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Abstract.
Background: Measurement of freezing of gait (FOG) relies on the sensitivity and reliability of tasks to provoke FOG. It is
currently unclear which tasks provide the best outcomes and how medication state plays into this.
Objective: To establish the sensitivity and test-retest reliability of various FOG-provoking tasks for presence and severity of
FOG, with (ON) and without (OFF) dopaminergic medication.
Methods: FOG-presence and percentage time frozen (%TF) were derived from video annotations of a home-based FOG-
provoking protocol performed in OFF and ON. This included: the four meter walk (4MW), Timed Up and Go (TUG) single
(ST) and dual task (DT), 360◦ turns in ST and DT, a doorway condition, and a personalized condition. Sensitivity was tested
at baseline in 63 definite freezers. Test-retest reliability was evaluated over 5 weeks in 26 freezers.
Results: Sensitivity and test-retest reliability were highest for 360◦ turns and higher in OFF than ON. Test-retest intra-class
correlation coefficients of %TF varied between 0.63–0.90 in OFF and 0.18–0.87 in ON, and minimal detectable changes
(MDCs) were high. The optimal protocol included TUG ST, 360◦ turns ST, 360◦ turns DT and a doorway condition, provoking
FOG in all freezers in OFF and 91.9% in ON and this could be done reliably in 95.8% (OFF) and 84.0% (ON) of the sample.
Combining OFF and ON further improved outcomes.
Conclusions: The highest sensitivity and reliability was achieved with a multi-trigger protocol performed in OFF + ON.
However, the high MDCs for %TF underscore the need for further optimization of FOG measurement.

Plain Language Summary.
Freezing of gait is a very burdensome and episodic symptom in Parkinson’s disease that is difficult to measure. Measurement
of freezing is needed to determine whether someone has freezing and how severe this is, and relies on observation during
a freezing-triggering protocol. However, it is unclear what protocol is sufficiently sensitive to trigger freezing in many
freezers, and whether freezing can be triggered reliably at different timepoints. Here, we investigated 1) which tasks can
trigger freezing-presence and freezing-severity sensitively and reliably, 2) how medication state influences this, and 3) what
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task combination was most reliable. Sixty-three patients with daily freezing performed several freezing-triggering tasks in
their homes, both with (ON) and without (OFF) anti-Parkinsonian medication. In twenty-six patients, the measurement was
repeated 5 weeks later to determine test-retest reliability. First, we found that performing 360◦ turns in place with a cognitive
dual task was the most sensitive and reliable task to trigger FOG. Second, sensitivity and reliability were better in OFF than
in ON. Third, the most reliable protocol included: the Timed-Up and Go, 360◦ turns in place with and without the dual task,
and a doorway condition. This protocol triggered freezing in all patients in OFF and 91.9% in ON and did so reliably in
95.8% (OFF) and 84.0% (ON) of the sample. We recommend to measure freezing with this protocol in OFF + ON, which
further improved reliability. However, the measurement error for freezing-severity was high, even for this optimal protocol,
underscoring the need for further optimization of freezing measurement.

Keywords: Outcome measures, sensitivity, test-retest reliability, dopaminergic effect, freezing of gait, Parkinson’s disease,
FOG detection, FOG severity

INTRODUCTION

Freezing of gait (FOG) is a common and dis-
abling gait disturbance in Parkinson’s disease (PD)
that can be defined as “a brief, episodic absence
or marked reduction of forward progression of
the feet despite the intention to walk”.1 FOG is
strongly associated with falls and impaired physi-
cal and mental health-related quality of life.2–4 To
date, FOG remains a poorly understood symptom
that is difficult to measure, obstructing therapeutic
development.5,6

