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Amplitude {prs} oV (%)
1 0315003 2.87%0.40 165%
2 0.21%0.01 101306 1.82% 5.99%
3 0.21%0.05 2407 533 % 6.48%
4 3.10£0.001 3.2+08 6.38% 7.53%
Contral | 0.44£0.02 5,95 £ 0.005 0.64 % 1.8%

{higher values reflect
more consistency)

{lower values reflect lass
consistancy}

{lower vaiues
reflect preater
rhythmicity}

lower values
refiect more
fefi-right
consistency}
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Table 4: Fatient 1 ~test parameters

Triat1-  Trial 2- Trial 3- Trial 4-FOG  Trial 5-

difficult  moderate  environment  challenges  cognitive Totai
Gait speed 1.3¢ 1.30 130 1.30 1.30 1.30
TVt speed 1.10 1.10 1.10 1.10 110 1,10
FOG detection 10.00 7.00 10.00 0.00 1.00 28.00
FOG detected by
researcher 4.00 5.00 4.00 0.00 1.00 14.00
FOS on video 2.00 2.00 3.00 0.00 1.00 §.00
FOS during 2 {bridge and
provocation 1-tunnel 0 gate} g a 3
obstacles passed 22.00 24.00 33.00 £.00 12.00 91.00
ohstacles failed 31.00 27.00 21.00 0.00 39.00 11800
hurdles 17.00 20100 14.00 0.00 37.00 78.00
puddies 14.00 7.00 7.00 3.00 12.00 40.00
Cost environment i Y 3.14 2.86 /i 0.28
Cost DT i/ // / 2.86 3.33 .47
width of dominant
frq. 1/ / / 2,84 i 2.84
Symmetry ratio 39.060
Pl 5.867%
PO severity score 2.8

FIG. 17
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Table 5: Patient 2 ~test parameters

Trigll~  Tript 2- Trial 3- Trial 4- FQG  Trial 5-

difficult  moderate  environment  challenges  cognitive Total
Gait speed 1.2 1.2 1.2 1.2 1.2 1.2
Th speed 1.0 1.0 1.0 1.0 1.0 1.0
FOG detection 4.0 6.0 6.0 0.0 4.0 20.0
FOG detected by
researcher 0.0 2.0 3.0 0.0 2.0 7.0
FOG on video 0.0 2.0 2.0 0.0 2.0 8.0
FOG during 2 {hridge and 2 {bridge
provocation 0 1-tunnel gate) 0 and gate} )
QObstacles passed 3.0 6.0 0.0 0.0 3.0 12.0
Obstacles failed 14.0 22.0 21.0 0.0 15.0 76.0
Hurdles 10.0 14.0 11.0 0.0 10.0 450
Puddies 4.0 8.0 10.0 0.0 8.0 318
Cost environments i i 0.7 1.0 / 0.3
Cost DT I/ 1/ I 1.0 13 8.3
Width of dominant
fryy / /7 /! 1.0 /f 1.0
Symmetry ratio §8.0
pCl 5.94%
PO soverity soare 2.4

FIG. 18
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Table 6: Patient 3 test parameters

Trigl 1 ~ Trial 2- Trial 3- Trial 4- FOG  Trial 5-

difficult  moderate  environment challenges  Cognitive Total
Gait speed 1.2 1.2 12 1.2 1.2 1.2
T™ speed 1.0 1.4 1.0 1.0 1.8 1.0
FOG detection 4 1 0 1 5 110
FOG detected by
researcher 2 0 4] ¢ 5 7.0
FOG onvideo 2 e 0 it 3 5.0

2 {bridge 3 {bridge
FOG during and and
provocation tunnel) 1-tunnet 0 0 gate) 8.0
obstacles passed Z g ) 0 7 23.0
obstacles failed 22 11 17 it 27 77.0
hurdies 12 7 11 0 17 470
puddies 10 6 ) 0 10 32.0
Cost environment 7 H 1.8 24 i 0.6
Cost DT i 7 /7 24 0.8 (.6
Width of dominant
frg 1 24 i 2.4
Symmetry ratic 33.0
PCl 5.48
FOG sevenity scorg 3.8

FIG. 19
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Table 7: Patient 4 test parameters

Trial 1 - Trial 2- Trial 3- Trigl 4- FOG Trial 5-

difficult  moderate environment challenges  cognitive Total
Gait speed 1.2 1.2 1.2 1.2 1.2 1.2
T speed 1.0 1.0 1.0 1.0 1.0 1.0
FOG detection 5 3 5 3 3 18.0
FOG detectad by
researcher 5 3 4 p 3 7.0
FOG on video 5 1 4 2 3 15.0
FOG during 2-tunnel Cbstacles
provocation I-tunnel  and bridge only 0 Obstacles 3
ohstacles passed 4 & 5 0 2 17.0
obstacles failed 18 19 13 0 14 64.0
hurdles 10 10 10 4] & 36.0
puddies 8 8 3 0 8 28.0
Cost epvironments /I i 1.6 2.5 /i -0,9
Cost DT /f / /1 25 1.5 -1.0
Width of dominant
fry i/ 15 Hi 2.5
Symmetry ratio 4.0
pC 7.58%
FOHE soverity storg 30

FI1G. 20
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FREEZING OF GAIT (FOG), DETECTION,
PREDICTION AND/OR TREATMENT

RELATED APPLICATIONS

PCT Patent Application No. PCT/IB2012/055454 1is
related to a co-filed PCT Patent Application No. PCT/
1B2012/055453, titled “VIRTUAL REALITY FOR MOVE-
MENT DISORDER DIAGNOSIS AND/OR TREAT-
MENT” the contents of which are incorporated herein by
reference in their entirety, also related to using virtual reality
displays for diagnosing and/or treating gait disorders, for
example by provoking gait disorder appearance and/or for
training. Such systems may be used in the context of the
present application, as well.

This application is a National Phase of PCT Patent
Application No. PCT/IB2012/055454 having International
filing date of Oct. 9, 2012, which claims the benefit of
priority under 35 USC 119(e) of U.S. Provisional Patent
Application Nos. 61/545,161 and 61/545,164 both filed on
Oct. 9, 2011. The contents of the above applications are all
incorporated by reference as if fully set forth herein in their
entirety.

FIELD AND BACKGROUND OF THE
INVENTION

The present invention, in some embodiments thereof,
relates to methods and/or apparatus for detecting and/or
treating gait disorders, in particular episodic gait disorders,
more particularly, but not exclusively, freezing of gait dis-
orders, whether associated with Parkinson’s disease or not.

Freezing of gait (FOG) is a paroxysmal gait disturbance,
a sudden, transient and unpredictable interruption of walk-
ing. FOG typically manifests as a sudden and transient
inability to move. The patient attempts to move forward,
inexplicably however, he/she is unable to. Patients report
that their feet are “glued to the ground”. FOG is a debili-
tating phenomenon that significantly reduces functional
independence and often leads to wheelchair use.

The population which suffers mostly from FOG are
subjects with Parkinson’s disease (PD). FOG is common in
subjects with advanced Parkinson’s disease (PD), however
one should bear in mind that FOG is a symptom complex
that occurs in several disorders which also often involve
cognitive impairment, e.g., progressive supranuclear palsy,
multiple system atrophy, corticobasal degeneration, demen-
tia with Lewy Bodies and higher level gait disorders. Mani-
festation of FOG is variable within and across subjects, yet
a few subtypes have been described. These include, for
example, freezing that occurs at the start of walking (i.e.,
gait initiation), during turns, when passing tight quarters and
also during simple walking in an open runway. FOG has a
grave impact on quality of life as it is largely associated with
falls, interferes with daily living functions, and causes
reduced activity and self-imposed social isolation.

The pathophysiology behind the symptom is not clear. A
number of theories have been proposed mainly in reference
to patients with PD. Briefly, the breakup of regular gait that
results in a subject who is virtually “frozen’ in one place
lacking the ability to produce effective progression, is
hypothesized to stem from deterioration of certain gait
features, (or inability to start the operation of these gait
features in case FOG occurs at the start of walking) to an
extent that gait cannot be regulated. Gait features that were
implicated with FOG are gait rhythmicity, left-right stepping
coordination, step length scaling, gait symmetry and
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dynamic control of postural stability. Each of these gait
features is compromised even during the functional periods
of locomotion preformed by PD patients that suffer from
FOG (PD+FOG), and their background impaired condition
is related to the pathological condition of the brain in PD.
For example, bilateral coordination of gait is impaired in
PD, possibly due to the un-even neuronal loss seen on both
sides of the brain in this neurodegenerative disease. Major
dopaninergic depletion in the Basal Ganglia, a brain region
that normally facilitates movement scaling, is most likely
behind the step scaling problem in this disease. It was also
hypothesized that additional pathological conditions overlap
with these gait impairments to distinguish those PD patients
who will suffer from freezing from those who will not. For
example, reduced cognitive capacities, in particular in the
executive function domains, were associated with and
believed to contribute to freezing in PD.

Methods for diagnosing and treating FOG are quite lim-
ited. Often patients who report many freezing incidents
during their daily routine fail to exhibit even one under
examination at the neurologist’s office, most likely due to
psychological effects. Therefore the effectiveness of pro-
posed treatments is evaluated only in a limited manner. Even
among patients who do present with FOG in the clinic, it is
difficult to quantify the magnitude of the problem. This
limits the ability to evaluate the effectiveness of any treat-
ments attempts.

Subjective assessment is currently used to determine the
severity of freezing. Several questionnaires are in common
use in clinical practice that assess if freezing occurs, how
often and under which circumstances. These quaternaries
sometimes obscure the correct clinical pictures since some-
times patients change their reports between consecutive
visits that are separated by only a short period of time.
Actually, this problem led to the creation of a questionnaire
in which spouses and caregivers both provide information.
Recently, mobility sensors were suggested alternative for the
assessment of the FOG burden. Current treatments are based
on pharmacological treatments. Recently some have sug-
gested using surgical implantation of stimulating electrodes
to specific parts of the brain, however, this is not widely
accepted, is quite invasive, and the evidence for its efficacy
is not yet strong.

FOG is generally not well addressed by current treatment
approaches. Immediate, small, short-term improvements in
FOG have been demonstrated in a handful of studies. Many
of these focus on the use of visual or auditory cues to
facilitate movement and reduce FOG. There is evidence that
PD+FOG may respond differently to cues than PD-FOG and
that appropriate cues can, while present, result in improved
velocity and stride length and reduced FOG. A large ran-
domized trial examining the effects of cueing on FOG
demonstrated slight improvements in FOG (5.5% reduction)
but little retention of benefit six weeks after training. The
effects of a comprehensive physical therapy program that
included cueing on FOG, demonstrating improvements in
FOG immediately following a 6-week intervention but a
return to baseline levels of FOG one month later. Prelimi-
nary work on turning, e.g., when the subject turns left, right
or in a circle, suggests that rotating treadmill training may
have a dramatic effect on FOG when the subjects walk in
normal daily conditions after the intervention.

To date, methods for diagnosing and treating FOG are
quite limited. Often patients who report many freezing
episodes during their daily routine fail to exhibit them under
testing or examination conditions such as at the neurologist
office. Therefore the effectiveness of prescribed treatments is
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evaluated only in a limited manner. Even among patients
who do present with FOG in the clinic, it is difficult to
quantify the magnitude of the problem as it is episodic. In
addition, due, in part, to the variable nature of the appear-
ance of the symptom, standardized treatment approaches are
not effective.
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The present invention is related to diagnosis and/or treat-
ment of episodic gait disorders, for example freezing of gait
(FOG), for example, by provoking freezing of gait and/or
measuring changes in gait due to such provoking. Optionally
or alternatively, measurements of gait are used to identify an
increased risk for imminent FOG and preventive action is
optionally taken.

There is provided in accordance with an exemplary
embodiment of the invention, a method of assessing FOG
(Freezing of Gait), comprising:

providing a stimulus designed to increase a likelihood of
FOG in some subjects, to a subject; and

monitoring the effect of the stimulus on the subject.

In an exemplary embodiment of the invention, the method
comprises identifying near-FOG situations based on said
monitoring. Optionally or alternatively, the method com-
prises identifying FOG situations based on said monitoring.
Optionally or alternatively, the method comprises repeating
said providing in response to said monitoring. Optionally,
said repeating is adjusted to provide a desired rate or amount

40

45

50

55

of FOG or near-FOG situations.

In an exemplary embodiment of the invention, the method
comprises testing an efficacy of a treatment by repeating said 60
providing and said monitoring after said treatment is pro-
vided to the subject. Optionally, the method comprises
selecting a treatment based on relative efficacy of different

treatments tried.

In an exemplary embodiment of the invention, comprises 65
provoking using virtual reality. Optionally, said display

includes one or more narrowings of a pathway.

6

In an exemplary embodiment of the invention, providing
comprises encouraging one or more of turning, rhythmic
movement and gait length change.

In an exemplary embodiment of the invention, monitoring
comprises measuring one or more gait characteristic.

In an exemplary embodiment of the invention, the method
is applied as a standard test for FOG.

In an exemplary embodiment of the invention, the method
comprises selecting a treatment based on said monitoring.

In an exemplary embodiment of the invention, the method
comprises generating a FOG burden for said subject based
on said monitoring.

There is provided in accordance with an exemplary
embodiment of the invention, a method to train for FOG,
comprising:

providing a plurality of stimuli selected to increase a
likelihood of FOG in a particular subject, to that subject.
Optionally, the method comprises selecting said situations
by a standardized testing using a VR system. Optionally or
alternatively, said providing is at a patient’s location of daily
activities and during such activities.

There is provided in accordance with an exemplary
embodiment of the invention, a method of treating FOG,
comprising:

automatically identifying an increased likelihood of an
upcoming FOG event in a patient; and

providing a cue to said patient in a manner which prevents
and/or assist in overcoming said FOG event.

There is provided in accordance with an exemplary
embodiment of the invention, a system for FOG assessment
and/or training, comprising:

(a) a VR display system,

(b) a controller programmed to provide on said VR
display system one or more scenes designed to encourage
FOG. Optionally, the system comprises one or more physi-
ological and/or movement sensors which provide feedback
to said controller and which said controller uses to vary a
display in connection with modifying a FOG likelihood.

There is provided in accordance with an exemplary
embodiment of the invention, a system for assisting with
FOG, comprising:

(a) a movement sensor;

(b) an output;

(c) a controller configured to process a signal from said
sensor to detect an increase in likelihood of FOG and
generate a signal on said output in response thereto. Option-
ally, said system is designed to be worn and wherein said
output signal is suitable to prevent and/or assist in overcom-
ing FOG. Optionally or alternatively, said controller is
programmed to providing a training in FOG avoidance to a
subject.

There is provided in accordance with an exemplary
embodiment of the invention a method of measuring FOG
(Freezing of Gait), comprising:

providing a stimulus designed to increase a likelihood of
FOG in some subjects, to a subject; and

monitoring the effect of the stimulus on the subject.
Optionally, the method comprises identifying near-FOG
situations based on said monitoring.

In an exemplary embodiment of the invention, the method
comprises identifying FOG situations based on said moni-
toring. Optionally, the method comprises calculating a FOG
Index (FI) based on a ratio between the power in gait
frequencies and power in FOG frequencies.

Optionally or alternatively, the method comprises calcu-
lating a FOG Index (FI) based on a k-means method.
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In an exemplary embodiment of the invention, the method
comprises adapting said identifying to said subject.

In an exemplary embodiment of the invention, the method
comprises identifying FOG based on a combination of two
or more of acceleration, gyroscope, other movement sen-
sors, EMG, APAs, heart rate and/or cerebral signals.

In an exemplary embodiment of the invention, the method
comprises cueing said subject with FOG averting stimuli
during said monitoring.

In an exemplary embodiment of the invention, said moni-
toring comprises monitoring on a locomotion system.

