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Abstract

Freezing of gait (FoG) is associated with less automatic gait and more impaired cognition, balance 

and postural transitions compared to people with PD who do not have FoG. However, it is 

unknown whether dual-task cost during postural sway, postural transitions (such as gait initiation 

and turning), and gait are more in subjects with Parkinson’s disease (PD) who have freezing of 

gait (FoG+) compared to those who do not have FoG (FoG−). Here, we hypothesized that the 

effects of a cognitive dual task on postural sway, postural transitions and gait would be larger in 

FoG+ than FoG−. Thirty FoG− and 24 FoG+ performed an Instrumented Stand and Walk test in 

OFF medication state, with and without a secondary cognitive task (serial subtraction by 3s). 

Measures of postural sway, gait initiation, turning, and walking were extracted using body-worn 

inertial sensors. FoG+ showed significantly larger dual task cost than FoG− for several gait 

metrics, but not during postural sway or postural transitions. During walking, FoG+ exhibited a 

larger dual task cost than FoG− resulting in shorter stride length and slower stride velocity. During 

standing, FoG+ showed a larger postural sway compared to FoG− and during gait initiation, FoG+, 

but not FoG−, showed a longer first step duration during the dual-task condition compared to 

single-task condition (interaction effect, p = 0.04). During turning, both groups showed a slower 

turn peak speed in the dual-task condition compared to single task condition. These findings partly 

support our hypothesis that dual task cost on walking is greater in FoG+ than FoG−.
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1. Introduction

Freezing of gait (FoG), defined as the “absence or marked reduction of the forward 

progression of the feet, despite the intention to walk” is a poorly understood phenomenon 

that eventually affects 80% of people with Parkinson’s disease (PD) [1]. FoG impairs quality 

of life [2], increases fall risk and results in lack of independence [3]. Freezing is more often 

triggered by postural transitions, such as step initiation or turning, than straight-ahead gait 

[4].

Subjects with PD and FoG (FoG+) usually present with more cognitive impairments 

compared to subjects with PD without FoG (FoG−), including deficits in executive function, 

attention, working memory and visuospatial domains that can interfere with mobility [5]. 

Gait and posture control are abilities that once learned should be automatic [1], meaning 

one’s attention does not need to be directed toward the details of the movement [6]. 

However, FoG+ may need cognitive input for control of gait and postural transitions to 

compensate for their loss of automatic control [7]. When cognitive attention is used to 

control gait and posture, a decline in ability to perform cognitive and motor tasks 

simultaneously, called dual-task cost, is larger [8]. Subjects with cognitive impairments may 

show a decline in dual-task ability, that are important for daily activities (crossing the street 

while attending to traffic, walking while talking, etc.), and functional independence [9].

It is unclear if postural sway and postural transitions, such as anticipatory postural 

adjustments (APAs) phase prior to gait initiation or changing direction while walking, are 

more or less automatic than ongoing gait, and thereby more or less affected by a secondary, 

dual task. A recent study from Tard et al. [10] showed that an attentional load in the 

anticipatory phase of gait initiation, represented by an auditory stimulus, caused a more 

frequent occurrence of inappropriate APAs (APAs not followed by step execution) in FoG+ 

compared to FoG− (ON medication) and older controls. Generally, subjects with PD release 

prolonged and reduced amplitude APAs due to reduced lateral shift of the body mass over 

the stance limb, and those with freezing of gait often show large, multiple APAs.

Differences between FoG− and FoG+ in gait characteristics during a cognitive dual-task 

have been previously investigated [13–15]. Results showed that FoG+ showed larger dual 

task costs during walking than FoG−, with greater increase in stride length, increase in 

number of steps and reduction of gait velocity [13,14]. FoG+ show worse postural control 

than FoG−, assessed with the Fullerton Advance Balance scale in the ON medication state 

[16]. However, there are no studies comparing dual task interference on postural transitions 

(turning and gait initiation) and postural sway between FoG− and FoG+.

Turning may be a less automatic task than straight ahead walking because it requires 

complex control of dynamic balance and sequential whole body coordination [17]. However, 

only one study [14] investigated the influence of a cognitive task while turning 180 and 360° 
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in FoG+ and FoG−. The authors found that only FoG+ needed more steps during the 

cognitive dual task to complete the turn, and took a longer time to complete the 180 degree-

turning with dual task. All 3 groups, including elderly control subjects, took a longer time to 

turn 360° with a dual task.

The current study compared the effects of a cognitive dual-task between FoG+ and FoG− 

during postural sway in standing, postural transitions, and straight-ahead gait. To our 

knowledge, this is the first study to compare dual task interference on a variety of motor 

tasks in the same subject group and the first study to compare dual task interference between 

FoG+ and FoG− in the OFF levodopa state. We hypothesized that dual task cost on postural 

sway, APAs, initial step characteristics, turning and walking will be larger in FoG+ 

compared to FoG−.

2. Methods

2.1. Subjects

Fifty-six subjects with PD subjects recruited through the Parkinson’s Center of Oregon at 

Oregon Health & Science University (OHSU) and VA Portland Health Care System 

(VAPORHCS). Subjects were excluded if they presented: neurological diseases other than 

PD, vestibular disorders, musculoskeletal impairments that could affect gait, and inability to 

stand and walk unassisted. Fifteen healthy elderly adults of similar age were recruited from 

the community. All participants provided informed consent approved by the OHSU 

Institutional Review Board.