Typically, freezer-status (freezer/non-freezer) and
FOG-severity are assessed using self-reported mea-
sures such as the New Freezing of Gait Questionnaire
(NFOG-Q).7 However, such accounts are prone to
recall bias and poor awareness,5,8,9 inducing a high
risk of false negative classifications (seen in9–13).
For example, in a large cohort of de novo patient
who claimed not to have FOG (non-freezers), neu-
rologists still observed FOG in 5.7% during walking
and performing a 180◦ turn.12 Moreover, recent work
showed that the NFOG-Q cannot detect small effects
reliably because it has a high Minimal Detectable
Change (MDC) (35.5% of the total score), ques-
tioning its usefulness as a primary endpoint of
FOG-severity.8 As such, the field is moving towards
adopting behavioral measures of FOG by having
patients perform standardized tasks that include fre-
quent triggers of FOG in daily life, such as turning,
navigating doorways, and performing a dual task
(DT).5,14–18 Subsequently, clinical experts perform
video annotations of the FOG episodes provoked
by these tasks, and calculate the percentage time
frozen (%TF).19–21 At present, there is no consen-
sus on which FOG-provoking protocol should be
used to obtain reliable FOG-measures.6 The most
sensitive task appears to be performing 360◦ turns
with alternating directions,14,15,18,22 even though

360◦ turns did not elicit FOG in all self-reported
freezers.14,22–24 Taking advantage of multiple FOG-
triggers can further improve sensitivity to elicit
FOG,9 but it is currently unclear what task combi-
nation is optimal. As people with FOG often report a
specific situation where they are likely to freeze more
often,25,26 the question arises whether adding a per-
sonalized task to the protocol in the patient’s home
would improve sensitivity.

Another crucial aspect that, so far, received lit-
tle research attention is how reliable various tasks
are in eliciting FOG over time.27 Only Scully et al.
found excellent reliability of a clinically rated FOG-
scale, but with the test-retest only 30 minutes apart
in a small sample of mild freezers.11 An investiga-
tion of test-retest reliability over time scales typically
used in intervention studies is lacking.27 Finally, as
FOG occurs less frequently with dopaminergic med-
ication (ON) than without (OFF),15,28 it is important
to examine whether test-retest reliability is influenced
by this factor.

To address these questions, we investigated
whether FOG can be provoked sensitively and
reliably in different conditions,29 focusing on FOG-
presence (binary) and FOG-severity (%TF). As this
was tested in a large group of definite freezers, the
% of patients with FOG-presence reflected the sensi-
tivity (% true positive) to identify freezer-status. Our
first objective was to investigate which tasks were
most sensitive to elicit FOG at baseline and pro-
vided the best test-retest reliability over a 5-week
period. Our second objective was to investigate how
sensitivity and reliability changed depending on med-
ication state. Finally, we set out to define the most
reliable protocol for %TF. Overall, we expected that
the most sensitive condition (360◦ turns in OFF-
state14,15,18,22) would also show a more reliable
FOG-response and that combining tasks would fur-
ther improve sensitivity and reliability.9
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MATERIALS AND METHODS

Design

This study is a secondary analysis performed
on the dataset of the DeFOG trial: a randomized
controlled trial (RCT) registered at clinicaltri-
als.gov (NCT03978507) and described in more detail
elsewhere.29,30 The study included a pre-intervention
(T1) and post-intervention (T2) assessment, per-
formed 5 weeks apart in the patients’ homes. OFF
and ON assessments were performed on the same
day. Here, we focus on data from T1 in both arms of
the study before randomization for sensitivity (sensi-
tivity cohort), and from T1 and T2 in the control group
for test-retest reliability (reliability cohort). The con-
trol group only received advice on daily step counts
during the intervention period, designed and shown
not to influence FOG-severity.30 Patients in the con-
trol group and assessors of FOG-severity were blind
to group allocation.

Participants

Recruitment was performed in Tel Aviv Sourasky
Medical Center (TASMC) and KU Leuven (KUL).
Sixty-three patients performed T1, and 26 patients
in the control group performed both T1 and T2.
The most important inclusion criteria were: 1) a
clinical diagnosis of PD,31 2) a modified Hoehn
and Yahr stage between I-IV in ON,32,33 3) an age
of 40–90 years, 4) the ability to walk 5 minutes
(walking aid allowed), 5) a score > 16 on the short
Mini-Mental State Examination,34 6) a medication
schedule not foreseen to change within 6 weeks, and
7) daily self-reported FOG. Most important exclu-
sion criteria were: 1) >1 fall per day, 2) inability to
perform OFF tests, 3) no observed FOG at T1 (dur-
ing or outside the protocol).29 All patients signed
the informed consent form prior to participation,
and the protocol was approved by ethical commit-
tees at both sites, conforming to the declaration
of Helsinki.