In an exemplary embodiment of the invention, the method
comprises repeating said providing in response to said
monitoring. Optionally, said repeating is modified in
response to said monitoring in a closed control loop. Option-
ally, said repeating is adjusted to provide a desired rate or
amount of FOG or near-FOG situations.

In an exemplary embodiment of the invention, the method
comprises testing an efficacy of a treatment by repeating said
providing and said monitoring after said treatment is pro-
vided to the subject. Optionally, the method comprises
selecting a treatment based on relative efficacy of different
treatments tried.

In an exemplary embodiment of the invention, providing
comprises provoking using virtual reality. Optionally, said
display includes one or more narrowings of a pathway.

In an exemplary embodiment of the invention, providing
comprises encouraging one or more of turning, rhythmic
movement and gait length change.

In an exemplary embodiment of the invention, monitoring
comprises measuring one or more gait characteristic.

In an exemplary embodiment of the invention, the method
is applied as a standard test for FOG.

In an exemplary embodiment of the invention, the method
comprises selecting a treatment based on said monitoring.

In an exemplary embodiment of the invention, the method
comprises generating a FOG burden for said subject based
on said monitoring.

In an exemplary embodiment of the invention, monitoring
comprises detecting a sub-clinical FOG state.

In an exemplary embodiment of the invention, monitoring
comprises monitoring a change in blood flow in the brain.

In an exemplary embodiment of the invention, the method
comprises quantifying a future risk of FOG based on said
monitoring.

In an exemplary embodiment of the invention, the method
comprises quantifying a number and degree of FOG events
during said monitoring.

There is provided in accordance with an exemplary
embodiment of the invention a method to train for FOG,
comprising:

providing a plurality of stimuli selected to increase a
likelihood of FOG in a particular subject subjects, to that
subject. In an exemplary embodiment of the invention, the
method comprises selecting said situations by a standardized
testing using a VR system. Optionally or alternatively, said
providing is at a patient’s location of daily activities and
during such activities.

There is provided in accordance with an exemplary
embodiment of the invention a method of treating FOG,
comprising:

automatically identifying an increased likelihood of an
upcoming FOG event in a patient; and

providing a cue to said patient in a manner which may
prevent and/or assist in overcoming said FOG event.
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There is provided in accordance with an exemplary
embodiment of the invention a system for FOG assessment
and/or training, comprising:

(a) a VR display system,

(b) a controller programmed to provide on said VR
display system one or more scenes designed to encourage
FOG.

In an exemplary embodiment of the invention, the system
comprises one or more physiological and/or movement
sensors which provide feedback to said controller and which
said controller uses to vary a display in connection with
modifying a FOG likelihood. Optionally or alternatively,
said controller provides an obstacle for a subject to respond
to. Optionally or alternatively, said controller provides a
cognitive load for a subject to respond to. Optionally or
alternatively, said controller provides an environmental fea-
ture for a subject to respond to. Optionally or alternatively,
said controller provides a perceptual load for a subject to
respond to.

There is provided in accordance with an exemplary
embodiment of the invention a system for assisting with
FOG, comprising:

(a) a sensor;

(b) an output;

(c) a controller configured to process a signal from said
sensor to detect an increase in likelihood of FOG and
generate a signal on said output in response thereto. Option-
ally, said system is designed to be worn and wherein said
output signal is suitable to prevent and/or assist in overcom-
ing FOG.

In an exemplary embodiment of the invention, said con-
troller is programmed to providing a training in FOG
avoidance to a subject.

In an exemplary embodiment of the invention, said sensor
generates an indication of blood flow change in the brain.

In an exemplary embodiment of the invention, said sensor
generates an indication of acceleration of a body part.

In an exemplary embodiment of the invention, said con-
troller determines the existence of a sub-clinical FOG state.

There is provided in accordance with an exemplary
embodiment of the invention a method of measuring gait
characteristics of a subject, comprising:

collecting signals from at least one sensor making a
physiological measurement of the subject; and

processing said signal to detect a sub-clinical state of
FOG.

In an exemplary embodiment of the invention, the method
comprises calculating a future risk of FOG in said subject
based, at least in part, on said detected state.

In an exemplary embodiment of the invention, said
detected state is not visually detectable by observation of
said subject.

There is provided in accordance with an exemplary
embodiment of the invention a method of measuring gait
characteristics a subject, comprising:

detecting a change in blood flow to a brain region in a
subject at least planning locomotion; and

determining a FOG or sub-clinical FOG state based, at
least in part, on said detected change.

In an exemplary embodiment of the invention, said
change comprises a reduction in blood flow to frontal lobes
of said subject. Optionally or alternatively, said determining
comprises also using acceleration data of at least one limb of
said subject. Optionally or alternatively, said detecting com-
prises using an fNIRS sensor. Optionally or alternatively,
said detecting comprises using an EEG sensor.
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There is provided in accordance with an exemplary
embodiment of the invention a method of quantifying FOG,
comprising calculating a FOG Index (FI) based on a physi-
ological measure that is combined with at least one back-
ground measure of FOG propensity. Optionally, said back-
ground measure comprises a reaction to an obstacle.
Optionally or alternatively, said background measure com-
prises a cost of a cognitive load. Optionally or alternatively,
said background measure comprises a cost of an environ-
mental feature. Optionally or alternatively, said background
measure comprises a cost of a perceptual load. Optionally or
alternatively, said physiological measure includes an APA
(anticipatory postural adjustment).

Unless otherwise defined, all technical and/or scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exem-
plary methods and/or materials are described below. In case
of conflict, the patent specification, including definitions,
will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be
necessarily limiting.

Implementation of the method and/or system of embodi-
ments of the invention can involve performing or complet-
ing selected tasks manually, automatically, or a combination
thereof. Moreover, according to actual instrumentation and
equipment of embodiments of the method and/or system of
the invention, several selected tasks could be implemented
by hardware, by software or by firmware or by a combina-
tion thereof using an operating system.

For example, hardware for performing selected tasks
according to embodiments of the invention could be imple-
mented as a chip or a circuit. As software, selected tasks
according to embodiments of the invention could be imple-
mented as a plurality of software instructions being executed
by a computer using any suitable operating system. In an
exemplary embodiment of the invention, one or more tasks
according to exemplary embodiments of method and/or
system as described herein are performed by a data proces-
sor, such as a computing platform for executing a plurality
of instructions. Optionally, the data processor includes a
volatile memory for storing instructions and/or data and/or
a non-volatile storage, for example, a magnetic hard-disk
and/or removable media, for storing instructions and/or data.
Optionally, a network connection is provided as well. A
display and/or a user input device such as a keyboard or
mouse are optionally provided as well.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the invention are herein described,
by way of example only, with reference to the accompanying
drawings and graphics. With specific reference now to the
drawings in detail, it is stressed that the particulars shown
are by way of example and for purposes of illustrative
discussion of embodiments of the invention. In this regard,
the description taken with the drawings makes apparent to
those skilled in the art how embodiments of the invention
may be practiced.

In the drawings:

FIG. 1 is a set of graphs schematically showing freezing
of gait and gait features deterioration, as used in accordance
with some embodiments of the invention;
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FIG. 2Ais a schematic drawing of a FOG detection and/or
treatment system in accordance with some embodiments of
the invention;

FIG. 2B is a schematic drawing of a FOG detection and/or
treatment unit in accordance with some embodiments of the
invention;

FIG. 2C is a flowchart of a method of diagnosing a FOG
status of a patient in accordance with some exemplary
embodiments of the invention;

FIG. 2D is a flowchart of a method of treating a FOG
disorder and/or event of a patient in accordance with some
exemplary embodiments of the invention;

FIG. 3 is a set of charts illustrating intervening to improve
overall gait performance and to reduce the FOG burden, in
accordance with some embodiments of the invention;

FIG. 4A is an image showing an implementation set up in
accordance with some embodiments of the invention;

FIG. 4B illustrates a shimmer sensor used in accordance
with some embodiments of the invention;

FIG. 4C is an aerial visual representation of the VR
simulation trail and a recorded FOG event within the trail,
in accordance with some embodiments of the invention;

FIG. 4D shows two examples of virtual scenes designed
to provoke FOG, in accordance with some embodiments of
the invention;

FIG. 5 is two examples of virtual freeze provoking
scenarios, in accordance with an exemplary embodiment of
the invention;

FIG. 6 shows the acceleration signal of the gait of patient
2 during the obstacle condition (trial 1), in an example
according to an exemplary embodiment of the invention;

FIG. 7 shows the raw acceleration signal and spectral
density of the frequency band of gait of a patient (patient 4)
over 10 seconds during the no-cbstacle trial, in an example
in accordance with an exemplary embodiment of the inven-
tion;

FIG. 8 shows a comparison between the acceleration
signal of a regular gait and the signal during a FOG episode,
in accordance with an exemplary embodiment of the inven-
tion;

FIG. 9 shows the raw signal from the {NIRS (functional
near-infrared spectroscopy), in accordance with an exem-
plary embodiment of the invention;

FIG. 10 shows the raw signal from the fNIRS during a
trial (1) with obstacles with no FOG detected, in accordance
with an exemplary embodiment of the invention;

FIG. 11 shows signals from three physiological sensors, in
accordance with an exemplary embodiment of the invention;

FIG. 12 shows an effect of intervention on FOG burden
during FIG. 8 shaped paths, in accordance with an exem-
plary embodiment of the invention;

FIG. 13 shows the effect of intervention on FOG burden
during straight line corridor walking, in accordance with an
exemplary embodiment of the invention;

FIG. 14 is a table 1 showing FOG quantification and
scoring, in accordance with an exemplary embodiment of
the invention;

FIGS. 15A-15D are graphs showing results of a k-means
FOG detection method, in accordance with an exemplary
embodiment of the invention;

FIG. 15E is a table 2 showing patient characteristics as
used for an example in accordance with some embodiments
of the invention;

FIG. 16 is a table 3 showing measures of consistency of
patients as used for an example in accordance with some
embodiments of the invention;



US 9,943,250 B2

11

FIG. 17 is a table 4 showing test parameters of patient 1,
as used for an example in accordance with some embodi-
ments of the invention;

FIG. 18 is a table 5 showing test parameters of patient 2,
as used for an example in accordance with some embodi-
ments of the invention;

FIG. 19 is a table 6 showing test parameters of patient 3,
as used for an example in accordance with some embodi-
ments of the invention; and

FIG. 20 is a table 7 showing test parameters of patient 4,
as used for an example in accordance with some embodi-
ments of the invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS
OF THE INVENTION

The present invention, in some embodiments thereof, is
related to diagnosis and/or treatment of episodic gait disor-
ders, for example freezing of gait (FOG), for example, by
provoking freezing of gait and/or measuring changes in gait
and/or cranial blood flow due to such provoking. Optionally
or alternatively, measurements of gait are used to identify an
increased risk for imminent FOG and preventive action is
optionally taken.

Overview

In an exemplary embodiment of the invention, a system is
provided which uses a novel modality that will expose
patients to FOG-invoking situations, in a well-controlled
and safe environment, quantify the severity and specific
pattern of FOG for each person, and then optionally provide
treatment according to these needs. Optionally, treatment
will be based on allowing the patient to adapt, using implicit
motor learning, and, eventually, more appropriately deal
with the circumstances that would otherwise lead to FOG.
While focusing on FOG, systems and methods as described
herein may also be used for other gait disorders.

In an exemplary embodiment of the invention, what is
provided is a FOG stress test based on physiological mea-
sures and to quantify these FOG episodes to assess its
characteristics. In an exemplary embodiment of the inven-
tion, the stress test can be used to selectively stress various
components of the patient’s totality, to determine which and
how much, each contributes to FOG. For example, a cog-
nitive ability may be stress and/or a perceptual ability may
be stressed. In an exemplary embodiment of the invention,
the stress test can provoke a higher frequency of FOG
(and/or pre-FOG) events (e.g., per step) than normally
detected, for example, by a factor of 2, 10, 50, 100, 200, 100
or intermediate or larger factors.

In an exemplary embodiment of the invention, the system
can provide one or both of identification of an on-going FOG
event and/or predicting the occurrence of a visible manifes-
tation of FOG. Optionally, these are provided even on a
locomotion device, such as a treadmill, which provides
cueing.

An aspect of some embodiments of the invention relates
to systems and/or methods that integrate online locomotion
stimulating and monitoring technologies, for, inter alia,
diagnosing and/or treating FOG.

In an exemplary embodiment of the invention, such a
system can automatically identify walking patterns of an
individual; introduce controlled freezing provoking situa-
tions (e.g., as a ‘freezing stress test’); and/or evaluate the
response of the subject to the freezing stress test, optionally
by providing a score and/or identifying the dominancy of
subtypes of freezing. In particular, one or more of the
following subtypes may be identified: ‘start hesitation’,
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‘turning hesitation’, ‘narrow passage freezing’, ‘open run-
way freezing’ and ‘reaching destination freezing’. In an
exemplary embodiment of the invention, an orthogonal
definition of sub-types relates to scope: short, long and
sub-freezes, where sub freezes can be specific, for example,
to any of the above situations, but not be visual and/or not
functionally affect patient. In this context, a freezing episode
that lasts less than 0.5 seconds, for example, may have only
a minimal impact and may not be felt by the subject, maybe
considered a sub-freeze. An episode of up to, for example,
3 seconds may be a short freeze and longer episodes may be
long freezes. Other time thresholds may be used as well. In
an exemplary embodiment of the invention, it is presumed
that sub-freezes are pre-cursors of longer and more disabling
freezing events.

In an exemplary embodiment of the invention, a reper-
toire of one or more treatments based on strategy learning
suitable for the individual, related to the specific evaluation,
are provided. For example, if the stress test reveals that the
patient is prone to freezing specifically when he/she
approaches a narrow passage, the virtual reality training
program may include many scenarios and scenes in which
the width of the path is manipulated. As another example, if
the assessment reveals that the patient is especially prone to
freezing when he or she is required to attend to another task
while walking, then the training may include sessions
designed to implicitly teach the patient to walk while dual
tasking. For example, if the stress test reveals that the patient
is prone to freezing when he/she is required to dual task and
navigate around obstacles, these elements may be featured in
the training program. In an exemplary embodiment of the
invention, for example, via a gradual and tuned exposure to
these freezing provoking elements, in a safe environment,
the training may act like a vaccine, empowering the patient
to, for example implicitly, learn to appropriately deal with
these situations, sometimes by way of cognitive and/or
motor compensation, for example, based on the application
of motor learning principles.

In an exemplary embodiment of the invention, such a
stress test is based on both of presentation of situations and
measuring the effect of such stress on one or more physi-
ological, motor, behavioral and/or cognitive measures.
Exemplary types of stress that may encourage provocation
of freezing include, for example: a) Stimulating challenge
on bilateral coordination of gait by using split belt treadmill
with 2 belts running in unequal velocities or requiring the
left and right legs to act out of phase by providing obstacles
b) increasing the frequency of stop and start of walking to
provoke start hesitation freezing, ¢) imposing walking in
reduced step length, to provoke freezing occurring when
stride length is reduced, d) increase cognitive load and/or
divert attention, e.g., by performing a simultaneous cogni-
tive task while walking; the load optionally being increased
when a pre-FOG or FOG situation is detected; this can be
achieved, for example, by adding distracters into the VR
scene, and/or increasing their intensity, level of detail,
distraction ability and/or frequency, and/or by asking the
patient to perform increasingly difficult tasks while walking
in the VR scene, e.g., first count forward, then count
backwards by 1s, then serial 3 subtractions, then serial 7
subtractions, ¢) introducing challenging walking tasks such
as obstacle negotiation in limited time to create mental stress
and/or f) forcing gait in changing pace conditions to impose
gait dysrthythmicty that is associated with freezing. Levels of
provocation can range, for example, from no provocation of
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one or more types to combining provocations from different
types, thus potentially creating continuum scale of chal-
lenge.

