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A B S T R A C T

Background: Turning is impaired in people with Parkinson’s Disease (PD) and it is a common trigger for freezing
of gait (FoG). Recent evidence suggests that people with PD who freeze (PD+FoG) have worse turning per-
formance than those who don’t have freezing (non-freezers, PD-FoG), and the freezing episodes are exacerbated
by increasing the turn angular amplitude.
Research question: We investigated the difference between turning 180° while walking versus turning 360° in
place, in both single- and dual-task conditions, by means of objective measures in people with PD with and
without FoG.
Methods: Twenty-four PD+FoG and eighteen PD-FoG performed 180° turns while walking and 360° turns in
place during single- and dual-task conditions. Quantitative measures of turning and the dual-task cost were
computed. Differences were investigated between groups and within turning types using ANOVA. Associations
between turn measures and clinical scales were examined with Spearman correlations.
Results: Turn duration and the number of steps were greater, and peak angular velocity slower, in PD+FoG
compared to PD-FoG (p < 0.001). Dual-task costs were similar across groups, but turn duration showed sig-
nificant interaction (p=0.03). Posture Instability and Gait Disability (PIGD) subscore was associated with all
turn measures in PD-FoG; whereas PIGD was mainly associated with turning while walking in PD+FoG.
Significance: Objective measures of turning revealed differences between people with and without FoG, speci-
fically, people with FoG showed more impairments in 360° turning in place compared to 180° turning while
walking. However, as the turning challenges were increased by adding a dual-task, results from PD+FoG were
similar to those from PD-FoG.

1. Introduction

Parkinson’s disease (PD) is one of the most common neurodegen-
erative disorders [1]. Over 80% of people with PD eventually develop
freezing of gait (FoG), a sudden and transient failure to initiate or
maintain locomotion [2]. FoG is an episodic phenomenon of con-
troversial pathophysiology, and the episodes are usually triggered by
specific situations, for example turning, crowded spaces, initiating
walking, walking through narrow passages, or approaching a destina-
tion [3,4].

Besides specific motor tasks, another common trigger for FoG is the
addition of a concurrent cognitive challenge while walking or turning,
often referred as a dual-task (DT). In fact, the addition of a concurrent
cognitive challenge has been found to further impair the motor per-
formance in people with PD and FoG (PD+FoG) compared to people

with PD who do not experience FoG (PD-FoG) [5]. Specifically, recent
studies showed that the DT cost for stride length, cadence and gait
speed during straight walking was significantly increased in PD+FoG
compared to PD-FoG [6–10]. However, the impact of DT on turning
performance in PD+FoG is still controversial and turning may be a
stronger trigger for FoG than DT [8]. Spildooren et al. found a sig-
nificant increase of the number of FoG episodes when turning while
walking with a DT, but only for 360° turns, not during 180° turns [8]. In
addition, DeSouza et al., showed no differences in objective measures of
180° turning while walking (duration and peak velocity) during single-
task turning compared to dual-task turning in PD+FoG [6].

Interestingly, the amplitude of turning seems to play a role in eli-
citing FoG, at least in the clinic or laboratory settings, where FoG epi-
sodes occur more rarely than in daily life [1,2,4,11]. In fact, it has been
described that the execution of sharper turns while walking,
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characterized by a smaller turning radii and greater angular amplitude,
tend to elicit more freezing episodes compared to turns at smaller an-
gles, decreasing turning angle or increasing turning arc length
[8,11,12]. Specifically, Mancini and colleagues, and Snijders and col-
leagues, showed that repeated 360° turns in place were more effective
in eliciting FoG compared to 180° or 360° turns while walking [4,13]. A
recent systematic review, focused on the differences in turning between
PD+FoG and PD-FoG, shows that PD+FoG, in the absence of FoG
episodes, take longer to turn, have a lower turn peak velocity, and take
more steps to turn at a higher cadence compared to PD-FoG [14]. Al-
though the comparison between different tasks, such as turning 360° in
place and 180° while walking may seem obvious, since many reports
excluded turns with the presence of FoG from analysis, it is still unclear
which combination of turns (180° or 360°) and task (single- or dual-
task) would increase FoG occurrence and why that would be. In addi-
tion, small evidence exists on which behavioral characteristics of
turning and which turn amplitude would differ the most among PD
+FoG and PD-FoG even in absence of FoG.