Assessments

Both measurements started with the OFF assess-
ment in the early morning to allow for overnight
withdrawal of dopaminergic medication for at least
12 hours. This included a FOG-provoking protocol
and the Movement Disorders Society-Unified Parkin-
son’s Disease Rating Scale (MDS-UPDRS) part III.35

About 1 hour after intake of the regular morning
medication, the FOG-provoking protocol and MDS-
UPDRS part III were repeated. In-between OFF and
ON assessments, several questionnaires and clinical
scales were administered, including demographics,
the New Freezing of Gait Questionnaire (NFOG-Q),
Montreal Cognitive Assessment (MoCA), and other
parts of the MDS-UPDRS.29

The FOG-provoking protocol consisted of 5 gait
tasks performed in a fixed order,29 two of which were
performed in both single task (ST) and dual task (DT)
conditions. For pragmatic reasons, most conditions
were performed once. Rest was allowed in-between
tasks if needed. During DT, participants performed
a serial-3 subtraction while completing the gait task,
using different starting numbers. All gait tasks were
standardized for T1 and T2 and included:

1. Four Meter Walk (4MW), performed back and
forth with 180◦ turn in-between (total 2x 5 m,
accounting 0.5 m for each acceleration and
deceleration, based on the gait speed test of the
Short Physical Performance Battery);36

2. Timed-Up and Go (TUG) of 3 m, performed 2x
in ST and 2x in DT;

3. Four alternating 360◦ turns within a 40 × 40 cm
square in ST and DT. The task was cut short if
the patient was unable to turn > 180◦ or could
not overcome a FOG episode within 1 minute;

4. “Hotspot door” included walking towards,
opening and passing a door(way) and turning
in a narrow space;

5. “Personalized hotspot” included moving in a
self-reported FOG-provoking situation in the
home environment.

FOG annotation

The start and stop times of each task and FOG
episode were rated by experienced assessors at
each site using the software Elan,20,37 according to
prespecified definitions (see29 and Supplementary
Material 1). Raters were clinical experts and could
thus not be blinded for DT or medication state, but
they were blinded for group allocation. At TASMC,
a single rater performed all annotations. At KUL,
four raters were involved but all annotations were
checked by one rater. Interrater reliability for absolute
agreement between centers on the total %TF based
on the intraclass correlation coefficient (ICC) (2,1)
was good to excellent (ICC (95% CI) = 0.94 (0.78;
0.99)).30 FOG episodes predominantly characterized
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by a cessation of stepping (akinetic FOG) or by high-
frequency oscillations in the legs (trembling FOG),
as well as episodic festination were annotated sepa-
rately and combined for the total %TF.29 Episodes in
which FOG could not be distinguished from a vol-
untary stop with certainty were rated as “movement
interruptions”29 and excluded from the primary out-
comes, but separately investigated using a sensitivity
analysis.

Outcome measures

FOG-presence was a binarized metric based on the
presence ( = 1) or absence ( = 0) of FOG in that task.
We report this outcome as the percentage of freez-
ers experiencing FOG during the condition (%N with
FOG). FOG-severity for each task was calculated as
%TF: the duration of FOG relative to the task dura-
tion expressed as a percentage. For investigating the
reliability of these outcomes over time, we computed
the binarized reliability of FOG-presence (0 if FOG-
presence was unequal and 1 if it was equal at both
timepoints) as well as the change in FOG-severity
between timepoints (�%TF = %TFT2 − %TFT1).
Reliability of FOG-presence is reported as the per-
centage of patients with consistent FOG between the
two test sessions (%N with consistent FOG). We
chose to include both positive and negative classes
within this metric as a true measure of reliability.

Statistical analysis

Data processing was performed using Matlab,
version R2020b (Mathworks, Natick, MA, USA).
Statistical analyses were performed using Statistical
Package for the Social Sciences, version 28 (IBM
SPSS Statistics, Chicago, IL, USA) and SAS soft-
ware, version 9.4 for Windows (SAS Institute Inc.,
Cary, NC, USA). Alpha was set at 0.05.

