale, PDQ-39 The 39-item Parkinson’s

Disease Questionnaire, GDS Geriatric Depression Scale
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The effect of the training on functional gait measures
and on fear of falling

The upper part of Table 4 describes the effect of the
training on gait speed, TUG and on the score of the ABC
questionnaire. ‘Inter-ictal’ gait speed (i.e., excluding FOG
episodes periods) improved in the straight line walking, but
the improvement was statistically significant only for the
dual tasking trials. When tested in figure 8 shaped trajec-
tories, only small changes in gait speed were observed.
Significant improvement in the TUG performance was
observed as well.

The effect of the training on background clinical
measures

There was a tendency for improvement in the UPDRS-III
scores. Similar UPDRS-III scores were recorded immedi-
ately after the training and 4 weeks after. No statistically
meaningfully changes were seen in the PDQ-39 and GDS
Scores (lower part of Table 4).

Correlation analyses in relation to the PRE and POST
assessments suggest that improvements in FOG burden as
expressed by the differences in the mean FOG duration and
FOG frequency per 10 m, were highly correlated with the
improvements in the TUG assessment (i.e., as expressed by
the difference between the TUG scores; Spearman’s
p > 0.884; p < 0.001), but not with the clinical improve-
ments as expressed by the UPDRS-II (non-significant
inverse correlation).

Discussion
Summary of findings

The intervention significantly reduced the FOG burden
(i-e., frequency and duration of FOG episodes, c.f. Table 3;
Fig. 2), as measured in a standardized gait trails, and in the
short FOG and festination assessment [31]. There was a
decrease in the NFOG-Q scores, but this decrease was not
statistically significant. Improvements were also expressed
in functional gait measurements such as gait speed and
performance on the TUG tests, which are common
improvements seen after intensive PT intervention
involving gait training. No benefits were detected in clin-
ical measures and on the level of confidence in balance
performance (ABC scores).

Interpretation of findings

The present study demonstrates that the FOG burden, as
measured quantitatively in laboratory settings, decreases in
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response to the motor learning-based intervention that was
used in the present study. There is, however, a discrepancy
between the objective improvements in the standardized
gait trials and in the short FOG and festination assessment
testing [31] in comparison to the non-significant changes in
the subjective NFOG-Q scores, an assessment based on
self-report. This discrepancy warrants addressing the like-
lihood that: (a) while the treatment improved gait perfor-
mance (e.g., TUG and gait speed), and as a consequence
decreased FOG propensity [11], it did not eliminate the
symptom; (b) since the FOG symptom is so debilitating,
the subjects might have the tendency to subjectively under
estimate the improvements. A third possibility is that the
longer and more intensive training is needed to impact the
ingrained perceptions and to reduce freezing of gait pro-
pensity in the home environment, where multiple factors
likely contribute to and predispose to FOG.

While improvements in TUG test are in agreement with
the improvements in gait speed, the correlation between the
improvements in TUG scores and the reduction in FOG
duration and FOG frequency can be explained by the fact
that FOG episodes, if they occur during the TUG testing,
will cause lengthening of the TUG score. Thus, the
improvement in FOG propensity will also contribute to the
improvement in the TUG scores. The lack of correlation
between the improvements in the FOG burden and the
reductions in the UPDRS-III scores suggest that the latter
are an independent consequence of the 6 week training
program. The 4 weeks’ retention of many of the treatment
gains is in agreement with earlier studies on the effects of
motor learning in PD [26].

External cueing and motor learning

The study described here is, to our knowledge, the first to
evaluate the use of procedural motor learning strategies for
the training of patients with PD who suffer from freezing of
gait (FOG) to avoid freezing and thus reduce the burden of
this symptom. We aimed to equip the trainees with loco-
motion strategies so that they will be able to avert
approaching FOG episodes. In other words, the study was
designed to train the central nervous system to modify the
gait pattern in situations that typically lead to FOG.

This study also introduces, what we believe is, a
sophisticated use of external cueing in the form of RAS in
order to alter the gait pattern in such a way that gait
deterioration that typically lead to FOG will be averted.

Here we designed a protocol based on repeated training
with RAS, so that the patients will learn to deploy the
‘freezing avoiding strategy’ even in the absence of external
cueing. In this regard, it is important to keep in mind that
all testing was conducted without the use of a metronome,
RAS or cueing from any external source. In this sense, the
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patient’s ability to implicitly learn new strategies to avoid
FOG were assessed, not his/her ability to apply RAS. This
was presumably achieved by internally triggered
improvements in stride length, rhythmicity and coordina-
tion that were effectively coupled to situations with high
risk of FOG with the use of RAS. It might be possible that
the ‘response’ involved, in part, investing more attention to
walking, possibly to increasing stride length and to
improving rhythmicity and coordination.

