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Abstract

Objective. Freezing of gait (FOG) is an episodic, debilitating phenomenon that is common among people with Parkinson
disease. Multiple approaches have been used to quantify FOG, but the relationships among them have not been well
studied. In this cross-sectional study, we evaluated the associations among FOG measured during unsupervised daily-living
monitoring, structured in-home FOG-provoking tests, and self-report.
Methods. Twenty-eight people with Parkinson disease and FOG were assessed using self-report questionnaires, percentage
of time spent frozen (%TF) during supervised FOG-provoking tasks in the home while off and on dopaminergic medication,
and %TF evaluated using wearable sensors during 1 week of unsupervised daily-living monitoring. Correlations between
those 3 assessment approaches were analyzed to quantify associations. Further, based on the %TF difference between
in-home off-medication testing and in-home on-medication testing, the participants were divided into those responding to
Parkinson disease medication (responders) and those not responding to Parkinson disease medication (nonresponders) in
order to evaluate the differences in the other FOG measures.
Results. The %TF during unsupervised daily living was mild to moderately correlated with the %TF during a subset of the
tasks of the in-home off-medication testing but not the on-medication testing or self-report. Responders and nonresponders
differed in the %TF during the personal “hot spot” task of the provoking protocol while off medication (but not while
on medication) but not in the total scores of the self-report questionnaires or the measures of FOG evaluated during
unsupervised daily living.
Conclusion. The %TF during daily living was moderately related to FOG during certain in-home FOG-provoking tests in
the off-medication state. However, this measure of FOG was not associated with self-report or FOG provoked in the on-
medication state. These findings suggest that to fully capture FOG severity, it is best to assess FOG using a combination of
all 3 approaches.
Impact. These findings suggest that several complementary approaches are needed to provide a complete assessment of
FOG severity.
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2 Assessing Freezing of Gait

Introduction

Freezing of gait (FOG) is an episodic, unpredictable phe-
nomenon that commonly impacts people with Parkinson dis-
ease. Up to 70% to 80% of people with Parkinson disease
experience FOG, especially in the advanced stages of the
disease.1,2 An episode often lasts several seconds or longer
and may be described by the affected people as feeling glued to
the floor.3 This gait disturbance not only hinders locomotion,
but also results in a higher prevalence of depression, decreased
functional independence, and reduced quality of life, and has
only a limited response to medication.3–6 FOG is the most
frequent cause of falls among people with Parkinson disease.7

A full and objective evaluation of FOG is crucial for indi-
vidually tailored clinical decision making, prognostication,8

and the evaluation of disease progression and the impact of
therapies.9

Due to its episodic nature and variable presence, FOG is one
of the most difficult gait disturbances to assess in Parkinson
disease.9 First, the test environment may play a role. Usually,
FOG can be provoked in narrow spaces, while turning,10 or
in a dimly lit environment where people cannot use visual
feedback to compensate.9 The typical obstacle-free hospital
corridors are not ideal for provoking FOG. Second, FOG often
disappears when people with FOG shift from an automatic
gait control to a more goal-directed one,9 when the person is
focused on the walking task, like that which occurs during
a clinical exam.9 Third, for practical reasons, people with
Parkinson disease are often evaluated on antiparkinsonian
medications, although the frequency and severity of FOG are
typically greater in the off-medication state.6,11 These issues
make it more challenging to evaluate and study FOG using
conventional methods.

Three approaches to assess FOG may be used: self-report
questionnaires based on an individual’s retrospective rating
(eg, FOG occurrence over the past month); performance dur-
ing FOG-provoking tests, reflecting the individual’s condition
at a given point in time12; and unsupervised, home-based
monitoring using wearable devices, usually quantifying FOG
over 1 to 14 days.9 Self-report has been widely used.9,11,13–15

Advantages of self-report include the ease of administration
and the idea that these tests provide the individual’s per-
spective. However, recent work suggests that the clinometric
properties of self-report measures may not be ideal.11,16

To induce and quantify FOG objectively, complex trajec-
tories with turns and obstacles are typically used in FOG-
provoking tests.9,17–20 Adding cognitive loading may coun-
teract the positive effect of arousal and increase the likelihood
of provoking FOG.21 These tests are typically performed
with video registration to document the amount of FOG.12