As turning is thought to require more coupling of posture and
stepping, and more cognitive control compared to straight ahead gait
[7,15,16], we expect that 360° turning in place with a cognitive chal-
lenge would be more difficult for PD+FoG than PD-FoG, and that the
DT condition would elicit more freezing episodes in PD+FoG than
single task condition. Therefore, our aims were: 1) to quantify and
compare kinematic differences in PD+FoG and PD-FoG while per-
forming both 180° turning while walking and 360° turning in place, and
2) to determine whether a concurrent dual task similarly impacts the
two different turning tasks in PD+FoG and PD-FoG.

2. Methods

2.1. Participants

Forty-two subjects with idiopathic PD were recruited through the
Parkinson’s Center of Oregon clinic at Oregon Health & Science
University (OHSU). Based on the first question of the New FoG
Questionnaire (NFOG-Q) [17] -“Have you experienced FoG in the past
month?”- PD subjects were divided in two groups. Twenty-four subjects
(19M, 5 F) answered ‘yes’ and were classified as freezers (PD+FoG),
while eighteen subjects (14M, 4 F) answered no, and were assigned to
the non-freezers (PD-FoG) group. Subjects’ characteristics and clinical
scores are reported in Table 1.

Inclusion criteria were: diagnosis of idiopathic PD with sensitivity to
levodopa and off-medication Hoehn & Yahr scores of II-IV. Exclusion
criteria: Other factors affecting gait (e.g., hip replacement, muscu-
loskeletal disorder, uncorrected vision or vestibular problem), inability
to stand or walk for 2min at a time, or inability to follow instructions.

All participants provided informed written consent to the protocol
approved by the OHSU Institutional Review Board.

2.2. Procedures

All the participants were tested in the practical defined OFF state
(after withdrawing their antiparkinsonian medication for at least 12 h),
since FoG occurs more in the OFF levodopa medication. A trained ex-
aminer (MM) administered the motor section (Part III) of the MDS-
UPDRS [18] to rate disease severity. The Posture Instability and Gait
Disability (PIGD) sub-score was also calculated from the MDS-UPDRS
Part III [19]. The Montreal Cognitive Assessment (MoCA) was used to
assess general cognition [20], and the perceived severity of FoG was
recorded by means of the NFOG-Q [17].

Participants performed a series of motor tasks while wearing three
inertial sensors (Opals - APDM, Inc.) positioned on both feet (dorsally)
and on the back (approximately at the level of L5). Each individual was
asked to perform the following trials sequentially: i) 360° turning in
place, single task, consisting of alternating 360° axial rotations clock-
wise and counter-clockwise for one minute; ii) 360° turning in place
with a dual-task; iii) 180° turning while walking, as part of a two
minutes long walk, where the subjects walked straight ahead for 7m at
a comfortable speed, turned around and continued walking in the op-
posite direction continuously for two minutes; iv) 180° turning while
walking with a dual-task.

The concurrent dual tasks used for turning in place and turning
while walking were different to avoid potential learning effects.
Specifically, for turning in place the dual-task consisted in serial sub-
tractions by 3 s, while for turning while walking the dual-task consisted
in reciting the alphabet skipping every other letter (A, C, E, etc.). In the
DT condition, no instructions were given on whether to pay more at-
tention to the motor or cognitive task.

The signals from the Opal units were recorded at 128 Hz, streamed
wirelessly to a laptop and stored for subsequent offline analysis with
Matlab (MathWorks. R2016a).

2.3. Data analysis

For the present analysis, we focused only on the first turn for all
trials to avoid mixing the first turn with compensatory strategies that
participants might adopt in the following turns. Data from the three
sensors were processed separately for each trial in order to auto-
matically identify the turning tasks. Detailed procedure to extract turns
are described in [21]. Briefly, for the turning while walking task, a
threshold approach on the low-pass filtered (Butterworth, 15 Hz) ver-
tical angular velocity recorded on the low back determined instants of
turn beginning and ending [22]. For the turning in place task, a method
based on magnetometer readings and angular velocity (lower back
sensor) was implemented: low-pass filtered (Butterworth, 1 Hz) planar
components of the magnetometer signals were used to detect an in-
version of the local magnetic field and thus isolate a turn. For each
detected turn, the preceding and following zero-crossings of the fil-
tered, offset-free vertical angular velocity were used as turn beginning
and ending instants.