In an exemplary embodiment of the invention, the fre-
quency of provocation and/or overlap in time of provoca-
tions can be varied as well. The number of FOG episodes
(level of success) and their duration may then serve as a
measurable score for the level of freezing severity. For
example, these parameters may be weighted based on the
level and/or degree of provocation. For example, if someone
experiences many freezing episodes even when there are no
provocations, no cognitive loading and no distracters, these
episodes will receive a relatively high weight. In contrast, if
someone only has a few freezing episodes when he/she is
exposed to the most challenging conditions of the stress test,
the weight of these episodes in the scoring may be relatively
small.

An aspect of some embodiments of the invention relates
to measuring FOG susceptibility by providing controlled
provocations. In an exemplary embodiment of the invention,
accurate and/or quantitative diagnosis of FOG is provided.
In an exemplary embodiment of the invention, adaptations
and/or developments in mobility patterns with respect to
FOG, are determined, based on physiological measures.
Optionally or alternatively, the occurrence and/or frequency
of occurrence and/or triggers for occurrence of FOG epi-
sodes among people who suffer from the symptom are at
least estimated.

In an exemplary embodiment of the invention, a “FOG
load” is defined per subject, which relates to how much a
given situation (e.g., including triggers) increases a likeli-
hood of a FOG episode and/or otherwise adversely affect
gait.

An aspect of some embodiments of the invention relates
to controllably placing of a subject in circumstances that
provoke FOG, where the degree of provocation is measur-
able and adjustable. Optionally, this provides the ability to
sensitively and/or accurately monitor changes in FOG over
time and/or in response to treatments. Provocations can
include for example one or more of the examples listed
above and/or: a) Stimulating challenge on bilateral coordi-
nation of gait by using split belt treadmill with 2 belts
running in unequal velocities b) increasing the frequency of
stop and start of walking to provoke start hesitation freezing,
¢) imposing walking in reduced step length, to provoke
freezing occurring when stride length is reduced, d) per-
forming simultaneous cognitive task while walking to divert
attention, e) introducing challenging walking task such as
obstacle negotiation in limited time to create mental stress,
and/or f) forcing gait in changing pace conditions to impose
gait dysrhythmicty that is associated with freezing. Levels of
provocation can range from no provocation of one or more
types to combined provocations from different types, thus
creating continuum scale of challenge. The number of FOG
episodes and their duration, optionally in combination with
the level and degree of provocation, may serve as a mea-
surable score for the level of freezing severity.

It is a particular feature of some embodiments of the
invention, that FOG situation are deliberately triggered so as
to provide sufficient examples in a laboratory (or other)
situation, for testing and/or treatment. Optionally, one or
more near-FOG situations are caused, such situations
optionally being identified by their effect on gait and/or
cognitive behavior, e.g., one or more of bilateral coordina-
tion deteriorates, and/or gait rhythmicity, and/or gait asym-
metry, and/or gait asymmetry, and/or performance in dual
tasking conditions.
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An aspect of some embodiments of the invention relates
to a system and/or method for reducing propensity toward
FOG via appropriate motor learning and/or exposure to
FOG-invoking situations. Optionally, such situations are
provided in a well-controlled environment that allows the
patient to adapt, over time, and eventually to more appro-
priately deal with the circumstances that would otherwise
lead to FOG. For example a patient who is particularly prone
to ‘start hesitation’ type of freezing, will be exposed to many
‘start walking’ conditions, the system that monitors his/her
behavior will identify if the provocation is indeed leading to
FOG, and if yes, an external cueing will be used to teach the
subject to avoid the episode. It is believed that intensive
repetitions of such trainings will cause the nervous system to
identify these near FOG situations and to generate the motor
response that was generated during the training periods in a
proactive manner, before FOG occurs. The results shown in
FIGS. 12 and 13 support this possibility.

In an exemplary embodiment of the invention, a training
program includes continuous measurement of patient status
and thus allows, for example, adjusting a training program
to address a patient’s abilities and/or progress.

In an exemplary embodiment of the invention, training is
provided during daily living conditions and/or at home. For
example, a patient may be provoked into FOG, for example,
after some warning, while carrying out an activity such as
walking and turning, one of the more common provocations,
in his house.

An aspect of some embodiments of the invention relates
to a system and/or method for providing warning on an
incipient FOG and/or ongoing event. Optionally, such a
system is worn by a patient and/or is located in a place of
activity, such as a home.

In an exemplary embodiment of the invention, such a
system, in addition to or alternatively to providing warnings,
provides signals or cues to help prevent and/or break out of
a FOG situation. This could be in the form of vibratory or
auditory cues or electrical stimulation to a limb or other part
of the body.

In an exemplary embodiment of the invention, such a
system, in addition to or alternatively to warnings and/or
cueing, is used to provide a training program to maintain and
reinforce training benefits during daily living conditions,
outside of any laboratory based training sessions.

In some exemplary embodiments of the invention, a
treatment system is provided. Using the information pro-
vided, for example, by the system, after a baseline assess-
ment, the system can automatically (e.g., or manually by an
operator or therapist) create individually-tailored training
programs to train the motor system of the subject, for
example, to adapt motor strategies that distance a subject
from the physiological circumstances that lead to FOG (e.g.,
see FIG. 3). For example, if the evaluation highlights that a
subject has mainly problems with gait asymmetry, the focus
of the treatment will be on motor learning that will result in
modifying the gait pattern to become more coordinated,
optionally in part, via repeated and measured asymmetrical
challenges (e.g., more obstacles on the left side than the ride
side) In another example, If it is determined that adding a
cognitive load is needed then it will use the VR simulation
to provide training that is rich with cognitive stimulus tasks
such as visual spatial processing, attention, planning and
executive function. Gradual exposure to these challenges
enables accommodation and allows the patient to learn how
to grapple with these situation; over time, the challenges will
become more difficult, and the learning can continue, for
example, until it achieved the desired result, even in the
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more challenging conditions. The gradual process may
allow the patient to slowly expand his/her capabilities,
encourages engagement of the subject in the process, and
minimizes discouragement and frustration; the end result is
possibly a greater opportunity for motor learning. In alter-
native embodiments, a non-gradual approach is used.

An aspect of some embodiments of the invention relates
to detection of sub-clinical FOG states and events, for
example, events which are not amenable to identification by
eye and/or events which the subject is not himself aware of.

In an exemplary embodiment of the invention, such
sub-clinical states are identified, at least in part, based on a
change in cerebral processing, for example, as evidenced by
changes in blood flow to the brain. for example, as evi-
denced by flow of blood from frontal lobes (e.g., over a time
of 0.3, 1, 3, 5, 10 seconds or intermediate or other lengths
of time) and/or flow of blood to motor and/or pre-motor
regions (e.g., for same times). Optionally or alternatively,
sub-clinical states are detected based on motion analysis, for
example subtle trembling (e.g., detected as increase in power
in high frequencies) of a limb, even if there is no change in
actual gait periodicity and/or length.

In an exemplary embodiment of the invention, a single
walking event, for example, between 1 and 30 seconds long,
or for example, between 3 and 10 seconds long is identifi-
able (e.g., based on system settings) as FOG, pre-FOG
and/or sub-clinical FOG.

In an exemplary embodiment of the invention, risk for
upcoming FOG events, e.g., in next hour, day, week, month,
year and/or integer multiples thereof and/or intermediate
periods is assessed based on the analysis. In an exemplary
embodiment of the invention, such analysis and prediction
may be provided even if no visible FOG events are detected,
only sub-0-clinical events.

An aspect of some embodiments of the invention relates
to detection of FOG, near-FOG and/or sub-clinical FOG
events and/or classifying (e.g., automatically and/or manu-
ally) said detected gait abnormalities, based on changes in
cerebral processing, for example, based on changes or
indication of changes in flow. For example, reduced flow to
the temporal lobes and/or increased flow to motor or pre-
motor areas may indicate FOG of certain types. Increased
flow to temporal lobes may indicate a cognitive difficulty in
gait, for example, due to an obstacle. Increased flow to the
frontal lobes may reflect an attempt at utilizing cognitive
function and attention to compensate for impaired “motor”
mechanisms.

Potential benefits of some embodiments of the invention
include one or more of enabling accurate diagnosis of FOG
propensity, while quantifying the severity of FOG and
identifying the circumstances that most likely lead to FOG
in the specific patient; providing treatment that will be
personalized and tailored for the patient’s needs; and time.
For example, within 20 minutes (5 trials of 4 minute walks
each), one can assess and diagnose FOG and quantify the
gait and FOG features and therefore can assist with provid-
ing the most appropriate personalized care that will address
the patients needs.

An aspect of some embodiments of the invention relates
to a FOG propensity score based not only on number and/or
duration of FOG events. In an exemplary embodiment of the
invention, the score is based on sub-clinical events. Option-
ally or alternatively, the score is based on a reaction to
environmental load. Optionally or alternatively, the score is
based on a reaction to a cognitive load, for example, dual
task and/or attention tasks. Optionally or alternatively, the
score is based on a perceptual load (e.g., lighting condi-
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tions). Optionally or alternatively, the score is based on the
response to an obstacle and/or specific obstacle properties.
Optionally or alternatively, the score is based on one or more
background gait qualities.

In an exemplary embodiment of the invention, the score
depends on detection of APAs which may indicate a
patient’s preparation for a challenge and/or gait disorder.

In an exemplary embodiment of the invention, the score
is a linear sum of considerations, each weighted, for
example, according to patient characteristics, for example,
based on a library of control subjects. Other forms of score
formula may be used as well.

Before explaining at least one embodiment of the inven-
tion in detail, it is to be understood that the invention is not
necessarily limited in its application to the details of con-
struction and the arrangement of the components and/or
methods set forth in the following description and/or illus-
trated in the drawings and/or the Examples. The invention is
capable of other embodiments or of being practiced or
carried out in various ways.

Some Example Classifications

Some embodiments of the invention are based on the
realization that the pathophysiology of FOG may be distinct
from that which leads to other parkinsonian symptoms. For
example, no correlation was found between the frequency of
FOG episodes and other motor symptoms of PD (e.g,
rigidity, bradykinesia), while FOG frequency was inversely
correlated with tremor severity. This underscores the fact
that FOG is possibly a result of pathophysiology that has yet
to be fully explained. FOG has received increasing recog-
nition as a debilitating feature of PD. Several studies suggest
that FOG affects between 20-60% of PD patients. Because
mobility is so important to quality of life and functional
independence, it is not surprising that gait disturbances and
freezing in PD often lead to wheelchair use and nursing
home admissions.

In an exemplary embodiment of the invention, the mecha-
nism underlying a particular case of FOG is optionally
determined. In an exemplary embodiment of the invention,
the levels by which the subjects suffer from different sub-
types of freezing are determined: in particular, one or more
of ‘start hesitation’, ‘turning hesitation’, ‘narrow passage
freezing’, ‘open runway freezing” and/or ‘reaching destina-
tion freezing’. Optionally, based on such determination,
therapeutic and preventative measures for FOG are defined.
In an exemplary embodiment of the invention, when a
patient is diagnosed, the degree of susceptibility to each type
of FOG is separately measured and a vector indicating the
relative susceptibility optionally created.

In an exemplary embodiment of the invention, a system is
provided which reveals distinct physiological processes that
occur during walking prior to the appearance of FOG, and/or
on identifying the relative and/or absolute role of a potential
triggers, e.g., shifts of attention, that can exacerbate gait and
cause FOG. Once these processes are identified and/or
quantified, therapeutic measures can be designed and
optionally tested in follow-up studies.

In one example, for a patient where bilateral coordination
is a problem, interventions that focus on bilateral coordina-
tion may promote resiliency to FOG triggers.

In an exemplary embodiment of the invention, measure-
ments of patients are used to provide information to add to
the body of knowledge on the cognitive capacity in
advanced PD during the “Off” state of the medication cycle
and its role in gait and FOG. Optionally, this information is
used for providing diagnosis and/or treatment for such
conditions.
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Several studies have examined the mechanisms that might
underlie FOG. Unique but not uniform patterns of EMG
were seen in patients with FOG just prior to freezing. In an
exemplary embodiment of the invention, it is assumed that
rhythmic contractions of leg muscles beyond a certain rate
might contribute to FOG. In an exemplary embodiment of
the invention, the timing of EMG activity of the tibialis
anterior and gastrocnemius muscles is checked and if found
to be abnormal may be considered a warning sign of
imminent FOG in a subject.

In an exemplary embodiment of the invention, from a
phenomenological perspective, one or more of the following
features which may be found in FOG patients (especially
secondary to PD) are measured and/or monitored, especially
in response to various provocations: Impairments in step
length scaling, reduced dynamic control of postural stability,
increased gait asymmetry, poor bilateral coordination of gait
and rhythmicity.

In an exemplary embodiment of the invention, a test
includes uncoupled pedaling of a patient, which may indi-
cate a relationship between bilateral coordination of gait
(BCG) and FOG in PD. In such pedaling, using a stationary
bicycle with the left pedal mechanically uncoupled from the
right pedal, although the relative phase (between the legs)
was locked at approximately 180 degrees in healthy elderly
and some of the people with PD, PD patients who suffer
from FOG (PD+FOG) exhibited relative phase drift monoto-
nously from 0 to 360 degrees, or an irregularly modulated
phase generation. The existence, amount and/or other
parameters of such drift may be used as an indicator for FOG
and especially for an imminent FOG episode, for example,
in response to a provocation.

It 1s hypothesized that uneven control of “coupled oscil-
lators” (meaning the paddling action of each leg serves as
oscillator) may result in such disarrayed phase generation.
Unlike in the case of uncoupled bicycle or in gait, the
coordination of left-right cycling movements poses less
challenge to the central nervous system (CNS) since the
mechanical coupling between the pedals facilitates the anti-
phased left-right pattern. The possibility that impaired cere-
bral control of bilateral coordination is associated with
freezing, e.g., in a particular patient, can gain further support
if left-right coordination of alternating hand movements is
impaired in a particular subject as compared to patients who
do not suffer from FOG (PD-FOG) and/or suffer other types
of FOG.

Another indicator which is optionally used is radius of
turn. In some types of FOG patients, a turning arc is
increased as compared to PD-FOG, possibly reducing the
level of asymmetry involved in the task and easing the
burden on coordination. Such a change in angle and/or effect
of angle on cognitive tasks, walking speed and/or other
measurable signals, may be used to indicate a FOG burden,
in accordance with some embodiments of the invention. In
an exemplary embodiment of the invention, based on this
test and others as indicated above, a multi-dimensional score
will be generated. In one example, among the dimensions
quantified are severity of ‘start hesitation’, “turning hesita-
tion’, ‘narrow passage freezing’, ‘open runway freezing’ and
‘reaching destination freezing’, additional optional types of
dimensions are the freezing response to provocation related
to pathophysiologies associated with freezing, e.g., the
freezing response to uncoordinated, and/or, asymmetric,
and/or disrhythmic and/or scaled down and/or stability chal-
lenged gait. In addition, the magnitude of the freezing
episode (both legs or one and duration) is optionally
included in the score.
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In an exemplary embodiment of the invention, the system
uses a simulating-monitoring integration, optionally coupled
using a closed loop. In an exemplary embodiment of the
invention, the stimulating part is mainly composed from
virtual reality (VR) technologies (e.g., a head mounted
display or goggles or a projection on a considerable part of
a room in which a subject is located or even a screen) that
introduce freezing provoking situations, for example as part
of an ongoing scene. Optionally or alternatively, non-VR
technologies are used, for example, standing displays.