Clinical observation with video-based FOG analysis has been
described as the gold standard for assessing the frequency
and severity of FOG.6,22 However, this approach can be
quite time-consuming and the interrater reliability is variable,
ranging from low to good.6,23,24

A third, emerging approach uses wearable sensors to detect
and quantify FOG in the daily-living environment. The advan-
tages of monitoring FOG during daily living include the
objective nature of the evaluation and its reflection of actual
real-world behavior; the ecological relevance is high. FOG
throughout the day and the influence of the medication cycles
on FOG can also be evaluated.24 In addition, this approach
goes beyond snapshot observations in the clinical or home

setting using FOG-provoking tests and allows for measure-
ments that extend over a longer period (eg, 1 week), while
participants move unsupervised in their daily-living environ-
ment.8 Although such an approach putatively has multiple
advantages, relatively little is known about FOG assessed this
way and validation can be challenging and incomplete.4,25,26

Moreover, it is not yet known how measures of daily-living
FOG relate to self-report and those obtained from FOG-
provoking tests (ie, previously validated tests of FOG). The
present work was conducted to address these questions.

Therefore, in this cross-sectional study, we sought to eval-
uate the relationships between these 3 different assessment
approaches, focusing on the emerging, daily-living measures
of FOG. More specifically, we aimed to assess the correlations
between 3 approaches for quantifying FOG severity (ie, daily-
living monitoring, self-report, and FOG-provoking, super-
vised testing, both off and on antiparkinsonian medication)
and to gain insight into the construct and content validity of
daily-living assessment of FOG using wearables by comparing
its performance with previously validated tests of FOG and by
assessing its relationship to the responsiveness to levodopa. As
noted above, antiparkinsonian medications generally reduce
the frequency and severity of FOG.21 Thus, another way
of examining FOG is to compare its severity in those who
respond to dopaminergic therapy with that in those who
do not respond. Therefore, we also sought to compare the
participant characteristics and FOG estimates for responders
(ie, people who had a good response to dopaminergic med-
ication, with decreased FOG severity while on medication)
with those for nonresponders (ie, people who did not have
a good response to dopaminergic medication). Finally, to fur-
ther evaluate the 3 different approaches and their relationship
to a previously validated method, we compared the FOG
frequency and severity when dividing the group into those
with mild and moderate FOG based on the supervised, FOG-
provoking tests while off medication as well as based on
unsupervised daily-living monitoring.

Methods

The research was conducted at the Tel Aviv Sourasky Medical
Center in Israel and the KU Leuven in Belgium. The study was
approved by the local ethics committee of both centers. All
participants gave informed written consent according to the
Declaration of Helsinki before their participation.

Participants

Baseline data from 28 people with Parkinson disease and
FOG who participated in the DeFOG study (clinicaltria
ls.gov NCT03978507) from January to December 2020
were analyzed. Inclusion and exclusion criteria are listed
in Supplementary Table 1. All participants completed in-
home FOG-provoking tasks, self-report questionnaires, and
unsupervised daily-living monitoring for 1 week.

In-Home Supervised FOG-Provoking Tasks

As described elsewhere,27 the previously validated FOG-
provoking protocol (Fig. 1) consists of 5 different tests that
were carried out in each participant’s home and were adapted
and modified from the test originally proposed by Ziegler
et al.18 This home-based protocol included a 4-m walk test,
back and forth, to measure gait speed and cadence; the Timed
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Denk et al 3

Figure 1. Supervised, in-home tasks provoking freezing of gait (FOG) while off and on dopaminergic medication.27 DT = dual task; ST = single task.

“Up & Go” Test, performed in a single-task condition and
in a serial-3-subtraction dual-task condition; a turning task,
which involved a full 360-degree turn in place, repeated 4
times, with alternating directions in single- and dual-task
conditions; walking through narrow-space passages, for
which participants were asked to walk 2 m, open a door, pass
through the doorway, turn in place, and return to the starting
point, typically a bathroom or a toilet; and a personal hot spot,
a self-reported area where a participant often experienced
FOG.27 The participants were evaluated while off and on

dopaminergic medication. Off-state performance was assessed
following an overnight withdrawal of medication of at least
12 hours. On the same day, testing was performed again
after medication intake when the participant reported that
the on-medication state was reached, using a visual analog
scale, typically after 1 hour. During that hour, participants
completed several questionnaires and had rest breaks, as
needed, to avoid fatigue.