Then, the following quantitative measures were computed for the
first turn in each trial: - Turn Duration (s), calculated as the interval of
time from the beginning to the ending of the turn; - Number of Steps,
combined right and left steps during the turn [23]; - Turn Peak Velocity
(degrees/s), calculated as the maximum peak amplitude in the vertical
angular velocity; - Turn Jerk (Integrated squared jerk, m2/ s5), calcu-
lated as the integral of the squared time derivative of the linear accel-
eration, used to quantify fluidity of turning in both anteroposterior (AP)
and mediolateral (ML) directions; and - Turn Range of acceleration (m/
s2), calculated as the difference between maximum and minimum linear
acceleration for both ML and AP directions.

The dual-task cost (DT cost) was calculated as DT cost [%]= 100*
(DT turning measure – ST turning measure) / ST turning measure.

The video recordings of the trials were reviewed to assess presence
of FoG by a trained researcher (MM) blinded to group allocation.

Table 1
Subjects characteristics in people with PD with (PD+FoG) and without (PD-
FoG) Freezing of Gait (Mean ± STD).

PD-FOG PD+FOG p-value

Age (years) 70.3 ± 6.8 69.2 ± 7.1
Gender 14M 4 F 19M 5 F
NFoG - Q (score) – 16.5 ± 6.0
Disease Duration (years) 7.7 ± 4.3 8.7 ± 6.2 0.58
MDS-UPDRS III 43.6 ± 11.3 45.8 ± 12.1 0.56
PIGD subscore 3.8 ± 2.5 7.6 ± 3.7 < 0.01
MoCA 26.2 ± 3.3 24.9 ± 4.9 0.35

p-value is reported for t-test between PD+FoG and PD-FoG.
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Participants’ FoG severity was rated according to the criteria described
by Schaafsma et al. [24].

2.4. Statistical analyses

A two-way (groups× turns) repeated measures analysis of variance
(ANOVA) was used to investigate the difference in objective measures
between groups (PD+FoG/PD-FoG) and within turning tasks (180°
while walking/360° in place). Since turn jerk, turn duration and step
number distributions were not normally distributed, for the ANOVA
analysis the data were transformed into logarithmic scale. Similarly, a
two-way ANOVA was used to investigate the difference in DT cost be-
tween groups (PD+FoG/PD-FoG) and within turn tasks (180° while
walking/360° in place). In addition, for the PD+FoG group, turn
measures obtained in trials with observed FoG were compared to those
obtained in trials without FoG episodes by means of a t-test (for all
turning tasks except for 360° in place DT condition, due to unbalanced
distributions).

Non-parametric (Spearman) correlations were performed to in-
vestigate the associations between objective measures of turning and
clinical scales. Correlation analyses were run considering the two
groups both separately and together. Statistical significance was set at
p < 0.05. SPSS (IBM V.23) was used to run statistical analyses.

3. Results

3.1. Turning characteristics for 180° turning while walking and 360°
turning in place in PD+FoG and PD-FoG

As expected, turn duration was longer for the 360° turning in place
compared to the 180° turning while walking in both PD+FoG and PD-
FoG (significant turn effect: F= 159.22, p < 0.001). PD+FoG took a
longer time to complete both turns compared to PD-FoG (group effect:
F= 18.62, p < 0.001), see Table 2 and Fig. 1. In addition, the sig-
nificant interaction effect on turn duration (F= 6.68, p= 0.01) in-
dicates that the increase in turn duration in the 360° turn compared to
180° while walking was different in PD+FoG compared to PD-FoG.

The number of steps showed similar significant results, specifically:
i) a significant difference between groups (F=19.38, p < 0.001) with
PD+FoG taking more steps compared to PD-FoG; ii) a significant dif-
ference in turning task (F= 159.23, p < 0.001), with the turning in
place requiring more steps than turning while walking; iii) a significant
interaction effect (F= 9.37, p < 0.001) with PD+FoG requiring sig-
nificantly more steps in the 360° turning in place than 180° turning
while walking compared to PD-FoG.

In addition, PD+FoG group had lower peak velocity to perform

both turn types compared to PD-FoG (group effect: F= 14.67,
p < 0.001), Table 2 and Fig. 1.

The anteroposterior range of acceleration while turning was similar
in PD-FoG and PD+FoG (F=2.69, p= 0.11), however, it was sig-
nificantly lower for the turning in place compared to turning while
walking (F=7.87, p=0.01) Table 2 and Fig. 1. Likewise, the medio-
lateral range of acceleration while turning was similar in PD-FoG and
PD+FoG and, even though the mediolateral range of acceleration was
larger during turning in place compared to turning while walking in PD
+FoG, there was no statistically significant interaction (F=0.30,
p=0.59).