In an exemplary embodiment of the invention, sensors
(e.g., mobility sensors, accelerometers), for example,
mounted on the subject’s body and/or off of the subject’s
body (e.g.. cameras) will generate measurements. Option-
ally, the measurements are processed to predict and detect
online (e.g., within 0-10 seconds from occurrence and/or
with a lead time of between 360 and 3 seconds, for example,
between 5 and 10 seconds lead time) the occurrence of FOG.
Optionally or alternatively, processing is used to assess the
gait pattern, quantify its qualities and/or feed this informa-
tion to the VR system to adjust the virtual environment in
which the subject is functioning. For example, adjustment
can include providing a more provocative situations and/or
different situations (e.g., using a table of potential FOG
triggers and/or a training and/or a testing program).

Optionally or alternatively, miniaturized physiological
sensors (e.g., ECG, skin conductance, fNIRS, EMG) or
non-miniaturized and/or wireless and/or wired sensors are
used to provide information about physical and/or mental
stress.

In an exemplary embodiment of the invention, following
a ‘freezing stress test’, optionally a standard set of situations
and/or protocols, the system will be able to quantify properly
the freezing burden and its individual characteristics for
each subject.

In an exemplary embodiment of the invention, after
diagnosing, the system (or a different system) will create
individually-tailored training programs, for example, for
training the motor system of the subject to adapt motor
strategies that distance them from the physiological circum-
stances that lead to FOG. For example, if the evaluation
highlights that a subject has significant problems with bilat-
eral coordination (BCG being a measure of bilateral coor-
dination of gait) and gait asymmetry, the focus of the
treatment can be on motor learning that will result in
modifying the gait pattern to become more coordinated.
Likewise, if thythm generation problems are identified, then
the treatment may focus on rhythmicity improvements.
These concepts are illustrated in FIG. 1. A potential to
improve this and reduced the propensity to FOG is illus-
trated in FIG. 3.

FIG. 1, section A shows quality of performance of gait
features associated with FOG (thin lines in top 5 traces) may
vary over time (hypothetical data). Similarly the level of
interaction between these gait features may vary with time
and/or in response to different circumstances or provoca-
tions. BCG—Bilateral coordination of gait.

FIG. 1 section B illustrates how the combination of the
performances of the individual gait features may dictate
whether FOG will occur or whether functional walking will
be maintained. If the overall performance deteriorates below
a certain threshold (horizontal line), then gait freezes (FOG
zone). Deterioration in the overall gait performance can be
an expression of malfunction of single gait feature associ-
ated with FOG or of multiple features. In some cases, the
deterioration of one gait feature can cause the deterioration
of one or more gait features as portrayed in FIG. 1(A).
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As another example, if a subject is prone to freezing due
to poor gait performance when his/her attention 1s shifted to
deal with simultaneous cognitive demands, then training
strategies will be directed to assist in prioritizing between
gait and mental tasks and/or to improve the simultaneous
performance. In another example, if a subject is prone to
freezing when dealing with challenges that cause him/her to
be mentally stressed, then such situations will be introduced
during training periods, for example by virtual reality tech-
nique, to improve the coping of the subject in such situa-
tions.

Exemplary Diagnosis System

In an exemplary embodiment of the invention, a sub-unit
of a system composed of mobility and physiological sensors
and from online feedback apparatus (e.g., earphones) will
serve as a ‘field assistive and monitoring device’ that will be
programmed by a ‘parent controller’ to online predict and
detect the gait pattern, physiological conditions and FOG
propensity and/or will provide corrective adjustments via the
feedback apparatus to modify motor patterns. The informa-
tion gathered by the ‘field assistive and monitoring device’
will optionally be fed to the ‘parent controller’ by remote
access (e.g., internet, mobile phone) and adjustments to the
assistive algorithms and to the feedback regime will be done
based on all data gathered so far. The concept of ‘assistive
device’ may be complementary, at least in part, to the
‘training device’. While the latter addresses desirable sus-
tainable modifications in the function of the motor system
with regards to gait, an assistive device is to address gait
difficulties in an ad-hoc fashion. Both, however are option-
ally based on the information gathered from the diagnostic
element of the technology and may also be provided
together in a single system.

FIG. 2A illustrates some potential modules of a system
200 for use on a patient 202, one or more of which modules
may be provided (e.g., being optional), in accordance with
an exemplary embodiment of the invention.

(a) Central module (CM) 204—a main controller of the
system (e.g., a computer, smartphone or other processing
device, optionally mobile), located locally or remotely rela-
tive to other parts of system and/or distributed as several
spaced apart systems, which optionally has interface with
additional modules, local and/or remote, with computational
capabilities.

(b) Treadmill and clinic based virtual reality module
(TCVRM) 206—yplaced in the clinic, but optionally at home
or at a public location such as an old-age home or day care
center and provides virtual reality protocols. Techniques of
virtual reality can vary, for example portable goggles with
virtual visual input or an LCD screen, for example. Option-
ally or alternatively, sound and vibratory feedback may be
provided. Movement mechanism other than treadmills can
be used, for example, bicycles or stepping in place.

(c) Physiological and mobility sensors based freezing
detection and prediction module (PMFDPM) 208—will
optionally be used to assess the level of freezing burden
achieved in response to the freezing provoking protocol.
Optionally, this module is based on body wearable sensors
(e.g., accelerometers, heart rate sensors, sweat sensors and/
or brain blood flow sensors) and/or from information gained
by the cameras or movement sensors (e.g., Kinect), which
are optionally included in the TCVRM (e.g., which may be
used to determine subject motion).

(d) Tele medicine freezing module (TMFM) 210—en-
ables communication between CM and modules that func-
tion outside the clinical site, for example, by internet and/or
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mobile phone infrastructure, in real time (e.g., within 10 or
3 seconds or less) and/or optionally by reports.

(e) Biofeedback based freezing prevention and alleviation
module (BBPAM) 212—a sub-system that provides sensory
input as a feedback to the evaluation of performance, for
training or for assisting (i.e., wearable assistive mechanism)
purposes. In an exemplary embodiment of the invention, this
module when acting as an assistive device, will generate
external cueing whenever the PMFDPM will detect or
predict the occurrence of freezing, so the subject can utilize
the sensory input to avoid freezing. For example, if the
sensory signal includes rhythmic auditory stimulation the
subject will pace, coordinate, and/or enlarge his steps to the
thythm. This module when acting as a trainer, can, for
example, provide the sensory input only during training
sessions during which the subject will be exposed to freez-
ing provoking conditions, and the feedback generated by the
module will be used to train the subjects to the correct
response (e.g., pace, coordinate, and/or enlarge the steps),
with the purpose that following the training these responses
will become natural whenever the physiological conditions
approach FOG episode. An example such sub-system is
described in FIG. 2B, below.

(f) Home based virtual reality module (HBVRM) 214—
optionally provides virtual reality protocols at home and/or
other non-clinic settings. In some embodiments, a warning
device is provided which is worn by a patient and/or located
in his home, detects a potential FOG situation and helps the
patient avoid and/or overcome such situation. Optionally,
such a device includes at least one sensor, a processing unit
and a stimulus generating unit. Optionally or alternatively,
such a device is used for training during daily activities, e.g,,
to increase a subjects sensitivity to problematic situations
and/or to intentionally provoke such situations (e.g., by
encouraging rhythmic movements), when the patient is
forewarned. In an exemplary embodiment of the invention,
the HBVRM can communicate with CM (e.g., via the
TMFM) to receive basic data regarding the clinical condi-
tion of the subject. Based on that, the HBVRM can option-
ally define the daily at-home training program and/or will
evaluate progress. For example, based on the knowledge
from the CM that a subject suffers from impaired bilateral
coordination, the HBVRM (or other module) can produce
training tasks that require improvement of coordination, by
for example, instructions to turn in place, e.g., by displaying
on the home computer screen and/or on the home TV set, VR
settings that requires coordination. At any point during the
training, the HBVRM can provoke semi stress test to iden-
tify the response of the subject to the training.

In FIG. 2A, solid black lines indicate the modules that are
interfacing directly with the subject 202; grey and/or dashed
lines and arrows—each set of arrows in a specific shading
represent a potential scenario for the use of the invention.

In an exemplary embodiment of the invention, one or
more of the following algorithms/methods are implemented
in the system:

a. Stress test algorithm. In an exemplary embodiment of

the invention, this algorithm will start routine loading
(at the beginning no loading of freezing provocation
triggers will be introduced) of the freezing burden on
the tested subject covering some or all types of freez-
ing: e.g., ‘start hesitation’, ‘turning hesitation’, ‘narrow
passage freezing’, ‘open runway freezing’ and/or
‘reaching destination freezing’. In response to this
initial testing the freezing burden is optionally
increased and/or decreased as needed in any of the
subtypes mentioned, to identify what is the freezing
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propensity in each of the subtypes. Various physiologi-
cal bracketing and search methods may be used. One or
more of freezing incidences per freezing provocation,
spontaneous freezing episodes, and durations of all
invoked or spontaneous freezing episodes, may serve
as measures for freezing burden, as well as the quan-
tification of gait qualities associated with freezing, e.g.,
rhythmicity, symmetry, bilateral coordination, step
scaling and dynamic postural control.

b. Freezing detection and prediction algorithm. For
example, based on an algorithm known as K-Means,
the system can process, in real-time, the sensor data to
characterize the level of propensity of FOG at any
given time. A short training session may be provided in
which an operator will feed in timing of the actual FOG
episodes occurrences, and these data will be used by the
system to define the individual characteristics of the
mobility, and/or physiological (e.g., skin conductance
data) data associated with FOG. Another algorithm
based on ratio between energies in different frequency
domains (the “freezing index algorithm’) of the mobil-
ity signal may be used instead of or in parallel to the
K-Means algorithm. A weighing algorithm may be used
to determine the relative weight in FOG prediction
and/or detection each of these algorithms. Optionally or
alternatively, pattern matching, Hebian neural networks
computational schemes and/or machine learning can be
used by the PMFDPM to identify patterns and/or match
and/or calculate responses. In another method, wavelet
analysis is used to identify patterns relating to or
indicating FOG of one type or more or in general.

c. Cadence calculating algorithm. Optionally, to provide a
cueing signal at the appropriate rhythm, in real time, a
cadence determining algorithm is optionally used (e.g.,
based on a spectral analysis of the movements). Based
on the mobility signal the number of steps per unit time
will be calculated and the thus the cadence. This
algorithm is optionally implemented in the BBPAM.

d. Training difficulty and training specifications algo-
rithm. In an exemplary embodiment of the invention,
this is a self iterative algorithm that starts with a
specific anti freezing training program, e.g., expose the
subject in laboratory and/or at home to gait tasks that
may invoke freezing and providing automated training
instructions (e.g., vocal and/or external stimulation).
Interweaved within the training sessions, there are
optionally one or more test sessions that will sample
gait and freezing performance, compare the results to
the defined quantifiable goals of the training (e.g., also
a priori loaded to the system), assess progress with
respect to time from start of training, and/or make
decisions as for how to continue the intervention, e.g.,
the intensity of training and/or the exposure to different
subtypes of freezing. Standard training planning meth-
ods may be used.

Exemplary Usage

There are currently gaps in the ability to diagnose the
FOG symptom. Quantification is not standardized and
involves cumbersome settings that are suitable for research
but not for routine clinical use. Current treatments have
limited impact. In an exemplary embodiment of the inven-
tion, the proposed system and/or method, in some embodi-
ments thereof, may solve the problems of objective and/or
quantifiable assessment of the FOG symptom. The second
problem associated with the FOG symptom is that treat-
ments are not effective due, in part, to the variable nature of
the appearance of the symptom. In some embodiments, this
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problem is addressed by the system being adjustable based
on the current physiological measures, and thus allows
flexible training and/or assistive components. The unpre-
dictable nature of the occurrence of the FOG episodes poses
a problem related to the ability to avoid an episode all-
together, and/or to prepare for potential consequence of an
episode (e.g., fall). In an exemplary embodiment of the
invention, there is provided predictability of FOG episodes
and/or pre-episode warning so that the approaching episode
can be avoided.

Some exemplary usage prophetic scenarios are now
described.
Scenario 1: Freezing of gait stress test (designated by dashed
grey arrows in FIG. 2A)—central module (CM) will com-
mand a Treadmill and clinic based Virtual reality Module
(TCVRM) in order to accompany locomotion while being
immersed in ‘reality’ that is likely to provoke freezing of gait
episodes (recall FIG. 1, that situations with challenging
coordination, e.g., turning, and challenging stability, rhyth-
micity and/or reducing step length, may be likely to shift the
subject into the freezing zone). Provocation of reduced step
length can be achieved by, for example, by lowering the belt
velocity in the treadmill, and/or providing visual cues, e.g.,
projecting lines on the floor, indicating the size of the
required step length and/or by using virtual obstacles that
require a large or small step over. The subject will achieve
locomotion by walking on a treadmill or walking within a
room. The subject will be immersed into the dictated VR by
means of screens or special VR goggles. A physiological and
mobility sensors based freezing detection and prediction
module (PMFDPM) is optionally used to assess the level of
freezing burden achieved in response to the freezing pro-
voking protocol. This module may be based, for example, on
body wearable sensors (e.g., accelerometers or brain sen-
sors) and/or use from information gained by the TCVRM
cameras. Optionally, the PMFDPM will determine the level
of FOG burden achieved by the protocol. Optionally, the
output of the PMFDPM will be fed into the CM which in
turn will modify the protocol according to preset criteria. At
the finish of several iterations one or more of the following
may be achieved: 1) A clinical FOG score, for example, the
number of freezing episodes occurring per provocation of
freezing, number of spontaneous freezing episodes, and the
duration of the freezing episodes; 2) An individual FOG
profile, i.e., which situations are related to what level of
propensity for freezing. For example, a profile may include
calculations of the gait features associated with FOG, e.g,,
are deteriorating prior to each occurrence, e.g., rthythmicity,
symmetry, bilateral coordination, step scaling and/or
dynamic postural control.
Scenario 2: Prognostic daily monitoring of the freezing of
gait symptom (designated by dashed black arrows in FIG.
2A). Scenario 2a—passive clinical data collection: The CM
will embed the information about the FOG profile of an
individual to the computational unit within the PMFDPM.
The subject will perform his/her daily living carrying the
PMFDPM (e.g., see FIG. 2B). The computational unit,
based on the individual FOG profile will assess the level of
FOG burden, and in addition will assess the performance of
the gait features associated with FOG. This will provide a
comprehensive picture about the clinical FOG conditions
throughout the day, including, optionally, in response to
interfering factors such as medication consumption or inter-
ventions. This information is optionally fed back to the CM
via a tele medicine freezing module (TMFM) which can
utilize, for example, internet or mobile phone infrastructure
to pass clinical evaluations to the CM for the record and use
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of the health professionals treating the subject. Optionally,
data can be also transferred by connecting directly the
PMFDPM with the CM (rectangle shaped dashed black
arrows for both options). Scenario 2b—active data collec-
tion: in addition to what is detailed in the passive clinical
data collection, the CM and TMFM can be used to instruct
the subject to perform short dictated locomotion protocol
while the PMFDPM is analyzing the responses and trans-
ferring the information to the CM (via the TMFM). Optional
tuning of on line detection and prediction parameters of
FOG is optionally done from the CM to the PMFDPM
(lower most rectangle shaped dashed black line).

Scenario 3: Intervention type I: Biofeedback based daily
living assistive therapy to prevent freezing of gait (desig-
nated by thin black arrows in FIG. 2A). CM, for example,
directly to the PMFDPM, or indirectly via the TMFM,
provides parameters for computational algorithm working in
real time for detecting and predicting the occurrence of
freezing episode. This loading is done in a preparatory stage
and designated in dashed lines in the figure The sensors are
used to predict a FOG episode and the information from the
sensors are sent to the control unit. Once such an episode is
predicted or detected the PMFDPM provides a signal to
biofeedback based freezing prevention and alleviation mod-
ule (BBPAM), which in turn provides sensory feedback
(e.g., auditory) to the subject, who utilizes this cueing to
avoid or shorten the freezing episode. In this sense this is a
closed loop module that can provide a biofeedback alarm to
the patient even before a FOG occurs to alert him to change
their pattern of movement and utilize movement strategies to
avoid the occurrence. The system could also provide a
feedback (e.g., a different sound) when a FOG has already
occurred. This signal may be used as a cue to allow for the
patient to recover from the FOG and continue walking.