Comparison of tasks and medication states

Sensitivity (N = 63) and test-retest reliability
(N = 26) of tasks were evaluated using General-
ized Linear Mixed Models (GLMMs) for binary
dependent variables (FOG-presence and reliability
of FOG-presence) and with Linear Mixed Models
(LMMs) for continuous variables (%TF and �%TF).
Medication status, task, medication*task, and center
were included as independent variables. For sensitiv-
ity of %TF, an inverse hyperbolic sine transformation
was applied, which improved the distribution of the

residuals. Model specification details are described in
Supplementary Material 2. Models were fitted twice,
once for OFF versus ON medication (primary), and
once for OFF + ON versus OFF medication to evalu-
ate the added value of testing in ON. Post-hoc tests
were corrected with Tukey-Kramer adjustments, and
absolute Cohen’s d effect sizes were calculated from
the model F-tests and least square mean differences
(d from t).38

We determined additional reliability outcomes for
%TF (N = 26). First, two-way mixed model ICCs
were calculated for %TF (T1 vs. T2) using absolute
agreement and single measures. The ICC is consid-
ered a relative measure of agreement as it is a ratio of
the within-subject and between-subject variability.39

As the ICC is known to be vulnerable to sample
heterogeneity,39,40 we used absolute measures, such
as �%TF, the standard error of measurement (SEM)
and the minimal detectable change (MDC), to also
describe the size of the individual errors.39 Bland-
Altman plots were used to visualize �%TF in relation
to %TF, and the SEM and MDC were determined
using the following equations:

SEM =
√

2−factor ANOVA mean square error

MDC = SEM · 1.96 ·
√

2 (based on a 95% CI)

For interpretation of task comparisons, we com-
puted a novel measure of the relative error to
control for the fact that the absolute error is larger
when the sensitivity is higher.40 The MDC index
(N = 26) was calculated using the following equa-
tion: MDC index = (MDC %TF ) / (mean %TF ).
Values below 1 are preferred and show that the
MDC is smaller than the mean %TF evoked by
that task (i.e., suggesting more possibility to surpass
the MDC).

Task combinations

In order to define the most reliable as well as feasi-
ble protocol, we calculated the MDC index for all task
combinations for up to four tasks. As multiple com-
binations might perform similarly, we evaluated how
many times each task was included in the best 5% of
task combinations, based on the lowest MDC index.
Sensitivity and test-retest reliability were reported for
the optimal task combination, and for all tasks com-
bined. %TF of task combinations was determined by
averaging %TF over the separate tasks. We also eval-
uated the reliability of the optimal task combination
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to detect medication effects on %TF (%TF OFF-ON)
based on the MDC index.

RESULTS

Participants and baseline characteristics

Participant characteristics at T1 are shown in
Table 1 for the sensitivity cohort (N = 63) and
the reliability cohort (N = 26) separately. Typi-
cal for the freezer population, participants had a
long disease duration (median (range) = 11 (2–30)
years), marked severity of PD symptoms (mean
(range) MDS-UPDRS part III, OFF = 44.4 (18–76),
ON = 35.6 (10–62)), severe self-reported FOG (mean
(range) NFOG-Q = 20.7 (11–28)), and many had mild
cognitive impairment (median (range) MoCA = 25
(17–29)). At T1, the mean (SD) duration of the FOG-
provoking protocol was 5.90 (3.04) minutes in OFF
and 3.99 (2.01) minutes in ON (excluding breaks).
Overall, the protocol elicited 1350 FOG episodes in
OFF and 764 in ON. Three patients had worse FOG in
ON than OFF (>10% increase in %TF total). Only one
patient in the control group had a change in medica-
tion during the study period, and there was no change
in the control group on the MDS-UPDRS (part III
OFF and ON and total score) over time (ps > 0.4).

Comparison of tasks and medication states

A complete overview of the main, interaction and
post-hoc results of the models is provided in Supple-
mentary Material 3.

FOG-presence

As shown in Table 2 and Fig. 1A, comparing OFF
with ON, the %N with FOG varied from 20.6% to
92.1% across the tasks (d = 0.49, p < 0.001) and med-
ication states (d = 0.70, p < 0.001; higher in OFF than
ON). The %N with FOG was highest for 360◦ turns
DT in OFF (92.1%), but not significantly different
from 360◦ turns ST (88.9%) and the Personalized
hotspot (88.7%) in OFF. Further, %N with FOG was
similar between TUG ST, TUG DT and Hotspot door
(54.0–69.8% in OFF), and was lowest for the 4MW
(41.3% in OFF). More patients experienced FOG
when pooling results for OFF + ON compared to OFF
(d = 0.46, p < 0.001).