The FOG-provoking protocol was filmed with a video
camera and synchronized to annotate freezing episodes. The
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4 Assessing Freezing of Gait

videos were analyzed offline using the annotation software
Elan to determine the percentage of time spent frozen (%TF)
as the outcome for each task in 2 centers.28 Independent
observers, each with experience in FOG assessments, anno-
tated the videos using rigorous procedures and definitions that
were put in place to enhance standardization, consistency, and
fidelity.27

Self-Report Questionnaires

The Characterizing Freezing of Gait Questionnaire (CFOG-
Q) is a relatively new assessment tool that provides insights
into the triggers of freezing.29 The New Freezing of Gait Ques-
tionnaire (NFOG-Q) is a widely used, previously validated,
and practical screening tool for FOG that measures clinical
aspects of FOG within the last month (possible range: 0–
28 points).30,31 The CFOG-Q and NFOG-Q were answered
while participants took a break between the off and the on
states of medicine intake.

Unsupervised Daily-Living Monitoring

FOG during 1 week of unsupervised (ie, no specific instruc-
tions other than to carry out a normal routine) daily-living
monitoring was assessed with the DeFOG system, which is a
further development of the Gait Tutor system.32 This certi-
fied medical device was developed by mHealth Technologies,
Bologna, Italy. It includes a smartphone and 2 sensors that are
placed on the shoes (Fig. 2). The internal measurement units in
the sensors consist of a triaxial gyroscope (full scale at ±1000
degrees/s) and a triaxial accelerometer (full scale at ±8 g).
Raw internal measurement unit data are transmitted to the
smartphone (sampling frequency 200 Hz),27 which results in a
battery capacity of about 4 hours. If the battery level becomes
low, the system prompts the user to charge the battery. The
FOG-detection algorithm enables the automatic and online
detection of FOG every 0.5 seconds using a sliding window of
3.2 seconds. The latency between the presence of an episode
and the detection is about 1 second.27 Supplementary Figure 1
provides more information.

Participants were informed by the assessors at the end of the
baseline assessments about the system setup. A detailed user
manual and instructional videos were stored on the smart-
phone, and a printed fact sheet was handed out. Participants
were encouraged to use the system as often as possible during
their daily activities and to charge the system while sleeping,
during lunch, and during other activities done while sitting.27

After 7 days of monitoring, the collected raw signals from
the DeFOG sensors and the lower back accelerometer were
processed offline with the FOG detection algorithm (using
MATLAB version 2021b; The MathWorks, Inc, Natick, MA,
USA) to identify FOG events (see Suppl. Material). These FOG
events were used to calculate the ratio between the time spent
with FOG (sum of the duration of all FOG events of at least
1 second) and the total duration of monitoring done with
the system—[(time spent with FOG × 100)/total duration of
monitoring]—determining the %TF.

Data Analyses

The data were analyzed using SPSS software version 20 (IBM
SPSS, Chicago, IL, USA). The %TF for a single task was
calculated by multiplying the time spent frozen by 100 and
dividing the result by the duration of the task (see also Suppl.
Material). The %TF from the provoking protocol (all tasks)
while off or on medication was calculated by summing up

Figure 2. Mobile devices including 2 internal measurement units (IMU)
and a smartphone, used for unsupervised daily-living monitoring.27

the total time spent frozen during all tasks, multiplying by
100, and dividing by the sum of the duration of all tasks. The
FOG episodes per hour were calculated by dividing the total
number of FOG episodes measured in the observation time.
The results from the in-home, FOG-provoking protocol and
the questionnaires were tabulated and compared statistically
with the output measures of the data collected during the 1
week of daily-living home monitoring using Spearman rank
correlations. To better understand the daily-living measures
and the relationship between the 3 measurement approaches,
we further divided all participants based on the impact of
antiparkinsonian medications on FOG in the FOG-provoking
protocol (ie, responders and nonresponders), mild and mod-
erate %TF during the provoking protocol while off medi-
cation (ie, the gold standard), and the mild and moderate
%TF during daily-living activities measured with the DeFOG
system. Two groups were compared using parametric and
nonparametric tests (due to the nature of the distribution
of the measures). Because many of the outcome variables
were not normally distributed, we summarized them using the
median and interquartile range (IQR). We used Benjamini-
Hochberg corrections to account for multiple comparisons;
only group differences that remained significant were consid-
ered statistically significant.