A variety of types of feedback may be used, for example,
based on the responsiveness of the subject. For example,
rhythmic auditory stimulation helps the subject to pace,
coordinate and scale his/her stepping and thus avoid stop-
ping and/or shortening. Similarly, tactile stimulation may be
used. Another possibility is vocal warning (similar to those
used in Global Positioning Systems) and/or tactile vibrations
in the foot, and/or pattern projection on the floor, for
facilitating gait.

As mentioned above, a freezing detection and/or predic-
tion algorithm can use several approaches, for example an
algorithm known as K-Means, will process, in real-time, the
incoming sensors data to characterize the level of propensity
of FOG at any given time. Optionally, a short training
session is used in which an operator will feed in timing of
the actual FOG episodes occurrences, and these data will be
used by the system to define the individual characteristics of
the mobility, and/or physiological (e.g., skin conductance
data) data associated with FOG. Another algorithm based on
ratio between energies in different frequency domains (the
‘freezing index algorithm’) of the mobility signal may be
used in parallel to the K-Means algorithm. A third algorithm
may weigh what is the relative weight in FOG prediction
and/or detection of each of these algorithms. Optionally or
alternatively, one or more of pattern matching, Hebian
neural networks computational schemes and machine learn-
ing may be implemented in the PMFDPM.

Scenario 4: Intervention type II: Biofeedback-based motor
learning to ameliorate freezing of gait (designated by the
thin black arrows in FIG. 2A. CM,, directly to the PMFDPM,
or indirectly via the TMFM, provides parameters for com-
putational algorithm working in real time for detecting
and/or predicting the occurrence of freezing episode. This
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loading is optionally done in a preparatory stage and des-

ignated with thin black dashed lines in the figure. This

information is optionally utilized to run physiotherapy inter-
vention program.

For this intervention, the gait pattern is optionally moni-
tored continuously by the PMFDPM and the risk of an
approaching FOG episode may be assessed in real-time
based on the loaded algorithm. For example, patients may be
challenged to walk at home or in the physiotherapy clinic, in
situations that typically cause FOG (e.g., turns, tight circles,
e.g., personalized for that patient). In the clinics the TCVRM
will also be used for this purpose. At home conditions, a
home based virtual reality module (HBVRM) is optionally
used also for this purpose. Both the TCVRM and HBVRM
are optionally programmed by the CM, which will option-
ally base its programming on feedback from the PMFDPM.
When the gait patterns starts to deteriorate towards FOG,
external cueing is optionally invoked by the BBPAM to
restore a more normal gait pattern. This concept is illustrated
in FIG. 3, and may be used in other embodiments described
herein, as well. Desirably, after intensive such intervention
the central nervous system will learn to automatically avert
FOG (even without external cueing), and will maintain this
capability by long term retention.

FIG. 3 section A illustrates improving gait performance in
general, for example, by maintaining a sustained effective
therapeutic effect on multiple gait features associated with
FOG (recall FIG. 1), which is a target for therapy that will
likely reduce the FOG burden. In general, one way of
reducing the likelihood of FOG is to move the overall gait
performance further away from the “failure’ threshold (hori-
zontal line separating the ‘functional zone’ from the ‘FOG
zone’). FIG. 3 section B illustrates online intervention which
may reduce the duration of FOG episodes using an assistive
device format (scenario 3 type I) or an intensive training
format (scenario 4 type II). The black arrows reflect two
instances where FOG might normally occur when during
daily living in a subject prone to freezing. A biofeedback
device is optionally used to provide external sensorial cue to
prevent the ‘sinking’ into the FOG zone, namely gait per-
formance so deteriorated so that functional gait is no longer
possible. As mentioned above, a variety of types of feedback
may be used based on the responsiveness of the subject. For
example, rhythmic auditory stimulation helps the subject to
pace, coordinate and scale his/her stepping and thus avoid-
ing and/or shortening. Optionally or alternatively, rhythmic/
periodic tactile stimulation may be used for such a result.
Another possibility is vocal warning (e.g., similar to those
used in Global Positioning Systems) and/or tactile vibrations
in the foot, and/or pattern projection on the floor, all of
which may be effective in facilitating gait under various
conditions. For example, methods as described in any of the
following are optionally used:

Lim I, van Wegen E, de Goede C, Deutekom M, Nieuwboer
A, Willems A et al. “Effects of external rhythmical cueing
on gait in patients with Parkinson’s disease: a systematic
review”. Clin. Rehabil. 2005; 19(7):695-713.

J M Hausdorff, ] Lowenthal, T Herman, [, Gruendlinger, C
Peretz, N Giladi. “Rhythmic auditory stimulation modu-
lates gait variability in Parkinson’s disease”. Eur J Neu-
rosci. 2007: 26:2369-2375.

S. Frenkel-Toledo, N. Giladi, C. Peretz T. Herman, L.
Gruendlinger, J. M. Hausdorff. “Treadmill walking as a
pacemaker to improve gait rhythm and stability in Par-
kinson’s disease”. Mov Disord 2005; 20:1109-1114.

T. Rubenstein, N. Giladi, J. M. Hausdorff. “The power of
cueing circumvent dopamine deficits: A brief review of
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physical therapy treatment of gait disturbances in Parkin-

son’s disease”. Mov Disord, Vol. 17, pp. 1148-1160,

2002.

“Targeting dopa-sensitive and dopa-resistant gait dysfunc-
tion in Parkinson’s disease: selective responses to internal
and external cues”. Rochester L, Baker K, Nieuwboer A,
Burn D. Mov Disord. 2011 Feb. 15; 26(3):430-5. doi:
10.1002/mds.23450. Epub 2010 Dec. 13.

In an exemplary embodiment of the invention, when
various treatments and/or cues are available, different ones
may be tested on a patient and whichever treatment and/or
cue performs best, is selected for treating the patient.

FIG. 2B is a schematic block diagram of a patient device
220, for example, suitable for implantation or wearing while
ambulatory. Optionally, at least part of the functionality of
device 220, for example processing, communication and/or
acceleration measurement, is provided by a cellular tele-
phone and/or by a sensor unit in wireless communication
(e.g., Bluetooth) with the cellular telephone.

In an exemplary embodiment of the invention, device 220
includes one or more sensors, for example, as described
herein, whose output is processed by a processor 224. A
FOG (or other gait abnormality) detector, for example,
embodied as one or more software modules executed by the
processor, may detect, for example, expected or on-going
FOG, sub-clinical FOG and/or pre-FOG states. In response,
processor 224 may instruct controller 228 to cause one or
more stimulators 230 (e.g., sound or vibration output
devices) to stimulate the patient to overcome and/or prevent
and/or otherwise ameliorate the FOG. After sensing that a
freezing event is approaching, the sensor could alter the gait
rhythm, suggest that the person speed up or slow, or even
suggest that he/she sit down. This could be achieved via, for
example, an electrical, auditory (sound and/or speech) and/
or vibratory stimulus. In an exemplary embodiment of the
invention, device is a light weight wearable sensor that will
be worn by the subject at all times. The location of body
attachment may depending on a patient’s preferred stimulus;
for example if the patient prefers an auditory stimulus then
the device may be worn on a belt (e.g., include a clip) with
an attached ear piece, if the patient prefers tactile stimulus,
he can wear the device on the shin of his leg or in a necklace
or bracelet. Optionally, the device is in two or more parts,
communicating wirelessly and/or by wire, for example, one
part being a sensor and optionally a processor and another
part being a stimulator and optionally a processor.

In an exemplary embodiment of the invention, an implant
provides a signal to an external component to cue the
subject. Optionally, the implant also applies a treatment, for
example, electrical stimulation (e.g., DBS). Detection and/or
prediction of a gait abnormality is optionally provided by the
implant, optionally using internal and/or using external
SEensors.

Anticipatory Postural Adjustment
In an exemplary embodiment of the invention, it is

expected that a subject makes anticipatory postural adjust-

ments (APAs), for example, changes in center of gravity

(COG) and center of pressure (COP). Optionally, such APAs

are detected, for example, using cameras and/or movement

sensors and used, for example instead of or in addition to
other physiological measures, to predict and/or identify gait
abnormalities such as FOG.

In an exemplary embodiment of the invention, an APA is
measured by quantifying the COP and/or by measures of
trunk movements using accelerometers and/or gyroscopes
carried on the belt or other positions that allow for estima-
tion of the COP and/or COG. By challenging the subject in
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the VR system, it may be possible to detect early, mild
and/or subclinical APA disturbances which may also option-
ally be used as markers for FOG. As noted herein, early
detection allows to implement an early and potentially
protective interventional approach to delay, reduce and/or
prevent FOG and/or other functional disorders.

In an exemplary embodiment of the invention, APA
detection is used for driving a cueing system for treatment
of FOG and/or other gait disorders.

In an exemplary embodiment of the invention, APA
detection is used as a marker for the usefulness of interven-
tional programs with drugs, deep brain stimulation or physi-
cal rehabilitation methods.

In an exemplary embodiment of the invention, APAs are
used to predict FOG, for example, before turns, when
starting to walk and/or even during “open runway”, usual
walking.

In an exemplary embodiment of the invention, APAs are
used as a target of training, for example, after training, larger
APAs may be expected for some patients.

In an exemplary embodiment of the invention, APAs are
used to diagnose a patient, for example, by seeing if and how
APAs change and/or are delayed as a function of the type or
other parameter of challenge used.

In an exemplary embodiment of the invention, VR simu-
lations are modified in real-time to cause a desired APA (e.g,,
a certain COP). Optionally, the simulation is modified (e.g.,
various scenarios tried, intensity changed) until a desired
APA is detected and/or failure is decided.

The abstract of Exp Neurol. 2009 February; 215(2):334-
41. Knee trembling during freezing of gait represents mul-
tiple anticipatory postural adjustments. Jacobs J V, Nutt I G,
Carlson-Kuhta P, Stephens M, Horak F B reads as follows:
Freezing of gait (FoG) is an episodic, brief inability to step
that delays gait initiation or interrupts ongoing gait. FoG is
often associated with an alternating shaking of the knees,
clinically referred to as knee trembling or trembling in place.
The pathophysiology of FoG and of the concomitant trem-
bling knees is unknown; impaired postural adjustment in
preparation for stepping is one hypothesis. We examined
anticipatory postural adjustments (APAs) prior to protective
steps induced by a forward loss of balance in 10 Parkinson’s
disease (PD) subjects with marked FoG and in 10 control
subjects. The amplitude and timing of the APAs were
determined from changes in the vertical ground-reaction
forces recorded by a force plate under each foot and were
confirmed by electromyographic recordings of bilateral
medial gastrocnemius, tibialis anterior and tensor fascia
latae muscles. Protective steps were accomplished with a
single APA followed by a step for control subjects, whereas
PD subjects frequently exhibited multiple, alternating APAs
coexistent with the knee trembling commonly observed
during FoG as well as delayed, inadequate or no stepping.
These multiple APAs were not delayed in onset and were of
similar or larger amplitude than the single APAs exhibited
by the control subjects. These observations suggest that
multiple APAs produce the knee trembling commonly asso-
ciated with FoG and that FoG associated with a forward loss
of balance is caused by an inability to couple a normal APA
to the stepping motor pattern.

In an exemplary embodiment of the invention, APAs are
measured using a force platform and/or using center-of-
pressure dynamics (e.g., force sensitive insoles or the accel-
erometers described above, which can reflect movement of
the body’s center-of-mass, which will reflect also the APA).

The inventors have also discovered that, based on a study
29 patients with Parkinson’s disease (PD), freezing of gait
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episodes during turns are marked by multiple failed postural
adjustments. These postural adjustments are typically seen
as Anticipatory Postural Adjustment at gait initiation (e.g.,
before the person starts to walk). However, using measures
of Center of Pressure (COP) Dynamics, they can also be
quantified during turning and/or during straight line walk-
ing.

The obstacles placed in front of the subject generally also
require a form of an APA (e.g., shifting of the center of
gravity from one foot to the other to allow for sufficient
clearance of the virtual obstacle). By challenging the sub-
jects with these virtual obstacles (e.g., of different lengths
and/or heights), the APAs/COP in response (e.g., before
and/or during) can be measured. Possibly, in a healthy
subject, the APA size will be related to the size/height of the
obstacle. Optionally or alternatively, if/how these APAs
change during FOG is measured. This can give another
measure of FOG pre-disposition and possibly further
enhance the ability to grade FOG severity, to predict, and/or
to measure the response therapy.

In an exemplary embodiment of the invention, APAs are
treated as are other measures, such as BCG. For example,
APA is included as one of the weighted features in the
scoring for FOG.

It is noted that in some embodiments, the APAs are
measured on the ground (e.g., if patient is walking on ground
towards a very large screen and/or wearing goggles) and in
other embodiments APAs are measured on motion devices,
such as treadmills and/or bicycles.

In an example of on ground VR display, a patient follows
a standard lab course, such s walking along a corridor, and
goggles are used to inject obstacles into the course and/or
provide other loads as described herein.

Exemplary Methods

FIG. 2C is a schematic flowchart 240 of a method of
applying the methods described herein, in accordance with
some embodiments of the invention.

At 242 a patient is challenged, for example based on the
methods as described herein and/or based on a previous
diagnosis.

At 244, one or more clinical and/or sub-clinical indica-
tions of manifestations of FOG are detected, or, alterna-
tively, not detected.

At 246, the indications are evaluated, for example, by
comparing to a table of standardized results.

At 248 the challenges are optionally modified, for
example, to ensure a sufficient amount and/or quality of data
is collected and/or to collect data about different types and/or
sub-types of gait disorders. Challenging 242 is optionally
repeated.

At 250, a treatment plan and/or a risk is optionally
determined, based on the above evaluation(s).

FIG. 2D is a schematic flowchart 260 of a method of
treatment, optionally carried out by one or more of the
devices described herein or manually, in accordance with an
exemplary embodiment of the invention.

At 262, one or more FOG indicators are detected, for
example, using accelerometers or other motion detectors or
using a fNIRS sensor or other sensor to detect indications
correlated with changes in blood flow to the brain.

In an exemplary embodiment of the invention, EEG or
other means are used instead of or in addition to fNIRS to
assess changes in cerebral activity. A potential advantage of
using both EEG and fNIRS is that EEG has better temporal
resolution and fNIRS has better spatial resolution.

In an exemplary embodiment of the invention, EEG can
be used to measure brain electrical activity at rest and/or to
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measure (e.g., after filtering) brain activity during actions
such as walking in the whole brain or in specific regions.
Optionally, EEG is used to detect minimal changes in brain
activity secondary to focal activation and/or depression of
neuronal discharge. Based on the observations of decreased
blood flow to the frontal lobe during FOG, it is expected that
there will be focal frontal slowing or as called in EEG terms,
theta or delta activity over the frontal lobe. Abnormal EEG
activity can also be characterized by hyper or hypo synchro-
nization of brain electrical activity in a specific area. EEG
activity has been shown to be able to detect not just the
movement potential but also the preparatory potential that
comes before the actual movement is executed, which may
support the use of EEG for prediction and detection of an
actual event.

In an exemplary embodiment of the invention, continuous
scalp EEG monitoring during walking, for example, by the
Oxford ambulatory EEG monitoring system, is used to
differentiate between normal stepping and FOG or pre-FOG
state by change in background EEG activity over the frontal
lobe bilaterally. In an exemplary embodiment of the inven-
tion, in the 1-3 seconds prior to the FOG itself and/or during
the actual freezing episode, slowing of the background
activity will be detected by automated frequency analysis
system which is already present in the Oxford system. The
system will be able to learn (e.g.. using machine learning
methods as known in the art) the normal locomotion of the
subject treated and recognize the FOG as a significant
change from the regular background. Similar detection may
be applied for falls and/or other gait abnormalities.