Reliability of FOG-presence

The %N with consistent FOG varied from 60.0%
to 95.8% between tasks in OFF (Table 2, Fig. 1B).
Significant task differences were found (d = 0.12,
p = 0.043), but there were no medication differences
for OFF vs. ON (p = 0.317) or OFF + ON vs. OFF
(p = 0.626). Post-hoc comparisons (model OFF vs.
ON) showed that %N with consistent FOG at the
two timepoints was higher in 360◦ turns DT and
TUG DT compared to TUG ST and Hotspot door, but
only without post-hoc correction (see Supplementary
Table 5).

FOG-severity

%TF is shown in Table 2 and Fig. 2A. Besides
task (d = 0.67, p < 0.001) and medication effects
(d = 0.74, p < 0.001), we found a medication*task

Table 1
Participant characteristics

Descriptives Sensitivity cohort Reliability cohort
(N = 63) (N = 26)

Age (y) 68.2 (7.61) 68.3 (7.13)
Disease duration (y) * 11.0 (9.00) 13.0 (9.00)
Gender (Male/Female; %) 44/19; 69.8% 19/7; 73.1%
Presence of DBS (Yes/No; %) 12/51; 19.0% 5/21; 19.2%
MDS-UPDRS III, OFF (motor assessment; 0-132) 44.4 (12.0) 42.9 (10.1)
MDS-UPDRS III, ON (motor assessment; 0-132) 35.6 (11.1) 32.5 (10.6)
MDS-UPDRS total in ON (0 – 260) 76.2 (20.1) 72.1 (20.0)
NFOG-Q (0-28) 20.7 (3.94) 21.3 (3.88)
LEDD (mg/day) * 705 (625) 800 (553)
MoCA (0 – 30) * 25.0 (4.00) 25.5 (4.00)

DBS, deep brain stimulator; MDS-UPDRS, Movement Disorders Society-Unified Parkinson’s disease Rat-
ing scale; OFF, >12 h withdrawal of dopaminergic medication; ON, 1 h after intake of dopaminergic
medication; NFOG-Q, New Freezing of Gait Questionnaire; LEDD, Levodopa Equivalent Daily Dose;
MoCA, Montreal Cognitive Assessment. Continuous values are presented as mean (SD); when marked by
*: reported as median (interquartile range); Binary values are reported as frequencies and percentages.
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Fig. 1. Sensitivity and test-retest reliability of FOG-presence. A: %N with FOG, and B: %N with consistent FOG, for different tasks
in OFF (red) and ON (grey). A: 360◦ turns ST and DT and personalized hotspot elicited FOG in the highest percentage of definite freezers
(p < 0.05, indicated by *) and OFF was more sensitive than ON medication state. B: DT conditions tended to be the most consistent tasks in
OFF, but post-hoc tests were not significant after multiple-comparison correction. 4MW: 4 meter walk. TUG: Timed-Up and Go. ST: single
task. DT: dual task. OFF: >12 h withdrawal of dopaminergic medication. ON: 1 h after intake of dopaminergic medication. %N: percentage
of participants relative to the total.

effect (d = 0.20, p = 0.026). 360◦ turns ST and
DT provoked the highest %TF in both OFF and
ON (DT > ST, but not significant: p ≥ 0.898). Both
turning tasks were more sensitive than all other
tasks, except that the Personalized hotspot was
not significantly different from 360◦ turns ST in
OFF (p = 0.286). Notably, there was no significant
impact of medication on %TF for the Hotspot door
(p = 0.111) and 360◦ turns ST (p = 0.632), which pro-
voked moderate to severe FOG in both medication
states. In contrast, medication improved %TF with
a small effect size for the 4MW and 360◦ turns
DT (ds < 0.5, ps ≤ 0.032), and a medium effect size
for the TUGs and Personalized hotspot (ds > 0.5,
ps ≤ 0.005). No differences were found in %TF
between ST and DT, except for the TUG in OFF
which was more sensitive in DT compared to ST
when including movement interruptions (d = 0.47,
p = 0.031). Overall, the impact of movement inter-
ruptions on %TF was very small (sensitivity analysis
in Supplementary Material 4).