Role of the Funding Source

The funders played no role in the design, conduct, or reporting
of this study.

Results

Participant characteristics are summarized in Table 1. The 28
people were between 57 and 80 years old, had 12.50 years
of disease, with disease being relatively advanced, as expected
from the inclusion criteria. During the in-home testing while
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Table 1. Characteristics of 28 Participantsa

Variable Median 25%–75% Percentiles Range

Sociodemographic characteristics
Age, y 71.00 65.25–75.00 57.00–80.00
PD duration, y 12.50 7.25–17.75 3.00–30.00
LEDD, mg 815.00 539.00–1119.50 62.00–2041.50

Severity of PD
Hoehn and Yahr stage 2.00 1.50–2.00 1.50–3.00
MDS-UPDRS I 13.00 9.00–17.75 7.00–30.00
MDS-UPDRS II 21.00 17.25–25.00 10.00–32.00
MDS-UPDRS III while off medication 46.50 35.25–52.00 31.00–55.00
MDS-UPDRS III while on medication 34.50 25.50–40.25 10.00–62.00
MDS-UPDRS IV 4.50 3.00–10.00 0.00–13.00

Quality of life
PD Questionnaire, 8-item version 34.38 28.13–40.63 6.25–65.63
Life-Space Assessment (n = 24) 84.00 73.50–92.00 35.00–120.00

Fear/fall risk
Parkinson Anxiety Scale 14.50 7.25–19.00 2.00–21.00
Falls Efficacy Scale–International 32.00 26.25–39.25 19.00–59.00

Cognitive function
Mini-Mental State Examination, 26-item version 25.00 23.00–26.00 21.00–26.00
Montreal Cognitive Assessment 25.00 23.75–27.00 20.00–29.00

Balance
Mini-Balance Evaluation Systems Test 20.00 19.00–22.00 15.00–26.00

Severity of freezing of gait
CFOG-Qb 24.50 17.25–34.75 10.00–50.00
NFOG-Qb 22.00 19.25–24.75 14.00–28.00
%TF during unsupervised daily-living monitoring 1.0 0.6–2.9 0.4–5.3

aCFOG-Q = Characterizing Freezing of Gait Questionnaire; LEDD = levodopa equivalent daily dose; MDS-UPDRS = Movement Disorders Society Unified
Parkinson’s Disease Rating Scale; NFOG-Q = New Freezing of Gait Questionnaire; PD = Parkinson disease; %TF = percentage of time spent frozen. bAs
shown on Figure 3, scores on the CFOG-Q and the NFOG-Q were not significantly correlated with each other.

off medication, the %TF of the provoking protocol (all
tasks) ranged from 0.4 to 57.9 %TF (Suppl. Fig. 2). A total
of 507 FOG episodes were provoked in the off-medication
state, compared with 215 while on medication. During off-
medication performance, the median value of FOG episodes
per hour was 168.74 (IQR = 109.14–283.93), whereas
during on-medication performance, the median value was
88.60 (IQR = 0.00–230.93). In the off-medication state, all
participants displayed FOG, whereas in the on-medication
state, 18 people had a FOG episode. The %TF during on-
medication testing ranged from 0.0 to 49.9 %TF. The turning
tasks induced the most FOG, both before and after medication
intake (Tab. 2). The %TF during the 1 week of unsupervised
daily-living monitoring ranged from 0.4 to 5.3 %TF, and
the median value was 1.0 %TF. A median of 17.68 (IQR =
10.09–38.85) FOG episodes per hour was recorded during
daily-living usage. Participants used the mobile devices for
a median of 223.55 (IQR = 182.00–350.42) minutes each
day (median across all days), that is, about 4 h/d. This is
much more than the median of 82.95 (IQR = 37.27–115.13)
minutes that they spent actually walking, as determined using
the lower back sensor that was worn continuously throughout
the week of monitoring.

Correlations

Positive correlations between %TF assessed during unsuper-
vised daily living and %TF during 3 tasks of the in-home
testing while off medication were observed (Fig. 3). For exam-
ple, moderate correlations were found between %TF from
unsupervised 1 week of daily living, and the %TF during the
Timed “Up & Go” Test under the dual-task condition, the
hot spot door task, and the personal hot spot task during
the FOG-provoking test while off medication (Fig. 3). In

contrast, the %TF during provoking tasks performed while
on medication was not significantly correlated with the %TF
during unsupervised daily-living activities (P > .05).