In an exemplary embodiment of the invention, EEG
measurement is used to specifically detect increase or
decrease of activity in frontal lobes and/or motor regions, for
example, based on changes in intensity (e.g., at certain
frequency bands).

A potential advantage of EEG is its integration into an
ambulatory and/or implanted device.

At 264 a treatment is applied, for example, cueing, as
described above, or TMS stimulation, in response to the
detection. In an exemplary embodiment of the invention, the
application is within 0.1, 0.5, 1, 5, 10 or intermediate or
greater number of seconds. Optionally, the treatment is
timed to the predicted onset of the gait disorder, rather than
to its prediction and/or detection time.

At 266 the effect of treatment is measured, for example,
over a period of 1, 10, 100, 100 or intermediate or greater
number of seconds. In response, the treatment and/or treat-
ment parameters are changed. Optionally, the system learns
which treatment is more effective for which set of measured
indication values. For example, if asymmetry or poor rhyth-
micity or narrow passageways are frequent causes of the
FOG in this patient, the training program may be adjusted to
teach the patient to deal with this provocations.

In an exemplary embodiment of the invention, TMS
(Trans Cranial Magnetic Stimulation) and/or other interven-
tional means, such as biofeedback, is used to modify cere-
bral activity and/or blood flow in the brain. In an exemplary
embodiment of the invention, when a decrease in blood flow
to a frontal region is detected, TMS is applied (e.g., to the
frontal lobe) to increase this flow. This may allow executive
function to assist in overcoming FOG, reduce the likelihood
that FOG or other gait abnormalities will occur.

In an exemplary embodiment of the invention, when an
increase in blood flow to a motor region is discovered (e.g,,
by an fNIRS sensor), TMS may be applied to the frontal
regions, for example, to further increase blood flow, for
example, in patients in need thereof.
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In an exemplary embodiment of the invention, the VR
system will be used to synchronize the detecting and stimu-
lating systems, fine tuning the frequency and strength of the
TMS signal and/or for teaching and practicing the whole
detecting-stimulating system with the patient before sending
him home. Optionally or alternatively, the system is used to
determine if such treatment can be assistive (e.g., by syn-
chronizing TMS application with challenges, possibly with
a delay there between).

Optionally or alternatively, TMS is applied based on
predicted detection of FOG or other gait abnormality, addi-
tionally or alternatively to detection of cerebral changes,
optionally in anticipation thereof.

In an exemplary embodiment of the invention, after
treatment by TMS and/or training, it may be expected to find
changes in blood flow patterns during pre-FOG and/or FOG
states (or other gait abnormalities), even if there is no or
small improvement in the abnormality. Optionally, this is
used as a target for training. Desirably, the frequency of
events will be reduced and/or difficulty in provoking such
increased. In other embodiments, TMS is integrated into a
worn device, such as a cap and the patient can be “treated”
when needed.

Exemplary Implementation and Experiments

In this section, various practical implementations as a
system are described, including results from utilizing these
implementations for diagnosing and/or treating people in
accordance with some embodiments of the invention. It
should be noted that the teachings herein are not limited to
the specific system tested and may be used with other
embodiments of the invention.

Exemplary System Architecture

In this exemplary embodiment, the system is designed to
integrate both online locomotion stimulating techniques and
monitoring technologies. The system automatically identi-
fies the walking patterns of the individual, introduces freez-
ing provoking situations (a kind of ‘freezing stress test’) in
a controlled environment, quantifies and characterizes the
freezing episode, and assesses the best repertoire of treat-
ment suitable for the individual.

FIG. 4A is a picture of such a system. This ‘all in one’
system is comprised of a treadmill 401, a virtual reality (VR)
simulation 402 (here shown on a display, rather than, as an
alternative, goggles), and accelerometers 410. The patients
walk on treadmill 401 while immersed in the VR environ-
ment 402. Small passive markers are optionally attached to
the patient’s shoes or other parts of the patient’s body or
clothing, optionally using a harness, and act as the interface
or gateway to the VR system (e.g., via a camera 408 or other
position and/or orientation tracking system). In an alterna-
tive embodiment a marker-less tracking system is used.
Using two optitrack cameras 410, the movements of the feet
are detected and inserted into the VR simulation using an
avatar (e.g., as shoes on the screen) that accurately reflect the
movement of the feet in reaction to the VR scene. Option-
ally, the patient wears a safety harness. Optionally or alter-
natively, the patient wears a heart rate monitor 406. Option-
ally, the subject wears INIRS sensors 404 (e.g. covered by
a head cap) and/or ECG sensors. These cerebral sensors are
optionally used for physiologic monitoring and/or validation
purposes. A controller 412 is optionally used to control
and/or read sensors 410 and/or provide input to VR envi-
ronment 402.

Optionally, accelerometer and/or gyroscope body-worn
sensors as shown in FIG. 4B are attached to, for example, the
ankles of the patient to help detect FOG episodes. Exem-
plary Shimmer sensors 420 are provided by wwwdotshim-
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mer-researchdotcom. The sensors contain 3-axis accelerom-
eters and 3-axis MEMs Gyro that record data at a sampling
rate of 100 Hz via Class 2 Bluetooth Radio, and optionally
serve to close the VR simulation loop. Optionally, sensors
420 include an external dock 426, a reset button 424 and/or
indicators, such as LED indicators 422. In an exemplary
embodiment of the invention, data from the Shimmer sen-
sors is channeled to Matlab software, running on a laptop
computer (e.g., 412), that performs real-time synchroniza-
tion between the 2 shimmers (on both ankles) and runs an
algorithm for detecting FOGs, based on, for example, the
FOG Index (FI), described below. Optionally, the laptop
running the FT algorithm is connected to a computer running
the virtual reality simulation using a network cable and TCP
protocol. When a FOG is detected, a signal is sent to the
virtual reality simulation, enabling the simulation to record
the precise location and time of the detected event within the
simulation. The system also records the leg on which the
event was detected first (the sensor that detected the FOG
threshold), the speed at which the patient was walking, the
type of trail i.e., the conditions of the VR simulation, the
type of obstacles used, if any, and/or the type of FOG
provocations provided by the simulation at the time of the
event.

FIG. 4C shows an aerial visual representation of a VR
simulation trail and a recorded FOG event within the trail.
The time of event within the session is recorded as well as
the location on the path (represented by the white x, in this
case on the narrow bridge over the virtual river), the type of
trail used and the challenges provided (in this case, night
condition and narrow pathways) and the first leg the event
was detected by the shimmer sensors (in this case the right
leg).

While this implementation may use a dedicated VR
simulation, in other embodiments, the VR simulation is part
of a commercial game. Optionally, the game is modified to
generate a desired rate of challenges, for example, by
creating narrowings in pathways. Alternatively, a game is
selected with sufficient challenges and the patient simply
plays the game, while the system tracks which challenges
affected the patient and in what manner.

As noted above, for validation and/or other uses, addi-
tional sensors may be used, for example, miniaturized
physiological sensors (NeXus MindMedia BV the Nether-
lands) may be attached to the patient’s chest to monitor the
patient’s heart rate during different scenarios and walking
conditions and physical and mental stress. Wireless Func-
tional Near Infrared Spectroscropy sensors (fNIRS—Por-
talLite, Artinis, The Netherlands) may be placed on the
patients forehead to assess blood oxygenation in the frontal
lobe during the test. These signals may reflect frontal lobe
activation in response to different stimulations and/or allow
the assessment of cognitive function during FOG. Option-
ally, these two modalities are used for validation of the FOG
events. Optionally or alternatively, they can be used as an
option in the diagnostic system to provide additional infor-
mation to the clinician. In an exemplary embodiment of the
invention, all systems and sub-systems are synchronized and
the sessions are videotaped to allow for further analyses of
the FOG events.

The VR Simulation

In an exemplary embodiment of the invention, the VR
simulation is designed specifically for this use and written in
OGRE (Object-Oriented Graphics Rendering Engine) which
is a scene-oriented, real-time, flexible 3D rendering engine,
programmed in C# using Direct3D and OpenGL as the
graphic libraries. The simulation optionally requires pro-
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cessing of multiple stimuli simultaneously. The VR scene
consisted of an outdoor boardwalk on which different
obstacles were placed. The patients were required to walk on
the treadmill while negotiating the obstacles without hitting
them. These mobility skills required decisions about step
amplitude in two planes (vertical obstacles that required a
high step and horizontal obstacles which required long
steps) coordinated with walking behavior. See, for example,
FIG. 4D which shows two examples of virtual scenes
designed to provoke FOG. The patient’s movement is rep-
resented by the shoes on the screen. These provide feedback
as to movement, success or failure in negotiating the
obstacles and a sense of presence within the VR simulation.
A more complete avatar may be used as well. Obstacles
presented were either vertical (top represented as a hurdle)
requiring high clearance, or horizontal (bottom represented
by a black muddy spot) requiring a long step. In order to
successfully negotiate the obstacles, patients need to plan
the correct response, plan the timing of passage and antici-
pate the speed required for performance. If successful they
receive points on the score board shown on the top of the
screen. If an error occurs and the patient touches the
obstacle, a red light appears and the attempt is scored as
collision. The amount of obstacles changes depending on the
difficulty level of the trial and the speed at which they were
walking at. The decision as to the side of appearance (right
or left leg) is optionally chosen based on the more impaired
side of PD symptoms (e.g., with 75% of the obstacles
presented to the more affected side).

These decisions are optionally made more difficult using
distracters such as changes in lighting and moving objects in
the simulation and/or by adjustment of the frequency and/or
size of the virtual obstacles. This allows varying the cogni-
tive load independently of the gait complexity and/or poten-
tial FOG triggers. Optionally, the scene includes freeze
provoking features such as bridges over rivers, narrow
passages, tunnels, a cave, distracters and/or lighting effects.
FIG. 5 shows two examples of virtual freeze provoking
scenarios. These provocations included features such as
bridges over rivers (see also FIG. 4D), tunnels or a cave
(top), narrow passages (bottom) distracters and lighting
effects (e.g., walking in diminished lighting conditions or in
a bright sunny day). In an exemplary embodiment of the
invention, such features are manipulated with respect to, for
example, one or more of their frequency of appearance, size
and/or location according to the individual patient’s need
and/or the difficulty level desired for a trial.

In an exemplary embodiment of the invention, the envi-
ronment imposes a cognitive load requiring attention, plan-
ning and response selection as well as processing of rich
visual stimuli involving several perceptual processes that
have been associated with FOG. The VR provides visual
and/or auditory feedback upon success or error of crossing
the obstacles and/or if a FOG occurs; this feedback is
optionally used as part of the therapeutic option. The system
optionally provides information as to the location of the
FOG, the timing of it, the leg on which it was first detected,
and/or the duration of the event.

Data Processing and Extraction

As noted the system as described herein is optionally used
for 1) assessing the possibility of detecting FOG using the
system, 2) validating the FOG detection algorithms against
physiological measures, and/or 3) quantifying the severity of
FOG by combining different parameters of performance.
Below is a description of exemplary methods used for data
processing usable for these aims.
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Gait Data

Gait data is optionally extracted from the accelerometers in
the shimmer sensors. Average gait speed and stride time are
optionally evaluated for walking trials. Data collected by the
accelerometer are also optionally used to assess measures of
rhythmicity and/or stability known to be impaired in patients
with FOG. These included, for example, one or more of
measures of variability, consistency and symmetry.

Spectral analysis of the calibrated acceleration signal in
the locomotion band (0.5-3.0 Hz) is optionally used to
assess measures of variability of the signals during gait
on the treadmill without obstacles. The peak amplitude
the width and the slope of the dominant frequency in
the anterior-posterior direction are extracted from the
raw signal; a sharper and narrower peak may reflect a
more consistent, rhythmic, and healthier gait pattern,
e.g., reduced gait variability and/or lower stride-to-
stride fluctuations.

A symmetry ratio is optionally calculated based on the
difference between acceleration of the right and left
sensors during the no obstacle condition.

A Phase Coordination Index (PCI) is optionally calculated
from the acceleration signal by determining the stride
duration of one foot in the gait cycle (defined as) 360°,
where the relative timing of the contra-lateral heel-
strikes defined the phase which is represented by ¢
(ideally, =180 for every step). The sum of the coef-
ficient of variation and the mean absolute difference
between ¢p and 180° is defined as the PCI, representing
variability and inaccuracy, respectively.

FOG Index

In an exemplary embodiment of the invention, a FOG
Index (FI) is calculated from spectral considerations. In an
exemplary embodiment of the invention, the FI reflects a
ratio between the power in gait frequencies (e.g., 0.5-3.0 Hz)
and the FOG frequencies (3-8 Hz). In an exemplary embodi-
ment of the invention, calculation of these two measures is
performed continuously and/or for each leg separately. In an
exemplary embodiment of the invention, a real-time running
window is applied to the data from the vertical axis (per-
pendicular axis to the ground). The size of the chosen
window is optionally 1.2 seconds, as an example of a
tradeoff’ between better frequency analysis and minimal
latency, but smaller windows sizes (e.g., 0.6 seconds or less)
may be used. The information from each window is trans-
formed using, a spectral transform, such as Fast Fourier
Transform (FFT) and the distribution of the signal, in the
frequency domain, is calculated.

In an exemplary embodiment of the invention, a low F1 is
taken to reflect strong gait while a high FI suggests the
present of a FOG. Optionally, the decision that a FOG
occurred is done by comparing the F1, from each leg, to a
pre-defined threshold. More formally, the calculation of the
FI assesses each window, where N is the number of samples
in each window and X, is the FFT of the data in the signal
x within that window:

X=2, Mx(i)e N

The spectrums in the Gait and FOG frequencies are option-
ally calculated from the FFT as follows:

Spectrum(k) = Xy = conj( X, ) /N

2

keGait frequencies

Spectrum(k)

Spectrumg,, =
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-continued

Spectrump,; = Spectrum(k)

keFoG frequencies

FI may then be calculated from the spectrum in gait and
FOG:

_ Spectrumgg,

Spectrumg,

Optionally or alternatively, a calculation method may be
used, as described in, for example, Moore S T, Macdougall
H G, Ondo W G. “Ambulatory monitoring of freezing of gait
in Parkinson’s disease”. J. Neurosci. Methods 2008; 167(2):
340-8; and/or J. M. Hausdorff, J. Balash, N. Giladi “Time
series analysis of leg movements during freezing of gait in
Parkinson’s disease: akinesia, rhyme or reason?” Physica A:
Stat Mechanics & Appl 2003; 321: 565-570.

In an exemplary embodiment of the invention, when a
FOG is detected, a signal is sent to the virtual reality
simulation. One or more of the precise location and time of
the occurred event within the simulation, the leg on which
the event was detected first, the speed at which the patient
was walking in, the type of trail, obstacles and provocation
provided by the simulation at the time of event are optionally
recorded by the VR simulation. Data on FOG detection are
optionally extracted from both the sensors and the VR
simulation for further analysis.

In an exemplary embodiment of the invention, a FOG
severity score is used, which is a composite measure based
on the number of FOG events detected during the test, gait
parameters reflecting abnormal patterns (e.g., stride time
variability (CV), PCI, symmetry), the response to the VR
provocations, number of errors on obstacle crossing, the cost
of environmental features (determined as the stride time in
trial 3—stride time in trial 4) and/or the cost of cognitive
load on performance (stride time in trial 5—stride time in
trial 4). Table 1 (FIG. 14) shows that a patient receives an
overall, composite score, based on the combination of
multiple components. In addition to this single summary
measure, a clinician can receive more detailed information
that describes FOG propensity based on performance in the
VR system. In an exemplary embodiment of the invention,
using a weighted analysis based upon all of the relevant
components, a score is provided on a 4 point Likert scale.
Optionally, the weighting is updated, for example, per
patient clinical background and/or as more patients are
diagnosed and treated.