Reliability of FOG-severity

�%TF was close to zero on average but showed
large between-subject variability. There were no
differences between tasks (d = 0.20, p = 0.447) and
medication states (d = 0.06, p = 0.782). In contrast,
estimates of relative and absolute reliability varied
widely depending on task and medication state. As
for relative reliability, confidence limits of ICCs var-
ied from poor (ICC < 0.5) to excellent (ICC > 0.9)
(Table 2 and Fig. 2B). ICCs were generally higher
in OFF than in ON, and in OFF + ON compared to
OFF. Only 360◦ turns ST and DT had good ICCs in

both OFF and ON. With regards to absolute reliabil-
ity, the MDCs of %TF varied from 15.8% to 39.4%
across tasks in OFF and ON. The MDC was lowest in
OFF + ON, except for the hotspot conditions which
had a lower MDC in ON. Notably, the MDC index
was only below 1 for 360◦ turns ST (≤ 0.81) and DT
(≤ 0.69) in OFF and OFF + ON (Table 2).

We present the Bland-Altman plot of %TF pooled
for all tasks in Fig. 2C and plots of each task sep-
arately in Supplementary Material 5. Overall, the
lower and upper limits of agreement (LOA) were –
28.3% and 28.0%. Bland-Altman plots revealed no
systematic error towards more FOG at one timepoint
and showed the highest absolute reliability (small-
est �%TF) for the very mild (%TF<20%) and very
severe freezers (%TF>80%).

Task combinations

Combining multiple tasks improved (i.e., reduced)
the MDC index, but the best combination varied per
medication state (see Supplementary Material 6). The
4 tasks that were included most often in the top 5%
combinations, were: TUG ST, 360◦ turns ST, 360◦
turns DT and Hotspot door, from now on together
referred to as the “optimal protocol”. The mean (SD)
duration of the optimal protocol was 3.48 (1.83) min-
utes in OFF and 2.48 (1.56) minutes in ON (excluding
breaks, at T1). The optimal protocol elicited FOG in
all freezers in OFF (consistently in 95.8%) and 91.9%
of freezers in ON (consistently in 84.0%), as shown
in Table 2. ICCs (95%CI) were good to excellent. The
ICC and MDC index were even better in OFF + ON
compared to both OFF and ON alone. In comparison
to the optimal protocol, all tasks combined resulted



8 D. Zoetewei et al. / Reliability of Freezing-Provoking Tasks

Fig. 2. Sensitivity and test-retest reliability of FOG-severity. A: %TF with MDC per task, B: ICC %TF per task, and C: Bland-
Altman plot for %TF reliability over all tasks, in OFF (red) and ON (grey). A: 360◦ turns ST and DT in OFF and ON were significantly
more sensitive than at least 4 other tasks (p < 0.05, indicated by *). Significant medication effects (p < 0.05, indicated by * with bar) were
found for all tasks except 360◦ turns ST and Hotspot door. MDCs for all tasks were higher than the mean (reflecting MDC index), except
for 360◦ turns ST and DT in OFF. B: ICCs varied across tasks and medication states. C: Bland-Altman plot for all tasks pooled (one dot per
participant and task), showing higher reliability for the lowest and highest mean %TF. 4MW: 4 meter walk. TUG: Timed-Up and Go. ST:
single task. DT: dual task. MDC: minimal detectable change. OFF: >12 h withdrawal of dopaminergic medication. ON: 1 h after intake of
dopaminergic medication. CI: confidence interval. �%TF: %TFT2 – %TFT1. LOA: limit of agreement.

in only a marginally higher %N with (consistent)
FOG-presence, but worse MDC index values. For
medication effects (%TF OFF-ON), the optimal pro-
tocol had an MDC index of 1.95 (for comparison
of tasks and task combinations, see Supplementary
Material 7).

DISCUSSION

In this study, we aimed to evaluate a behavioral
protocol for measuring FOG delivered in a well-
characterized group of 63 definite freezers in the
home setting. We went beyond the state-of-the-art in
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investigating the sensitivity and test-retest reliability
of various standardized FOG-provoking tasks OFF
and ON medication. We assessed sensitivity and reli-
ability for FOG-presence (%N with FOG or the %
true positive classification of freezer-status) and for
FOG-severity (%TF). First, our results corroborated
previous work by showing that the 360◦ turns were
the most FOG-provoking tasks.14,15,18 Additionally,
the 360◦ turns under DT conditions had the high-
est sensitivity and relative reliability, supporting our
hypothesis that the most sensitive conditions were
also the most reliable. Second, while we found alto-
gether a greater %N with FOG in OFF than in ON,15

we could also show for the first time that medication
had a variable impact on FOG-severity depending on
the task performed. Pooling the outcomes derived
in OFF + ON improved several outcomes. Overall,
we found poor MDCs for %TF for individual tasks.
Therefore, for our third objective, we optimized the
protocol and found that the optimal MDC index could
be achieved when including the TUG ST, 360◦ turns
ST, 360◦ turns DT and the Hotspot door.