The %TF during daily living was not significantly corre-
lated with the NFOG-Q total score (P = .20) or its subscores
(part II P = .19; part III P = .45). Similarly, the %TF during
daily living was not correlated with the CFOG-Q total score
(P = .14) or with its subscores (part II P = .26; part III P = .11).
In contrast, the FOG item 3.11 of the Movement Disor-
ders Society Unified Parkinson’s Disease Rating Scale in the
off-medication state was correlated with the %TF (r = 0.44;
P = .02) and the number of FOG episodes per hour (r = 0.40;
P = .04) during daily living. Further, the levodopa equivalent
daily dose was moderately correlated with the %TF (r = 0.43;
P = .02) and the number of FOG episodes per hour (r = 0.39;
P = .04) during daily living. Participants with a higher dosage
of antiparkinsonian medication had higher values of %TF
during daily-living activities.

The NFOG-Q total score was correlated with the total
%TF during the provoking protocol performed while off
medication (r = 0.44; P = .02) and the turning task performed
under the dual-task condition while off medication (r = 0.41;
P = .03). The Timed “Up & Go” Test under the dual-task con-
dition while off medication (r = 0.39; P = .04) was correlated
with the CFOG-Q total score (Fig. 3). Other scores on both
self-report questionnaires were not significantly correlated
with %TF during the FOG-provoking tests (while off and on
medication).

Comparison of Responders and Nonresponders
During the Home-Based Supervised Testing

The %TF of all tasks while on medication was subtracted
from the %TF of all tasks while off medication to analyze the
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difference between responders and nonresponders. Fourteen
participants exhibited less than 5% improvement (n = 10)
or even had worse FOG (n = 4) while on antiparkinsonian
medications. The rest of the group (n = 14) improved more
than 5% in the tasks after medication intake. The performance
of the FOG-provoking protocol was different in responders
and nonresponders only in the %TF of the personal hot spot
task (P ≤ .001) while off medication (Tab. 3).

Comparison of Mild and Moderate Freezing in the
Off-Medication FOG-Provoking Protocol

Participants with mild and participants with moderate %TF
during the FOG-provoking protocol were similar in age, sex,
levodopa equivalent daily dose, gait speed, Hoehn and Yahr
staging, and Movement Disorders Society Unified Parkinson’s
Disease Rating Scale part III while off and on medication
(Suppl. Tab. 2).

While off medication, participants (n = 14) with moderate
%TF during the FOG-provoking protocol had more FOG
during the turning tasks in the single (P ≤ .001) and dual-
task (P ≤ .001) conditions and in the personal hot spot task
(P = .02), compared with people (n = 14) with mild %TF.
Further, the number of FOG episodes per hour (P = .04) and
the %TF of the provoking protocol while off medication
(all tasks) (P ≤ .001) were significantly higher in people with
moderate FOG. During the tasks performed while on medica-
tion, the people with moderate %TF (based on off-medication
testing), had more %TF in the turning tasks in single (P = .02)
and dual-task (P ≤ .001) as well as in the total %TF (P = .01)
(Suppl. Tab. 2).

In contrast, daily-living %TF (P = .93), the number of FOG
episodes during daily living (P = .41), and the duration of daily
usage of the devices (P = .84) during the unsupervised daily-
living monitoring period did not differ significantly between
people with mild or moderate %TF based on off-medication
testing (Suppl. Tab. 2).

People with mild and moderate %TF based on this classi-
fication also did not differ in the total NFOG-Q total score
(P = .09) or CFOG-Q total score (P = .57) (Suppl. Tab. 2).

Comparison of Mild and Moderate Freezing in
Unsupervised Daily-Living Monitoring

Participants with mild FOG, based on daily-living measures
(Suppl. Tab. 2), had fewer FOG episodes during the 1 week
daily-living monitoring (P ≤ .001) and fewer FOG episodes
per hour (P ≤ .001). Several measures of FOG assessed in the
FOG-provoking test while off medication were higher in the
individuals who had more daily-living FOG; however, these
trends were not significant after controlling for multiple com-
parisons. Overall, both groups did not differ statistically, after
adjusting for multiple comparisons, in participant and disease
characteristics, the %TF during the tasks of the provoking
protocol while off and on medication, as well as in the total
scores of the self-report questionnaires.