Sensory cuing is known to be effective for improving
gait in PD (for review [38]). As technology progresses,
cueing may be employed in two alternative ways: minia-
ture devices that will be worn by the subjects and will
provide a cue that will improve gait. Technological pro-
totypes have been introduced for most sensory modalities,
i.e., tactile [39], visual [22], and auditory [40, 41]. Alter-
natively, and based on the results of the present study, we
propose to utilize a sensory cueing device as a ‘vehicle’ for
a motor learning process which is aimed to alleviate
freezing. That is, the intervention aims to generate an
implicit coupling between conditions that are likely to
provoke FOG episode, and the gait enhancements which
can be utilized by sensory cuing. Thus, in the trained
person, whenever the locomotion control deteriorates
towards the “freezing zone” (c.f., [11]), or when the sen-
sory-motor integrative system assesses that the current
walking conditions will soon bring about a FOG episode, a
response is automatically put forward and FOG episode is
either averted or shortened.

Implications for treatment and future directions

The training program was quite complicated, involving
changes of the training sites and foci (recall Fig. 1),
instrumentations (i.e., earphones) and addressing simulta-
neously three gait features (i.e., scaling, rhythmicity and
coordination). Some of the subjects had severe disease
symptoms. Despite that, and based on the compliance and
positive feedback of the patients, we feel confident that
such a program can be passed on to the patients in an
effective manner.

While different cueing ‘tricks’ as for how to be released
from a FOG episode are often used by PD patients, to the
best of our knowledge, no study has demonstrated that
simply explaining to the subject who suffers from FOG to
increase their step length, for example, or cue themselves
to do so, is effective at reducing the likelihood that FOG
will occur.

Neuronal plasticity due to exercise is seen in changes in
cortical excitability and representation in PD and in other
neurological conditions [42—46]. We tested the effects of a
6-week training program, which is not a long period from
motor learning or exercise perspective, that followed a

rigorous protocol. For practical implementation, the dura-
tion of each treatment and the total number of treatments
sessions may be adjusted and adding periodic “boosting”
sessions should be considered, perhaps based on additional
data and follow-up studies. A potential future approach for
treating FOG in PD may be based on self-administered
training that will be incorporated in the daily living
activities of PD patients. This future training can involve
externally cued assisted motor learning that will be indi-
vidually tailored to the patient, based on the specific cir-
cumstances relevant to this individual, for example, what
are the typical FOG ‘triggers’ for a particular subject, what
is the compliance with different modalities of external
cueing and what is the specific progress in training suitable
for a trainee. During the laboratory stage of training, we
focused on turning and narrow passages as FOG ‘triggers’.
The method can be easily adjusted to the ‘start hesitation’
and ‘reaching destination’ types [37]. Still, it is important
to keep in mind that freezing during turning is the most
common type of FOG.

The subjects were trained and tested during the “ON”
state. Most patients, however, have more FOG difficulties
in the “OFF” state, so any future strategy would also need
to address the more severe situation. We are optimistic that
many of the gains observed in the “ON” condition will
also be seen during wearing “OFF” and “OFF”. Clearly,
however, this needs to be directly studied.

We did not exclude subjects with low scores on the
MoCA. The one subject with relatively low score (i.e., 14),
did gain from the treatment (e.g., FOG frequency reduced
from 0.33 to 0.10 episodes per 10 m). Thus, since we
assume that implicit motor learning is the mechanism by
which improvements are gained, it is suggested that sub-
jects that can follow the basic instructions of the therapist
are suitable to participate, even if they do have cognitive
impairments.

Limitations

This study has several limitations. It is an open label study
and some contribution of the placebo effect cannot be ruled
out. A similar group of PD subjects with FOG that would
have undergone a similar exposure program but without
strategy training could have been useful to address this
effect. We suggest, however, that any placebo effect is
minimal and does not fully explain the observed
improvements. The impression of both trainers and par-
ticipants was that the improvements were gradual during
the course of training. This time course is consistent with
the expected effects of a progressive motor leaning proto-
col. In addition, it is important to mention that while the
initial, baseline examination was done prior to the subject’s
knowledge that he/she will be trained with RAS, in the
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POST examination (and later in the 4W examination),
the subjects were actually ‘deprived’ from the assistive
measure that had been used during the course of their
training. Therefore, a potential placebo linked to the
RAS might be expected to lose its potency when sub-
jects were examined after the training in the absence of
RAS.

There was also considerable variability between subjects
with respect to the efficacy of the treatment. Thus, one
challenge is to understand which type of PD patient will
benefit from the intervention. Due to the relatively small
number of participants, exploring sub-types of persons with
PD and their ability to benefit from the treatment was
limited.

We believe that motivation is an important factor. The
trainers also reported that the ability to utilize external
RAS for pacing and coordinating gait varies between the
participants. It remains to be determined if this impacts the
level of improvement with respect to FOG.

While this study provides support for the feasibility and
for the potential clinical utility, it also raises questions
related to both basic and applied science. First, the results
need to be further confirmed in a larger cohort, and in a
different design in which a potential placebo effect can be
addressed. In addition, since FOG is an elusive symptom at
times during the routine clinic visits, or visits to the gait
laboratory, the testing of efficacy should include home
monitoring of FOG burden as a key outcome measure [40,
41, 47].
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