We found that the choice of task impacted both
the sensitivity and test-retest reliability for FOG-
presence and FOG-severity. Only �%TF did not
show task differences, possibly owing to a large
within-subject variability across conditions. In line
with previous work14 and our hypothesis, 360◦ turns
DT showed the highest sensitivity and reliability.
However, higher sensitivity did not always corre-
spond to higher reliability. For instance, several tasks
were consistent as they failed to elicit FOG at both
timepoints (e.g., 4MW in ON) and Bland Altman
plots showed highest reliability for very low as well
as very high FOG-severity. Furthermore, the Person-
alized hotspot had high sensitivity yet a relatively low
reliability for FOG-presence. Perhaps the selection of
the FOG-hotspot was biased by recent experience or
this task was more difficult to administer reliably. It
is also plausible that patients had higher anticipation
of FOG at their FOG-hotspot compared to other tasks
and as a result had heightened attention and/or anx-
iety. This could have contributed to a more variable
FOG response.41,42

Interestingly, the highest test-retest reliability of
FOG-presence was found for TUG DT and 360◦
turns DT, and TUG DT also showed relatively good
ICCs for %TF in OFF. We speculate that by focusing
attention on the cognitive task, dual tasking coun-
teracts the compensatory or interfering effects of
attention,41,43 making the presence of FOG more

consistent. However, differences between ST and DT
were not significant. DT-effects might be larger when
using a cognitive task that induces a more continu-
ous cognitive load than the serial-3 subtraction task,
such as the Auditory Stroop task.44 Significant DT-
effects have previously been shown for sensitivity of
FOG-severity14,45 but not yet for reliability.

Our second objective was to determine the impact
of medication state on the outcomes and found that
sensitivity was higher in OFF than in ON. As for test-
retest reliability, we did not find medication effects
on the %N with consistent FOG and �%TF, but ICCs
and MDC index values were higher in OFF com-
pared to ON. Combining OFF and ON improved
sensitivity to evoke the presence of FOG compared
to OFF, possibly due to the increase in the num-
ber of provocations or due to levodopa worsening
FOG in some patients.9,46 Note that worse FOG-
severity in ON compared to OFF was only found in
3 out of 63 patients (>10% increase in %TF for all
tasks combined). Measuring in ON may also produce
less valid outcomes, as a previous analysis on the
same dataset (N = 28) showed positive associations
of FOG-severity during free-living gait (sensor-based
and self-report) with some FOG-provoking tasks in
OFF but not in ON.47 These results highlight the need
to test for FOG in OFF, and ideally in OFF + ON.

Furthermore, we found that the impact of medica-
tion on FOG-severity depended on the task. While
medication intake reduced the %TF overall, TUG
ST, TUG DT and Personalized hotspot were particu-
larly responsive to medication. In contrast, 360◦ turns
ST and Hotspot door were less responsive. Relat-
edly, the optimal protocol showed lower reliability to
assess medication effects (see Supplementary Mate-
rial 7). Therefore, studies aimed at determining
patients’ responsiveness to medication46,48,49 may
find stronger differences with a protocol optimized
for that goal.

Overall, high sensitivity as well as high reliability
for FOG-presence could be achieved by using only 1
task (360◦ turns DT in OFF or OFF + ON). However,
results on test-retest reliability of FOG-severity were
mixed. Mean �%TF was close to zero, reflecting no
directional bias over time, but Bland-Altman plots
showed wide limits of agreement. Further, relative
and absolute reliability were differently impacted, as
the most sensitive conditions (360◦ turns ST, 360◦
turns DT) showed better ICCs yet worse MDCs, and
vice versa for the least sensitive conditions (4MW,
TUG ST, TUG DT). Indeed, the MDC directly reflects
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the absolute within-subject error, which is expected
to depend on the sensitivity40 (recall Fig. 2). Note
that the ICC has been criticized for its dependence on
the sample variance and limited generalizability.39,40

Therefore, we evaluated the MDC relative to sensi-
tivity, which revealed that only 360◦ turns conditions
in OFF and in OFF + ON had an MDC index
below 1.