Discussion

We compared 3 approaches that have been previously used
to quantify FOG among people with Parkinson disease. Both
self-report questionnaires were not related to the %TF during
1 week of unsupervised testing. In contrast, the moderate asso-
ciations between daily-living %TF during 3 different tasks
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Figure 3. Spearman rank correlation of percentage of time spent frozen (%TF) during unsupervised daily-living monitoring and other estimates of
freezing of gait (FOG). Similar results were obtained when we adjusted for disease duration or disease severity (ie, Hoehn and Yahr stages). ∗P ≤ .05.
CFOG-Q = Characterizing Freezing of Gait Questionnaire; NFOG-Q = New Freezing of Gait Questionnaire; OFF = off-medication state;
ON = on-medication state; TUG = Timed “Up & Go” Test.

performed in the off-medication state support the utility of
these unsupervised daily-living measures. Daily-living freez-
ing measured with the wearable devices was also related to
FOG item 3.11 of the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale while off medication and
with the levodopa equivalent daily dose, as might be expected
from a measure of FOG, further supporting the validity of this
approach.

The current findings suggest that freezing during daily living
is primarily driven by off-medication behavior, even though
many daily-living actions are carried out while on medica-
tion.6,33 Compared with a supervised assessment, which usu-
ally involves relatively few moment sequences, unsupervised
free-living might include numerous turns, walking bouts, and
transitions like sit-to-stand or bending to pick up an obstacle
from the floor that predispose to FOG. Another difference
lies in the situation. Whereas the supervised protocol was
selected to provoke FOG under optimal situations (eg, reverse
white coat syndrome), unsupervised monitoring measures the
normal daily routine of the individual.8,34,35 The density
of FOG-provoking events in the real world is apparently
lower than that seen in the FOG-provoking test. This idea
is supported by the higher %TF and number of FOG events
found during the provoking protocol while off and on medi-
cation, compared with daily-living results. Regardless of the
precise reason for this, in the future it may be informative
to collect daily-living FOG and to correlate that with the
timing and dose of medication intake and with environmental
challenges.

Turning in place is an effective trigger to provoke FOG,22,36

as also seen in the %TF and number of FOG episodes (Tab. 2)
during the turning tasks while off and on medication. The
high percentage of time spent frozen during turning in single
and dual-task conditions influenced the total %TF of the
provoking protocol. Still, in both states, no correlation to
the %TF of the unsupervised daily-living monitoring was
found with %TF during turning. These differences between
the existing tests and those based on daily living may, in some
sense, be desirable as they all enable the capturing of different
aspects of the problem.37

The current results demonstrate that %TF collected in
the week-long home monitoring did not correlate with self-
report scores. This absence parallels other findings.4,23,38 The
CFOG-Q was originally developed to quantify heterogeneity
in freezing behavior. By calculating the total scores for each
section of the assessment, a detailed picture of the FOG
experiences of the individual is provided.29 A previous study
found a correlation of the CFOG-Q item 2 with the %TF
while off medication and a significant association between
the total score of section 2 (triggers) with the %TF assessed
during motor tasks.29 Our results did not confirm these find-
ings; however, in the future it may be interesting to examine
associations between individual items of the CFOG-Q. Mild
freezing during walking or other activities of daily life as well
as fear of falling may already be felt as very disturbing for
the individual and may have led to the dissociations with
unsupervised monitoring outcomes.4 The lack of correlations
between the subjective and unsupervised FOG assessments
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Table 3. Comparison of Percentages of Time Spent Frozen in Responders and Nonresponders While On and Off Dopaminergic Medicationsa

Parameter Variable

Median (25%–75% Percentiles) for:

PParticipants With Good
Improvement While On

Medication (>5%)
(n = 14)

Participants With Less or
No Improvement While
On Medication (<5%)

(n = 14)

Participant
characteristics and
disease severity

Age, y 70.00 (65.25–73.00) 71.00 (63.50–75.00) .93
Sex, % women 14.3 42.9 .94
Disease duration, y 14.00 (9.50–18.00) 9.50 (6.13–17.00) .44
MDS-UPDRS part III while
off medicationb