Lastly, turn jerk was similar across groups, but showed an increase
from turning 180° while walking to turning 360° in place both in
anteroposterior (F= 5.08, p=0.03) and mediolateral directions
(F=29.12, p < 0.001); see Table 2 and Fig. 1. The increase ap-
proached significance, only in the PD+FoG group, in the ante-
roposterior (F= 3.62, p=0.07) direction, but not in the mediolateral
(F= 1.17, p=0.29) direction.

3.2. DT cost effects on turning in PD+FoG and PD-FoG

The DT cost of turn duration, number of steps, and turn peak ve-
locity showed significant differences for the turning in place compared
to the turning while walking. In fact, both PD+FoG and PD-FoG took
longer time, more steps, and slower peak velocity for the 360° turning
in place compared to 180° turning while walking (Table 3 and Fig. 2).
In addition, the increase in DT cost from turning while walking to
turning in place was larger in PD+FoG compared to PD-FoG, as showed
by the significant interaction effect (F= 4.97, p=0.03):

3.3. Associations between disease severity and quantitative measures of
turning

Correlations are detailed in Tables 4–6, supplementary material,
and a visual representation is depicted in Fig. 3. In the PD-FoG group,
the MDS-UPDRS III was not correlated to any measure for the turning
while walking task; while a higher (worse) MDS-UPDRS III was asso-
ciated with longer turn duration and greater number of steps for the
turning in place in place task (r> 0.55, p < 0.02). In the PD+FoG
group, a higher (worse) MDS-UPDRS III was associated with lower turn
peak velocity, higher turn duration, lower mediolateral and ante-
roposterior jerk and smaller mediolateral range of acceleration for
turning while walking (r> 0.44, p < 0.04); while it was not correlated
to any measure in the turning in place task.

In the PD-FoG group, the PIGD subscore was correlated to all the
turning measures (r> 0.51, p < 0.04) for both the turning tasks;

Table 2
Differences in turning performance in PD+FoG and PD-FoG for the two tasks (180° turn while walking and 360° turn in place).

Turn while walking Turn in place Group Turn Interaction

Mean ± sd Mean ± sd F-value p-value F-value p-value F-value p-value

Turn Duration (s) PD-FoG 2.55 ± 0.58 5.33 ± 3.88 18.62 <0.001 159.22 <0.001 6.68 0.01
PD+FoG 3.20 ± 0.75 8.45 ± 4.22

Number of Steps (N) PD-FoG 5.24 ± 1.18 9.92 ± 3.40 19.38 <0.001 159.23 <0.001 9.37 <0.001
PD+FoG 6.41 ± 1.31 19.48 ± 10.00

Peak Velocity (degrees/s) PD-FoG 143.87 ± 26.18 140.30 ± 40.87 14.67 <0.001 0.01 0.91 0.28 0.60
PD+FoG 106.77 ± 26.61 106.03 ± 30.62

ML Range (m/s2) PD-FoG 5.31 ± 1.64 5.09 ± 1.81 0.01 0.94 0.01 0.94 0.30 0.59
PD+FoG 5.14 ± 1.52 5.45 ± 1.78

AP Range (m/s2) PD-FoG 4.49 ± 1.46 3.70 ± 1.34 2.69 0.11 7.87 0.01 0.41 0.52
PD+FoG 3.77 ± 1.09 3.48 ± 0.94

ML Jerk (m2/s5) PD-FoG 3.43 ± 2.72 6.05 ± 5.90 0.80 0.38 29.12 <0.001 1.17 0.29
PD+FoG 4.01 ± 3.74 9.58 ± 9.36

AP Jerk (m2/s5) PD-FoG 2.06 ± 1.80 2.36 ± 2.12 0.34 0.56 5.08 0.03 3.62 0.07
PD+FoG 1.71 ± 1.17 4.57 ± 5.60

Significant differences (p < 0.05) for the ANOVA results are indicated in bold.
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specifically, a higher PIGD subscore was associated with longer turn
duration, greater number of steps, and lower turn peak velocity, jerk
and range of acceleration. Instead, in the PD+FoG group, a higher
PIGD subscore was significantly associated to longer turn duration,
greater number of steps, lower turn peak velocity, smaller range of
anteroposterior and mediolateral acceleration and lower mediolateral
jerk in the turning while walking task (r> 0.44, p < 0.04); while it
was associated with turn duration only for the turning in place
(r= 0.51, p=0.02).

Lastly, disease duration was not associated to any turning measure.