Our third objective was to determine the opti-
mal protocol, which in our sample comprised of
TUG ST, 360◦ turns ST, 360◦ turns DT and Hotspot
door. This optimal protocol had better outcomes
compared to individual tasks and compared to all
tasks combined, showing the importance of select-
ing appropriate tasks. The inclusion of TUG ST is
rather surprising given that TUG DT had better sen-
sitivity and reliability. We speculate that TUG DT
may have provoked FOG in a similar way to 360◦
turns DT, thereby adding less unique information to
the outcome compared to the TUG ST. Importantly,
even for the optimal protocol, the MDC was still high,
indicating that small-to-moderate intervention effects
may not exceed the measurement error. However, it
should be noted that we calculated the MDC based on
the 95% CI, which some argue is too stringent.39,40

We emphasize the need for further optimization of
FOG-measurement to improve the MDC and address
the limitations of the current study. Generalizability
of this study was limited by excluding freezers with-
out daily FOG. Therefore, success of freezer-status
identification likely reflected an overestimation com-
pared to the general patient population. Test-retest
reliability may have been affected by the limited
sample size in the reliability cohort and the fixed
order of conditions. For future reliability studies, we
recommend using a counterbalanced or randomized
order of conditions, also accounting for the possible
effects of fatigue, and this in a large sample including
both mild and severe freezers. Finally, our tasks did
not include an anxiety or stress-provoking condition
(limbic FOG-trigger).42

Future work should also examine sensitivity to
change, either in response to an intervention or over
a longer period of time to capture disease progres-
sion and to more fully assess the utility of these
FOG-provoking tasks. One approach to reducing the
variability in %TF over time may be to account for
possible confounding factors such as disease progres-
sion, medication efficacy, sleep quality, cognition,
anxiety, and fatigue, whether over shorter or longer
timescales. Moreover, the clinically meaningful or
important change of %TF is presently unknown and

requires further investigation. This might not be evi-
dent from a patient perspective, which does not
always correspond to clinician-ratings of change.50

Although a home protocol is likely to facilitate patient
inclusion, reduce patient burden and limit dropout,
our study raises the question whether performing
these tasks in a lab environment would offer better
reliability. Reliability of FOG might also be improved
by implementing a fixed task duration. For example,
the 360◦ turns used in this study consisted of 4 turns,
which sometimes had a short duration for people
with mild FOG, yet required a cut-off for feasibility
in very severe freezers. Thus, using a 1-minute task
could give mild freezers more opportunity to freeze,
while eliminating the need for arbitrary cut-offs in
severe freezers. Further, despite the excellent inter-
rater reliability of %TF, some tasks and 360◦ turns
in particular are very difficult and time-consuming
to annotate. Work is currently ongoing to improve
FOG-definitions,6,51 which may increase accuracy
and possibly reliability of FOG-outcomes in future
studies. Still, FOG-annotation is not straightforward
to implement in clinical practice. Future studies may
validate clinical rating scales based on this protocol
against %TF, or take advantage of artificial intelli-
gence to automatize FOG-annotation.52

Based on the present results, we recommend using
TUG ST, 360◦ turns ST, 360◦ turns DT and Hotspot
door as the optimal FOG-provoking protocol. Con-
ducting measurement in OFF + ON is preferred as
it provided the lowest MDC, despite adding bur-
den to study resources and patients. This protocol
was feasible in severe freezers when performed at
home. Note that very mild freezers may not show
FOG even during a highly sensitive protocol. There-
fore, visual observation of FOG-presence during the
FOG-provoking protocol is best utilized to increase
specificity of self-reported freezer-status, rather than
to replace it.53 In conclusion, we have taken an
important step towards the improvement of FOG-
assessment by determining the test-retest reliability
of various FOG-provoking tasks in OFF and ON and
providing specific recommendations. However, the
high MDC underscores the need for further develop-
ments to achieve FOG outcomes that are sufficiently
responsive to intervention effects.
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