50.50 (35.25–53.00) 45.00 (35.00–50.25) .34

MDS-UPDRS part III while
on medicationb

37.00 (29.25–44.75) 32.50 (24.75–38.00) .48

MDS-UPDRS III, item 3.11
FOG, while off medicationb

2.00 (0.00–3.25) 2.00 (0.00–2.00) .28

MDS-UPDRS III, item 3.11
FOG, while on medicationb

1.00 (0.00–2.00) 1.50 (0.00–2.00 .55

Hoehn and Yahr stage 2.00 (1.50–2.13) 2.00 (1.88–2.00) .55
Gait speed during 4-m walk,
m/s

1.15 (1.00–1.23) 0.94 (0.85–1.14) .04

LEDD, mg/d 832.50
(668.75–1653.75)

630.00 (311.25–1012.50) .03

Unsupervised home
monitoring

%TF during monitoring 2.8 (0.9–3.1) 0.6 (0.5–1.2) .01
No. of FOG episodes 876.00

(420.50–1491.25)
456.50 (265.75–525.50) .01

No. of FOG episodes/h 35.43 (14.93–43.64) 11.94 (8.76–22.09) .02
Daily usage of home
monitoring device, min

221.90 (167.42–338.50) 223.55 (191.12–366.79) .41

Amount of FOG during
supervised
FOG-provoking tests
(%TF) while off
medication

4-m walk while off
medicationc

2.4 (0.0–20.6) 0.0 (0.0–0.0) .03

TUG, single task, while off
medicationc

2.7 (0.0–20.8) 0.0 (0.0–6.7) .20

TUG, dual task, while off
medicationc

3.86 (0.0–41.9) 0.0 (0.0–4.4) .07

Turning task, single task,
while off medicationc

42.7 (17.9–66.0) 9.1 (3.3–47.4) .05

Turning task, dual task, while
off medicationc

43.2 (19.3–83.6) 8.4 (0.0–48.2) .03

Hot spot, narrow space, while
off medicationc

8.8 (0.0–32.7) 0.9 (0.0–21.5) .38

Personal hot spot while off
medicationc

31.0 (12.3–44.6) 4.8 (0.0–15.2) ≤.001d

Total %TF during provoking
protocol while off
medicationc

39.5 (17.4–47.6) 8.8 (3.5–30.8) .01

No. of FOG episodes/h while
off medication

259.00 (142.97–320.13) 154.94 (66.01–180.96) .01

Amount of FOG during
supervised
FOG-provoking tests
(%TF) while on
medication

4-m walk while on
medicationc

0.0 (0.0–0.0) 0.0 (0.0–0.0) .32

TUG, single task, while on
medicationc

0.0 (0.0–0.0) 0.0 (0.0–1.5) .31

TUG, dual task, while on
medicationc

0.0 (0.0–0.0) 0.0 (0.0–0.0) .78

Turning task, single task,
while on medicationc

0.0 (0.0–39.8) 8.9 (0.0–57.8) .56

Turning task, dual task, while
on medicationc

0.0 (0.0–50.3) 9.6 (0.0–47.6) .64

Hot spot, narrow space, while
on medicationc

0.0 (0.0–0.0) 0.0 (0.0–1.5) .41

Personal hot spot while on
medicationc

0.0 (0.0–6.9) 0.0 (0.0–4.7) .80

Total %TF during provoking
protocol while on medicationc

3.1 (0.0–3.1) 6.2 (0.0–38.4) .38

No. of FOG episodes/h while
on medication

66.53 (0.00–203.78) 173.20 (0.00–242.40) .59

Self-report
questionnaires

New Freezing of Gait
Questionnaireb

23.50 (20.75–26.00) 20.00 (18.50–24.00) .04

Characterizing Freezing of
Gait Questionnaireb

27.00 (19.50–37.75) 22.50 (15.75–33.25) .39

aUnadjusted P values are shown. FOG = freezing of gait; LEDD = levodopa equivalent daily dose; MDS-UPDRS = Movement Disorders Society Unified
Parkinson’s Disease Rating Scale; %TF = percentage of time spent frozen; TUG = Timed “Up & Go” Test. bReported as a score. cReported as percentage of
time spent frozen. dStatistically significant after adjustment for multiple comparisons.
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(ie, 1 week of home monitoring), suggests that FOG ques-
tionnaires may not provide a complete picture of the FOG
frequency. Still, it should be considered that the time periods
during which FOG was assessed and self-reported were not
identical. Nonetheless, self-reports may be useful as screening
tools for detecting the overall presence of FOG,38 even though
they do not reflect the %TF during daily living monitoring.