3.4. Turning characteristics in trials with and without observed FoG

During the turning while walking task, 6 out of 23 individuals in the
PD+FoG group showed freezing in the single-task condition and 8 out
of 23 showed freezing in the dual-task condition. One participant did
not allow video recordings, therefore we were not able to identify the
FOG episodes. Comparison are detailed in Table 7, supplementary
material.

Overall, the objective measures of turning while walking were

similar in the trials with and without observed FoG.
During turning in place, freezing was observed in 15 PD+FoG in the

single-task conditions and in 19 for the dual-task conditions. For the
single task turning in place, the number of steps, but not the turn
duration, was significantly larger in trials with observed FoG than in
trials without FoG episodes (p=0.01). Also, the mediolateral range of
acceleration (p= 0.02) and the mediolateral and anteroposterior jerk
(p= 0.02 and p= 0.04, respectively) were greater for trials with ob-
served FoG compared to the trials without FoG.

4. Discussion

This study aimed to characterize, by means of wearable inertial
sensors, 180° turning while walking and 360° turning in place in sub-
jects with PD with and without FoG and to investigate the changes in
turning performance with the addition of a concurrent dual task while
turning. In addition, we determined the association between disease
severity, measured by the MDS-UPDRS III and the PIGD, and quanti-
tative measures of turning. Lastly we compared turning characteristics
between trials with and without observed FoG.

Fig. 1. Mean and SEM of the objective measures in the single task condition for PD-FoG and PD+FoG (Turning while walking, 180° TWW; Turning in place, 360°
TIP).
AP= anteroposterior; deg= degrees, s= seconds, m=meters.

Table 3
Dual task cost differences of turning performance in PD+FoG and PD-FoG for the two tasks (180° turn while walking and 360° turn in place).

Turn while walking Turn in place Group Turn Interaction

Mean ± sd Mean ± sd F-value p-value F-value p-value F-value p-value

Turn Duration (s) PD-FoG 13.76 ± 22.03 23.69 ± 22.96 0.85 0.36 16.97 <0.001 4.97 0.03
PD+FoG 8.01 ± 19.06 53.86 ± 70.00

Number of Steps (N) PD-FoG 3.84 ± 15.94 20.78 ± 28.71 0.06 0.81 8.76 0.01 0.47 0.50
PD+FoG 4.00 ± 27.10 26.24 ± 35.60

Peak Velocity (degrees/s) PD-FoG −6.78 ± 13.29 −14.01 ± 11.65 0.68 0.42 12.19 <0.001 3.43 0.07
PD+FoG −4.42 ± 19.67 −21.84 ± 20.30

ML Range (m/s2) PD-FoG −6.47 ± 16.96 −8.71 ± 11.64 0.41 0.53 2.83 0.10 0.74 0.40
PD+FoG −8.31 ± 17.65 −14.14 ± 26.55

AP Range (m/s2) PD-FoG −6.87 ± 24.47 −8.89 ± 16.74 0.40 0.53 0.49 0.49 0.20 0.66
PD+FoG −7.88 ± 36.65 −15.24 ± 18.81

ML Jerk (m2/s5) PD-FoG −0.54 ± 33.45 5.56 ± 52.92 0.07 0.80 0.01 0.91 0.08 0.77
PD+FoG 1.73 ± 56.30 3.36 ± 56.60

AP Jerk (m2/s5) PD-FoG −19.54 ± 27.06 5.44 ± 46.87 0.24 0.63 2.13 0.15 0.01 0.92
PD+FoG −1.14 ± 92.93 6.62 ± 58.06

Significant differences (p < 0.05) for the ANOVA results are indicated in bold.
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4.1. Turning differences between 180° turning while walking and 360°
turning in place

When summarizing differences between PD+FoG and PD-FoG, we
found that PD+FoG took generally longer time to turn, turned at
slower peak velocity and needed more steps to complete a turn, but
showed similar range of acceleration during turning and a tendency for
higher jerk compared to PD-FoG. Our findings are in keeping with the
previous literature for the 180° turning while walking [6], however, for
the 360° turning in place, here we showed that peak velocity is sig-
nificantly lower in PD+FoG compared to PD-FoG, in partial disagree-
ment with previous findings [13], where this decrement did not reach
significance, even though a trend was observed. The range of accel-
eration while turning was similar in the two groups, as previously found
by [25] for mediolateral range. Similarly, a recent manuscript [26]
showed that the center of mass velocity did not show clear differences
between PD+FoG and PD-FoG during 180° turning while walking.