Exemplary Detection and/or Prediction Using k-Means

In an exemplary embodiment of the invention, a machine
learning method (e.g., k-means or other supervised or unsu-
pervised or semi-supervised learning method) is used to
identify and/or predict FOG events, of a single type and/or
of several types.

In one example, using FOG annotations of data, extracted
from a video by a physiologist, each window is given a label
as “During FOG”, “Pre FOG” and “Other”. Optionally, a
period of time prior to a beginning of FOG, labeled as “Pre
FOG”, is of 2 second, though other lengths may be used.
“Other” labels are used, for example, while the patient was
sitting, getting up from the chair, or otherwise not engaged
in normal gait. In an exemplary embodiment of the inven-
tion, as a training set for the K-means algorithm only the
signals labeled as “Other” and as “Pre FOG” are used and
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the remaining samples are considered as a test group. In one
example, a learning set contained 15 FOGs out of 32 which
were recorded during a training practice. Other, for example,
greater, numbers may be used. K-means is used to automati-
cally divide the inputted data into 80 clusters. Then, using
the label, assigned to each signal section, the probability for
each cluster to be predictive for a FOG is calculated. In one
example, a subject was asked to walk in different conditions
in the lab for 30 minutes and a total of 32 freezing episodes
were 1dentified in a post hoc video analysis. The data were
halved and the first walking period that included 15 freezing
episodes used for learning. The results indicate that some
clusters tend to appear before FOG events and can give a
prediction from 20% and up to almost 60%. It is also noted
that the spectrum of the predictive clusters are somewhat
similar to each other and different form non-predictive
clusters. More specifically, time series of acclamation data
were parsed to 1 s windows and FFT was run. All windows
were sorted to 80 clusters based on frequency domain
characteristics resemblance. In a post hoc analysis each
cluster was assigned with its probability of being predictive
for the occurrence of FOG episode within the “next 2
seconds”. Most of the clusters have less of 10% predictive
power, and that about 5-10 clusters have increasing predic-
tive power. One cluster was found with a predictive power
of almost 60%.

In an exemplary embodiment of the invention, a deter-
mination is made as to which of the clusters that were
defined by the K-means algorithm should be chosen as
predictors for FOG episodes. By applying a probability
threshold and using only clusters with a probability higher
than this threshold it is possible to calculate the sensitivity
and specificity of such prediction. FIGS. 15A-15D describe
this process. Technological sensitivity and specificity values
(e.g., examining if the clusters will define every 0.5 s of the
trace as predicting or not predicting FOG within the follow-
ing 2 seconds), were calculated (panels 15A and 15C). In
addition a prediction of a FOG 1s defined if at least one
prediction was done at the pre FOG time (2 s). If a FOG was
predicted then “Hit™=1 for it and otherwise “Hit=0". Speci-
ficity was calculated in a similar manner (panels 15B and
15D). It can be seen that for the training period (panels A and
B) the chosen probability threshold for optimizing the
benefits of high sensitivity (high percentage of “hits”) and
high specificity (low percentage of “false alarms”) is
between 10% and 20% probability (the intersection between
the traces). Hits rate was 93.3% (14/15 FOGs, predicted
correctly) and Specificity was around 92% (FIG. 15B).
Using the same clusters that were defined for the learning
data, and choosing the same probability threshold, on the
testing data yields prediction of 100% (17/17 fogs are
predicted) and Specificity of 88.7% (panels 15C and 15D).
In all the panels, sensitivity (of the FOG prediction algo-
rithm (ordinates)) is the decreasing line and specificity is the
increasing line. These are plotted against the probability
threshold (abscissas).

In an exemplary embodiment of the invention, this pro-
cess is used to adapt the detection and/or prediction for
specific subjects. In some embodiments, for each subject the
system has to “learn” the specific algorithm characteristics
that will be used. The results may then be programmed into,
for example, the shimmer sensors. Optionally, by detecting
pre-FOG events, a patient can be treated in time even if the
FOG event determination time is longer than a few milli-
seconds, for example, being between 0.5 or 1 second and 2-3
seconds.
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In an exemplary embodiment of the invention, a similar
method is used to label FOG events, rather than pre-FOG
events.

Experiment

The above-described implementation was used in an
experimental study, as described below and show the ability
of the proposed VR system, in accordance with some
embodiments of the invention (e.g., FIGS. 4A-FIG. 5) to
provoke and detect FOG episodes under safe environmental
conditions. The system is able to provoke FOG episodes on
the treadmill, which until recently was considered rare. The
system is able to sensitively detect these FOG episodes, and
using the system features is able to quantify and/or configure
a severity score that can be used to diagnose and later
provide care to patients experiencing FOG. It is noted that
features described with the experiment may be used or not
with other embodiments of the invention form the one used
in the experiment.

Participants

The developed system was tested on 4 patients with PD
(mean age 63.75+7.36 yrs) who suffer from FOG. Patients
were included if they were diagnosed with PD (based on the
UK brain bank criteria), reported experiencing FOG epi-
sodes (more than 5 on the new FOG questionnaire) and were
able to walk unsupported for at least 10 minutes. Patients
were excluded if they had substantial cognitive deficits
(scored <21 on the Montreal Cognitive Assessment scale),
unstable heart disease or suffered from severe depression.
FOG can occur in other patient populations, e.g., patients
with a higher-level gait disorder may also be diagnosed
and/or treated using methods and/or systems as described
herein.

Procedures

After signing an informed consent, demographic infor-
mation and medical history were collected by a researcher.
All testing for validation of diagnostic properties occurred in
the “wearing off” state (approximately 3 hours after intake
of medications). Prior to testing the system, a baseline
assessment was conducted to evaluate gait over ground. Gait
speed was measured over 10 meters. This information was
imperative as the treadmill speed during the system’s evalu-
ation was set for each patient based on their over ground
walking speed. In other embodiments, speed may be set
during trial and/or matched to an actual walking speed on a
continuous and/or semi-continuous basis. Patients were then
fitted with the sensors (Shimmer, Nexus and fNIRS) for
testing with the system. The test included 5 walking condi-
tions each of 4 minutes for a total of 20 minutes of walking.
This is comparable in time to a typical cardiac stress test. It
could be shortened or lengthened, depending on the
response of the patient to initial stress conditions. For
example, a stress tests can include between 1 and 10
conditions, each applied for between 0.5 and 10 minutes. A
total length, including breaks, can be, for example, between
5 and 60 minutes, for example, between 15 and 45 minutes.
Rest breaks of 5 minutes were given between the trials,
during which the patients were seated. The trials varied with
each walking condition focusing on a different component
that may influence FOG events:

Trial 1—Difficult: high level of difficulty, maximum amount
of obstacles, maximum amount of freeze provoking chal-
lenges (tunnels, cave, bridges, and narrow passages)

Trial 2—Moderate: medium level of difficulty, moderate
amount of obstacles, minimal amount of freeze provoking
challenges, low environmental complexity
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Trial 3—FEnvironment: high level of difficulty, moderate
amount of obstacles, minimal freeze provoking challenges,
high environmental complexity (obstructed visibility, night)
Trial 4—FOG challenges: low level of difficulty, no
obstacles, maximum freeze provoking challenges (tunnels,
caves, bridges and narrow passages)
Trial 5—Cognitive: high level of difficulty, moderate
amount of obstacles, low amount of freeze provoking chal-
lenges, additional cognitive task (on top of walking with the
VR simulation, the patients were asked to perform a verbal
fluency task).
While other trials/levels may be selected, these represent
the most common causes for FOG.
Validation of FOG Detection
In order to validate FOG detection, multiple methods were
used.
a. During the tests, an experienced clinician observed the
patients and annotated any FOG episodes that occurred.
The report included both descriptive measures of sever-
ity and time of event. In addition, all trials were
videotaped. Another experienced researcher was asked
to review the recorded videos and annotate time of
FOG events based on the video recordings. These were
then compared to the FOG events detected by the
system and by the researcher who attended the tests.
b. Miniaturized physiological sensors (NeXus MindMe-
dia BV the Netherlands) were attached to the patient’s
chest to monitor the patient’s heart rate (HR) during
different scenarios and walking conditions and physical
and mental stress to try and identify if any changes
occurred that could indicate an event. As noted, option-
ally, these sensors can also be used to aid the clinician
in the diagnosis and evaluation of the possible causes of
FOG in a particular patient; for example, heart rate
increases occur just prior to and/or during an episode;
such an observation supports the idea that any detected
event is indeed a FOG episode. The wireless NeXus
sensors transmitted data in real-time to a computer
using Bluetooth technology. Using designated soft-
ware, heart rate and inter-bit-intervals were extracted
from the data collected by the sensors in all gait trials.
c. Wireless functional Near Infrared Spectroscopy (Por-
taLite, Artinis, The Netherlands) was used to assess
changes in frontal lobe blood flow during gait and
specifically during FOG events. The system uses Near
Infrared Spectroscopy to measure local tissue satura-
tion as well as oxy, deoxy and total hemoglobin con-
centrations in the frontal lobe during activity. Oxy and
deoxy hemoglobin data (in units of micromol/liter)
during all gait trials were extracted using Matlab soft-
ware. As noted, optionally, these sensors can also be
used to aid the clinician in the diagnosis and evaluation
of the possible causes of FOG in a particular patient. It
may, for example, indicate inadequate shifting of cog-
nitive resources that lead to a FOG episode. Cognitive
training, via the system or otherwise, may help to
alleviate this problem.
Data from both HR and FNIRS were examined throughout
the gait trials and changes and events were assessed and
verified according to the video recordings. The signals were
then examined for an interval of 10 seconds before and after
a FOG event (as detected by the system) to observe any
changes in activation. The signals were then compared to
no-event and no-obstacle trials.
Data Analysis
Data was examined for normalcy and descriptive statistics
were extracted for all gait measures. FOG detection data
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were compared across and within all subjects. Validation
data were analyzed based on time series across all FOG
events. Quantification data were analyzed for each patient as
a case study.

Results

Diagnostic Capabilities

Four patients with PD participate in this study designed to
demonstrate diagnostic capabilities. Disease severity of all 4
patients was 3 on the Hohen and Yahr scale with an average
disease duration of 10.2+6.7 years. All patients reported
experiencing FOG in the home and community environment
and filled out the New FOG questionnaire (NFOG-Q). The
NFOG-Q defines severe FOG condition as patients who
score >15 on the questionnaire. Three of the patients par-
ticipating in this study scored more than 15 on the NFOG-Q
and were considered to have severe FOG. All patients were
functionally active and living in the community. Table 2
(FIG. 18E) provides the patient’s descriptive characteristics.
Gait Data

Mean gait speed during over-ground walking was
1.17£0.1 m/s. Gait speeds on the treadmill were set 20%
slower to allow for obstacle negotiation as well as try to
induce FOG events. Treadmill speeds ranged between 1-1.2
m/s and were not changed between the different trials, to
maintain consistency of gait and evaluate strategies of
walking in the different conditions. FIG. 6 demonstrates the
acceleration signal of the walk of patient 2 in trial 1 (with
obstacles). The top graph represents the signal collected in
the anterior-posterior axis (AP), the middle signal represents
the movement in the vertical axis (V) and the bottom signal
represent movement in the medio-lateral direction (ML).
The ellipses indicate the location of obstacles within this
time frame. It may be noted that the acceleration increases
when patient attempted to cross the obstacle. The Y axis is
arbitrary (voltage units) and the X-axis is in samples (i.e.,
time).

Average stride time in the no-obstacle condition was
1.52+0.88 sec. During the obstacle conditions, stride time
was shorter (1.15+£0.66 sec and 1.35+0.74 sec). Shorter
stride time was also apparent during the cognitive condition
(1.42+0.68 sec) reflecting shorter steps in the more complex
conditions.

The costs of adding obstacles, environmental features or
a cognitive task were calculated as the difference in stride
time from that observed in the no-obstacle conditions. Not
surprisingly, patients demonstrated the highest difference in
stride time in the obstacle condition (0.37 sec), as compared
to no-obstacle condition. The cost of adding environmental
or cognitive challenges were still considerable but not as
robust (0.17 sec and 0.09 sec).

A symmetry ratio was calculated as the difference in stride
time between the sensors worn on the right and left legs
during the no obstacle condition and reflected as percent.
This ratio reflects a difficulty in controlling gait evenly on
both legs. Patients 1 and 2 showed almost perfect symmetry
(99% and 98% respectively). Patient 4 had a low symmetry
value of 64%, whereas patient 3 demonstrated the highest
between leg inconsistency with a ratio of only 33%. This
possibly reflects dis-coordination which could result in the
increased risk of FOG.

Measures of consistency in walking were also evaluated.
Coeflicient of variation (CV) and PCI were calculated from
the gait during the no-obstacle condition. For both measures,
the closer the values were to zero, the more consistent the
gait rhythm, suggesting a less impaired gait pattern with
more intact bilateral coordination. In addition, the amplitude
and width of the dominant frequency throughout the 4
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minute no-obstacle walk were examined using spectral
analysis. In table 3 (FIG. 16), are shown the results of the 4
subjects compared to a male control subject (67 years of
age). A sharper and narrower peak reflects a more consistent,
rhythmic, and healthier gait pattern, i.e., reduced gait vari-
ability and lower stride-to-stride fluctuations.

FIG. 7 shows the raw acceleration signal and spectral
density of the frequency band of gait of a patient (patient 4)
over 10 seconds during a no-obstacle trial. The width and the
amplitude of the power spectral density (e.g., as measured
by units of power per radians per second) are measures that
reflect consistency; higher and narrower signals correspond
to more consistent and less variable gait and vise versa. In
the example in FIG. 7 the patient is walking on a treadmill
that, on its own provides an external cue for consistency, and
yet the signal produced by the accelerometer reflects high
variability of gait, which could account to a higher risk for
FOG’s. Optionally, such variability in face of the external
signal is used as a risk indicator even if no FOG (or other
gait disorder) are detected. The effects of the various chal-
lenging conditions on these measures can also be included as
another measure of FOG propensity. For example, similar to
what was shown in FIG. 3, if the patient has difficulty
negotiation obstacles and alters his/her gait pattern to bring
it closer to the FOG zone, it will increase the patient’s score
and the likelihood that they have FOG, in general.

FOG Detection

A total of 77 FOG events were detected by the shimmer
sensors; 45 of those were also identified by the therapist
observing the gait as a FOG episode or abnormal stepping,
shuffling or incorrect corrective attempt. These events
reflected changes in frequency of the signal during walking
within the window stipulated by the FFT. All events lasted
less than 2 seconds except 7 which were longer (between 3-6
seconds). These longer events were all experienced by
patient 4. Because of the use of the treadmill, the FOG
events were relatively short as the treadmill belt continued
to move and this contributed to the ability of the patients to
eventually take a step forward and recover. Nonetheless, on
the treadmill, good success was had at provoking FOG.
Because of the movement of the treadmill, 3 of the longer
events resulted in a complete cessation of walking and the
researcher had to stop the treadmill as the patient was not
able to take one step forward. This can be implemented as
an automated feature activated in real-time, by a different
embodiment of the invention.

FIG. 8 shows a comparison between the acceleration
signal of a regular gait and the signal during a FOG episode.
The acceleration signal on the left demonstrates relative
consistency in strides as well as power of stepping. On the
right is the gait of the same patient during a FOG event. The
rapid jerkiness of the movement, the irregularity of the
signal and the increased power are apparent. The FOG event
lasted 5 seconds, after which the treadmill was stopped to
prevent the patient from falling. Algorithms mentioned
above (e.g., machine learning, K-means, wavelets and oth-
ers) can be applied to automate this task, for example, by
automatically detected FOG and then slowing or stopping
the treadmill. Optionally, if it is determined that the treadmill
was stopped at a non-FOG event, then the treadmill stoppage
and its consequences are treated as a challenge and patient
response thereto is optionally evaluated.