Based on all 3 types of assessments that are currently used
to evaluate FOG, we might have anticipated moderate to
higher correlations between them. However, in contrast to this
possibility, relatively few outcomes were strongly associated
with each other. This may reflect the idea that the specific
constructs and methodologies are capturing different aspects
of FOG. In future work, it may be interesting to tease this
apart further by examining specific constructs of some of the
tests (instead of total scores).

Responders (ie, participants who had less FOG after med-
ication intake during the FOG-provoking test) had a higher
number of FOG episodes during the unsupervised daily-living
monitoring (Tab. 3). Although these results were not signif-
icant after adjusting for multiple comparisons, we speculate
that these findings might be related to motor fluctuations
induced by dopaminergic medications. Interestingly, when
the participants were divided into those with mild freezing
and those with moderate freezing, based on %TF during
unsupervised daily living, similar results were obtained using
correlation analyses. When the participants were divided into
those with mild freezing and those with moderate freezing,
based on the FOG-provoking-protocol while off medication
(ie, the gold standard), self-report total scores did not differ
(Suppl. Tab. 2). This strengthens the idea that self-report and
objective measures are not simple mirror images of each other.

Findings from the supervised assessments (ie, provoking
tests and questionnaires) should be interpreted cautiously,
because these results may have limited ecological value8 and
may not fully reflect FOG during daily living. Hence, an
assessment based on objective and subjective measures may
be the best approach to comprehensively assess FOG severity
in individuals with Parkinson disease.39 Clinicians should
consider the limitations of different FOG outcome measures
to accurately assess the severity.11 The relatively new method
to measure FOG with wearable devices during daily liv-
ing may help to improve the management of FOG, without
requiring an in-person visit to the clinic.40 When norms for
the unsupervised FOG measures are fully established, these
data could be helpful in clinical decision making, for on-
demand cueing, and for evaluating the impact of different
therapies and interventions on FOG.9 However, additional
study is needed to evaluate reliability and responsiveness to
interventions. Furthermore, ethical issues and concerns about
surveillance need to be taken into account when considering
this emerging approach.41

In summary, unsupervised daily-living monitoring, self-
reported questionnaires, and FOG-provoking tests provide
different, complementary evaluation methods. When used
together, a relatively complete and informative picture of
a person’s FOG severity and how it is perceived emerges.
To fully capture FOG severity and its impact, it may be
best for researchers to assess FOG using a combination of
supervised structured FOG-provoking tests, unsupervised
daily-living monitoring with wearable devices, and self-report
questionnaires. Until the wearable technology becomes more
accessible, physical therapists and other clinicians should

consider using self-report questionnaires perhaps along with
questions about personal hot spots while observing also the
patient as they carry out turns, one of the strongest and most
consistent provokers of FOG.

Limitations and Further Research

Limitations of this study include the relatively small sample
size that may have led to type II errors. Given the sample size,
the present findings should be viewed cautiously. The cross-
sectional design is also a limitation, although we did evaluate,
to some degree, responsiveness to antiparkinsonian medi-
cations (Tab. 3). Prospective observational and intervention
studies with more participants will provide valuable infor-
mation. Furthermore, combining the movement sensor data
with other information (eg, GPS data, weather, medication
intake, time of day) may provide additional insights into daily-
living FOG, how it changes indoors versus outdoors, and
its underlying mechanisms. Another limitation relates to the
algorithm used to identify FOG during daily living.

For example, the akinetic type of FOG may be especially
challenging to detect. Further, even though participants
had rest breaks between in-home off-medication and on-
medication testing and individual short sitting breaks, fatigue
might have played a role. Also, the median daily usage of the
system (smartphone and sensors) during the 7-day monitoring
period was about 4 hours, which may initially seem low.
However, previous work among people with Parkinson
disease suggests that most walk only about 2 hours per
day; even among healthy older adults, most people walk less
than 4 hours per day.42–45 The recordings from the lower
back sensor that was worn continuously during the week of
monitoring indicated the participants spent just 83 minutes
walking per day, supporting the idea that the smartphone and
sensor DeFOG system was worn much more than just during
walking. Restrictions due to COVID-19 may also have played
a role. Finally, further studies are needed to evaluate different
aspects of the validity of measuring FOG during daily-living
activities in an unsupervised setting with mobile devices.
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