In both groups, as expected, 360° turning in place required longer
time and higher number of steps compared to 180° turning while
walking, but interestingly, similar peak velocity. The range of accel-
eration was also similar in both turning tasks in the mediolateral di-
rection, but greater for turning while walking in the anteroposterior
direction compared to turning in place. In addition, turning jerk was
greater during turning in place compared to turning while walking in
both the anteroposterior and mediolateral direction. While some of
these differences were observed in both PD-FoG and PD+FoG, turn
duration and number of steps showed a significant interaction effect,
suggesting that PD+FoG show further impairments when turning in
place compared to turning while walking compared to PD-FoG.

These findings are in keeping with other studies showing that PD
+FoG have more difficulties during turning in place compared to
turning while walking [8,14]. This result may partly be due the PD
+FoG group having more freezing episodes during the turning in place
task compared to the turning while walking task, resulting in an in-
crease in number of steps needed to complete the task.

The greater anteroposterior range of acceleration in 180° turning
while walking compared to 360° turning in place could be due the in-
trinsic characteristics of the turning tasks, since in the turning while
walking the subjects may be preparing to walk forward exiting from the
turn. In addition, turning jerk was higher for the turning in place
compared to the turning while walking task. In Mancini et al [24], that
measured turning in daily life, jerk and range of acceleration also did
not show any significant group x turn amplitude interaction, but an
interaction effect emerged when analyzing the coefficients of variation.

In the present study, to be more consistent across turning tasks, we only
analyzed the first turn and therefore we could not compute the coeffi-
cient of variation, that may have provided further insights.

4.2. DT cost effects on turning among PD+FoG and PD-FoG

Our findings suggest that turning in place may require a greater
cognitive effort compared to turning while walking, as indicated by the
greater DT cost of turn duration, number of steps and peak velocity for
the turning in place compared to turning while walking in both groups.
Additionally, the increase in DT cost of turn duration (and almost in
peak velocity) from turning while walking to turning in place was
greater in PD+FoG compared to PD-FoG (interaction effects). This re-
sult supports our hypothesis that turning in place with a cognitive
challenge would be more difficult in PD+FoG compared to PD-FoG. In
keeping with previous studies [6], our results showed that the DT cost
alone did not show a group effect.

4.3. Associations between disease severity and quantitative measures of
turning

The associations with clinical outcomes showed that worse severity
in the PIGD subscore, but not in the MDS-UPDRS part III or disease
duration, was significantly associated to worse turning performance in
the PD-FoG group, only for turning while walking. Interestingly, such
results were only partially replicated in the PD-FoG group. These results
highlight that the severity of axial symptoms and gait difficulties (re-
flected in the PIGD subscore), and not the general severity of the dis-
ease, have a direct impact on turning performance. Lastly, freezing may
be adding a different component to turning deficits not necessarily as-
sociated to severity of axial symptoms.

4.4. Turning characteristics in trials with and without FoG in the PD+FoG
group

Interestingly, the objective measures of turning while walking were
similar in trials with and without freezing episodes. Instead, we would
have expected some differences, specifically, we would expect turning
duration to be longer in those trials where freezing was observed. The
addition of the dual task lead to the same result for turning while
walking. However, for the turning in place, we observed significant
differences, specifically in the number of steps, in trials with FoG
compared to trial without FoG. These findings confirm previous work
showing that turning in place may pose additional difficulties compared

Fig. 2. Mean and SEM of the objective measures, dual-task cost in PD-FoG and PD+FoG (Turning while walking, 180° TWW; Turning in place, 360° TIP).
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to turning while walking, potentially related to difficulties in coupling
the coordination of postural control and gait [2,27,28].

Several limitations should be noted: i) we could not calculate a
cognitive DT cost due to focusing the analysis only on the first turn, ii)
the type of dual task was designed to be different for the turning tasks,
but it could have introduced a bias in the results, iii) we did not mea-
sure cognitive abilities which may have contributed to turning diffi-
culties, and iv) the lack of walking prior to the 360° turning in place
could contribute to our results.

In summary, we confirmed with quantitative measures that turning
in place is further compromised compared to turning while walking in
people with PD who experience FoG compared to people who do not
experience FoG, even in the absence of FoG episodes. We also showed
that turning 360° in place seemed to require further cognitive effort

compared to turning 180° while walking in people with FoG. Therefore,
our findings may suggest that the increased cognitive and biomecha-
nical demands of turning in place compared to turning while walking
may explain the increased likelihood of freezing during turning in
place.
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