Validation

FOG detection by the sensors was compared against the
recordings done by the researcher in the test and the iden-
tification of FOG events using video recordings. There were
77 events detected by the system, 45 of these were corrobo-
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rated by the researcher observing the tests. From the videos,
only 35 events were detected. Although this agreement is not
high, it is important to note that since the events were very
short, some of them were not observed by the researchers or
easily observed on the video. In addition, there were no FOG
events detected (or rated in the video) that were not detected
by the system, hence the system shows high sensitivity but
possibly moderate specificity. The system deemed some of
the corrective patterns of walking (before obstacles) as FOG
because they required a higher (faster pattern of walking).
This indicates that perhaps the threshold window of detec-
tion should be increased and/or other detection parameters
changed, optionally before and/or after obstacles and/or
otherwise as a function of temporal and/or spatial relation-
ship to an obstacle and/or other trigger. Optionally or
alternatively, such corrective patterns are learned by the
system and/or provided as preset patterns.

To further validate the system, physiological measures
(INIRS and HR) we used as well. FIG. 9 demonstrates the
raw signal from the fNIRS during a FOG event. It is clear
that there is a large change in the blood flow in the frontal
lobe during the FOG event. This change was observed in all
the long duration FOG events (more than 3 seconds). The
light line represents de-oxy hemoglobin and the dark line
represents oxy hemoglobin. The time series reflects 5 sec-
onds prior to the event and 5 seconds after the event. The
decrease in oxy hemoglobin in the frontal lobe during the
event may suggest that the brain is circumventing blood flow
to motor areas to compensate and in order to terminate the
FOG episode.

This pattern was completely different when no FOG
occurred. FIG. 10 shows an example of the {NIRS raw signal
during the obstacle condition when no FOG occurred. The
light line represents de-oxy hemoglobin and the dark lie
represents oxy hemoglobin. The time series is 15 seconds
long. As compared to the blood flow in FIG. 9, during the
obstacle negotiation task the oxy hemoglobin did not
increase during the trial, and demonstrated a stable consis-
tent signal.

A relationship between changes in acceleration signal and
changes in physiological measures is also investigated. FIG.
11 combines all 3 measures and provides for the first time an
indication that changes in gait during FOG can be reflected
in physiological measures even when the event is short in
duration and the gait is performed on a treadmill. The top
signal is the acceleration. The first vertical dashed line
reflects the time the system detected the FOG. The middle
signal reflects the heart rate extracted from the NeXus and
the bottom signal shows the oxy-hemoglobin signal from the
fNIRS. Note the changes in all 3 signals during and/or after
the FOG event. The treadmill was stopped (second vertical
line) after 4.2 seconds to allow the patient to recover from
this event. After the cessation of walking, the signals start to
recover.

Quantification

In an exemplary embodiment of the invention, a FOG
severity score is a composite measure based on the number
of FOG events detected during the test, gait parameters
reflecting abnormal patterns (e.g., CV, PCI, symmetry) asso-
ciated with FOG, the response to the VR provocations,
number of errors on obstacle crossing, the cost of environ-
mental features (e.g., determined as the average stride time
in trial 3—average stride time in trial 4) and the cost of
cognitive load on performance (e.g., average stride time in
trial 5—average stride time in trial 4) (see table 2, FIG. 15).
Using a weighted analysis, a score was provided on a 4 point

20

25

40

45

55

60

65

40

Likert scale. The FOG score as determined using the system
for each patient, is as follows.
Patient 1—

ED is a 64 year old male with PD with disease duration
of 5 years. ED reported suffering from FOG episodes that
occur almost exclusively during turns. A total of 28 FOG
episodes were detected by the system during walking on the
treadmill in all of trials, however, only 14 events were
validated by the researchers as either FOG episodes or
shuffling and abnormal gait patterns. It is believed that some
of this discrepancy may be due to the high sensitivity of the
system compared to the clinicians view. The system as
describe herein, in accordance with some embodiments of
the invention is able to detect even patterns of ‘pre-FOG’,
short minimal episodes that do not turn into full FOG
episodes. The freezing episodes mainly occurred during the
difficult trial and while environmental challenges were
added. ED walks with a very low clearance gait and often his
gait appears as shuffling. 67% of the errors made on obstacle
crossing were secondary to low clearance which increases
the risk for FOG and falls. Table 4 (FIG. 17) summarizes the
results of his tests.

Patient 2—

SC is a 73 year old man who was diagnosed with PD 15
years ago. He complains of occasional freezing mostly
during turns and when going into tight occluded places. A
total of 20 FOG episodes were detected by the system with
6 verified by video and an expert. 5 of the 6 events were
caused by provocation within the VR scene of narrow
passages and a tunnel. SC has relatively low gait variability
but high bilateral dis-coordination (i.e., high PCI values).
Table 5 (FIG. 18) shows the test parameters that contributed
to the patients FOG severity score.

For this and other patients, the score, combined with the
detailed explanation about the circumstances that provoke
FOG are optionally used to understand and/or treat the
problem, e.g., tailoring the prognosis and therapy. For
example, evaluation of the aerial maps will show precisely
what environmental properties triggered freezing in this
patient, in combination, with which other provocations and
VR features. Since this data can be reviewed simultaneously
with the movement sensor data and gait properties, this may
enable more precise identification of the particular circum-
stances (e.g., internal and/or external) that trigger freezing.
Patient 3—

MB is a 55 year old male who was diagnosed with PD 17
years ago. MB reports freezing on occasion that appear
mostly when he is tired or during turns. Eleven FOG events
were detected by the system, 7 of them were also detected
by the researchers. Five of these 7 events occurred after
provocations were added. MB’s gait is fairly irregular with
high asymmetry between the more affected (right) and less
affected sides and high CV and PCI. This may also make
FOG detection more difficult and/or less reliable, due to
increase in background noise. Additional features such as
environmental changes and a secondary cognitive task fur-
ther deteriorate his gait and increase the risk for FOG’s and
consequently falls.

In an exemplary embodiment of the invention, in such
patients with variable gait, training includes two compo-
nents. A first component to reduce gait variability (e.g.,
desirably reducing risk for FOG in general) and a second
component on dealing with specific FOG events.

In an exemplary embodiment of the invention, the meth-
ods and/or systems described herein are configured to be
sensitive enough to detect FOG or future FOG risk even if
no FOG symptoms are seen.
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In some embodiments of the invention, the FOG detection
mechanism is adapted to the patient. For example, a short
monitoring period may be carried out during which the
algorithm learns the patient’s normal (e.g., variable or not)
gait as well as freezing episodes. Then, for example, in a
semi-automatic fashion, a user can tag suspected FOG
events and these can be used to subsequently teach the
algorithm.

Patient 4—

DT is a 63 year old male who has been diagnosed only 4
years ago. DT reports suffering from FOG especially during
the evening when he is tired. He does not see a specific
pattern to the events of FOG. During the test the system
detected 17 events and the researchers detected 16. The FOG
events for the most part were long considering he was
walking on a treadmill. FOG events were observed as mostly
the result of planning and negotiating the obstacles and
during the cognitive condition. DT demonstrated more dif-
ficulty in negotiating the hurdles (vertical) obstacles then the
puddles (horizontal). The frequency of the FOG events was
high (2 in 30 seconds on the cognitive trial). DT’s gait is
highly variable and asymmetrical which further increases
the risk for FOG. The longer FOG episodes gave the
opportunity not only to detect the FOG but also to observe
what would enable to recover from the FOG.

Results on Therapeutic Application

Further experimentation tested the idea of treatment based
on diagnosis and/or controlled level of challenges. Without
being limited to a specific hypothesis, it is possible that that
motor learning principles and/or bio-feedback can modify
the locomotion strategies employed by subjects with PD
who are otherwise prone to FOG so that they will now be
able to avert/reduce/recover from and/or otherwise assist
approaching and/or ongoing FOG episodes. Possibly, the
central nervous system (CNS) will be trained to modify the
gait pattern in situations that typically cause FOG and/or
generally increase risk of FOG (e.g., variability and/or lack
of symmetry).

The paradigm used to assess this hypothesis applies
rhythmic auditory stimulation (RAS) in an open-loop, feed-
forward manner whenever a subject makes a turn, one of the
most common FOG-provoking tasks. It is hypothesized: 1)
that external cueing can alter the gait pattern in such a way
that the patho-physiological processes that typically lead to
FOG will be averted. ii) Following repeated training with
RAS, patients will learn to turn in a manner that does not
provoke FOG, even in the absence of external cueing.
Similarly, RAS can be administered just prior to other FOG
provoking conditions. For example, if there is a change in
rhythmicity and/or BCG when the patient approaches nar-
row passageways, RAS can be administered just before this
to teach the patient how to more appropriately cross through
these FOG provoking environments.

Given these hypotheses, the effects on FOG (frequency
and duration) after a 6 week long intervention in which
cueing was applied in a feed-forward, open-loop manner to
enhance CNS pacing during turns and implicitly teach the
patient’s motor control system to minimize the propensity to
FOG, were evaluated. In this pilot study, 11 patients with PD
were assessed.

FIG. 12 depicts changes in group average of the number
of FOG episodes (produced during FIG. 8 shaped trials
(carried out on the ground, not a treadmill) which was the
primary outcome measure) in response to the intervention.
Within subject, the number of laps in the ‘post’ testing was
identical to the number of laps that had been performed in
the “pre’ testing. Chart A shows the number of FOG episodes
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during the FIG. 8 shaped paths. Mean values (+SE) for
number of FOG episodes pre lap, which were 0.5£0.2 and
0.2+0.2 episodes/lap for the pre and post testing respec-
tively. Chart B shows the mean (xSE) duration of FOG
episodes, which were 10.1+7.5s and 1.3+0.8s for the pre and
post testing respectively.

A somewhat stronger effect is shown during corridor
walking which primarily consists of straight line walking
(with a 180° turn at the edge of the corridor). FIG. 13 depicts
this effect. Chart A shows the number of FOG episodes.
Mean values (+SE) for number of FOG episodes pre 10 m
were 0.780.40 and 0.05£0.02 for the pre and post testing,
respectively. Chart B shows The mean (+SE) duration of
FOG episodes which were 5.2+1.7 s and 1.2+0.7 s for the
pre and post testing, respectively.

These results also indicate that training on a treadmill can
transfer to a non-treadmill situation.

General

Tt is expected that during the life of a patent maturing from
this application many relevant display technologies will be
developed and the scope of the term virtual reality is
intended to include all such new technologies a priori.

As used herein the term “about” refers to £10%.

The terms “comprises”, “comprising”, “includes”,
“including”, “having” and their conjugates mean “including
but not limited to”.

The term “consisting of” means “including and limited
to”.

The term “consisting essentially of” means that the com-
position, method or structure may include additional ingre-
dients, steps and/or parts, but only if the additional ingre-
dients, steps and/or parts do not materially alter the basic and
novel characteristics of the claimed composition, method or
structure.

As used herein, the singular form “a”, “an” and “the”
include plural references unless the context clearly dictates
otherwise. For example, the term “a compound” or “at least
one compound” may include a plurality of compounds,
including mixtures thereof.

Throughout this application, various embodiments of this
invention may be presented in a range format. It should be
understood that the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accord-
ingly, the description of a range should be considered to
have specifically disclosed all the possible subranges as well
as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should
be considered to have specifically disclosed subranges such
as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from
2 to0 6, from 3 to 6 etc., as well as individual numbers within
that range, for example, 1, 2, 3, 4, 5, and 6. This applies
regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is
meant to include any cited numeral (fractional or integral)
within the indicated range. The phrases “ranging/ranges
between” a first indicate number and a second indicate
number and “ranging/ranges from” a first indicate number
“to” a second indicate number are used herein interchange-
ably and are meant to include the first and second indicated
numbers and all the fractional and integral numerals ther-
ebetween.

As used herein the term “method” refers to manners,
means, techniques and procedures for accomplishing a given
task including, but not limited to, those manners, means,
techniques and procedures either known to, or readily devel-
oped from known manners, means, techniques and proce-
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dures by practitioners of the chemical, pharmacological,
biological, biochemical and medical arts.

As used herein, the term “treating” includes abrogating,
substantially inhibiting, slowing or reversing the progression
of a condition, substantially ameliorating clinical or aes-
thetical symptoms of a condition or substantially preventing
the appearance of clinical or aesthetical symptoms of a
condition.

It is appreciated that certain features of the invention,
which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of
a single embodiment, may also be provided separately or in
any suitable subcombination or as suitable in any other
described embodiment of the invention. Certain features
described in the context of various embodiments are not to
be considered essential features of those embodiments,
unless the embodiment is inoperative without those ele-
ments.

Although the invention has been described in conjunction
with specific embodiments thereof, it is evident that many
alternatives, modifications and variations will be apparent to
those skilled in the art. Accordingly, it is intended to
embrace all such alternatives, modifications and variations
that fall within the spirit and broad scope of the appended
claims.

All publications, patents and patent applications men-
tioned in this specification are herein incorporated in their
entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be
construed as an admission that such reference is available as
prior art to the present invention. To the extent that section
headings are used, they should not be construed as neces-
sarily limiting.

What is claimed is:

1. A method of measuring FOG (Freezing of Gait),
comprising:

visually providing a stimulus designed to increase a

likelihood of FOG in some subjects, to a subject while
said subject is walking, wherein said FOG is a transient
and a sudden inability of said subject to move; and
measuring the effect of the stimulus on the subject;
repeating said providing wherein repeated providing is
adjusted in response to said measuring; and
quantifying using a circuit the severity of said FOG based
on the results of said measuring.
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2. A method according to claim 1, comprising identifying
pre-FOG situations based on said measuring.

3. A method according to claim 1, comprising identifying
FOG situations based on said measuring.

4. A method according to claim 3, wherein said identify-
ing further comprises identifying the circumstances that lead
to said FOG in said subject.

5. A method according to claim 1, comprising identifying
FOG situations or pre-FOG situations based on a combina-
tion of two or more of acceleration, gyroscope, other move-
ment sensors, EMG, APAs, heart rate and/or cerebral sig-
nals.

6. A method according to claim 1, wherein said measuring
comprises monitoring on a locomotion system.

7. A method according to claim 1, wherein said repeating
is adjusted to provide a desired rate or amount of FOG or
near-FOG situations.

8. A method according to claim 1, comprising testing an
efficacy of a treatment by repeating said providing and said
monitoring after said treatment is provided to the subject.

9. A method according to claim 1, wherein providing
comprises provoking using virtual reality.

10. A method according to claim 1, wherein providing
comprises encouraging one or more of turning, rhythmic
movement and gait length change.

11. A method according to claim 1, wherein said measur-
ing comprises measuring one or more gait characteristic.

12. A method according to claim 1, wherein said measur-
ing comprises detecting a sub-clinical FOG state.

13. A method according to claim 1, wherein said measur-
ing comprises measuring a change in blood flow in the brain.

14. A method according to claim 1, comprising quantify-
ing a future risk of FOG based on said measuring.

15. The method of claim 1, wherein said measuring
further comprises measuring the number of FOG episodes
and the duration of said FOG episodes.

16. The method of claim 1, wherein said quantifying
further comprises generating a multi-dimensional score
based on said results of said measuring.

17. The method of claim 16, wherein said multi-dimen-
sional score comprises one or more of the following dimen-
sions: severity of ‘start hesitation’, ‘turning hesitation’,
‘narrow passage freezing’, ‘open runway freezing’, ‘reach-
ing destination freezing’.

18. The method of claim 1, wherein said providing
comprises presenting on a screen virtual obstacles designed
to increase a likelihood of FOG in some subjects, to said
subject; and wherein said stimulus comprises one or more
narrowings of a virtual walking path.

* #* * #* #®
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