2.2. Procedure

Testing was carried out in the practical OFF levodopa state (after at least 12 h withdrawal 

from their antiparkinson medication). Subjects with PD were clinically rated by a trained 

examiner on the Motor Section (III) of the Unified Parkinson’s Disease Rating Scale (MDS-

UPDRS) prior to the mobility assessment which consists of 23 items related to bradykinesia, 

rigidity, tremor and posture and gait signs rated on a 4-point scale [19]. The Posture 

Instability and Gait Disability subscore (PIGD) was also calculated from the MDS-UPDRS 

Part III [20].Balance function was clinically assessed with the mini-BESTest, a clinical test 

including 14 items (best score of 28) related to anticipatory and reactive postural control, 

sensory orientation, and dynamic gait [21]. General cognition was assessed with the 

Montreal Cognitive Assessment (MoCA).

Subjects with PD were divided into non-freezers (FoG−), N = 30, and freezers (FoG+), N = 

24 based on their answer to question 1 of the New Freezing of Gait Questionnaire 

(NFOGQ): “Have you experienced FoG in the past month?” [18].

2.3. Mobility assessment

Eight Opal inertial sensors (APDM, Inc) were worn on: both feet, shanks, wrists, chest, and 

posterior trunk at the level of L5 with elastic Velcro bands while the subjects performed the 

Instrumented Stand and Walk test (SAW) [11]. Inertial sensor data was collected and 

wirelessly streamed to a laptop for automatic generation of gait and balance metrics by 
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Mobility Lab software (APDM, Inc). In the SAW test, subjects are asked to stand quietly for 

30 s, instructed when to walk seven meters at their comfortable speed, turn 180°, and walk 

back. The test was performed first, without a secondary, cognitive task and then with a 

cognitive task, that consisted of serial subtraction by 3 s from either 223 (baseline, while 

they were seated) or 206 (during the cognitive task). In the dual task condition, no 

instructions were given on which task to prioritize. The tests were conducted by trained 

research assistants who walked behind and close to participants for safety.

To assess the cognitive task performance in the baseline condition, we recorded correct and 

incorrect responses that were generated in 60 s with a portable microphone on the subjects’ 

shirt. The same responses were recorded in the dual-task condition.

Based on good-to-excellent reliability [22,23], the following measures were used to assess 

postural sway, postural transitions and gait: 1) Postural sway: root mean square (RMS) and 

sway jerkiness (JERK) both in antero-posterior (AP) and medio-lateral (ML) directions 2) 

Step Initiation: APA peak amplitude in the AP and ML directions, APA duration, first step 

Range of Motion (ROM), and first step duration; 3) Turning: turning peak velocity and 

turning duration; 4) Walking: stride length and stride velocity. The first step at gait initiation 

and steps during turn were automatically excluded by the gait algorithm for the stride length 

and stride velocity measures.

To quantify subjects’ ability to execute two tasks concurrently, we calculated the dual task 

costs (DTC), for both motor and cognitive tasks. Dual-task cost in motor performance was 

calculated as DTC [%] = 100 * (dual-task motor measure – single-task motor measure)/

single-task motor measure. Dual-task cost in cognitive performance was calculated using the 

same equation considering the percentage of correct answers in serial subtraction while the 

subjects were seated (as a single-task cognitive measure) and the percentage of correct 

answers while performing the SAW with dual-task.

2.4. Statistical analysis

Data from the 15 control subjects were used as reference and not statistically compared with 

the 2 PD groups. Homogeneity of variance between the FoG+ and FoG− groups was verified 

using Levene’s test. To investigate the dual-task effects in postural sway, gait initiation, 

turning and walking we used a two-way (2 groups × 2 conditions) repeated measures 

analysis of variance (ANOVA) between groups (FoG+/FoG−) and within conditions (single 

task/dual task). To confirm the dual task effect, we performed a Student’s t-test (p < 0.05) in 

dual task cost motor measures. In addition, a Student’s t-test was also used to investigate 

differences in: age, MDS-UPDRS III, PIGD, mini-BESTest, MoCA, and dual-task cost in 

cognitive performance among FoG+ and FoG−. Statistical analyses were performed using 

SPSS (IBM V.22).

3. Results

3.1. Subject characteristics

No differences were observed between FoG− and FoG+ groups in age, severity of disease 

(assessed by MDS-UPDRS III), or general cognitive function (MoCA). Balance (mini-
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BESTest) and the PIGD subscore were significantly worse in FoG+ compared to FoG−. 

Table 1 summarizes the subjects’ characteristics.

3.2. Postural sway

FoG+ did not show larger dual task cost than FoG− during standing. A significant group 

effect was found for RMS AP (F = 4.69; p = 0.03), with larger sway dispersion in FoG+ 

compared to FoG−, but with no significant condition or interaction effect (See Table 2 and 

Fig. 1). No significant differences between groups or conditions were present for RMS ML, 

JERK-AP or JERK-ML.

3.3. Postural transitions

3.3.1. Gait initiation—The execution phase (first step characteristics), but not the 

anticipatory phase, of gait initiation showed larger dual task cost in FoG+ compared to FoG

−. A significant group x dual task condition interaction effect was observed for the first step 

duration (F = 5.26; p = 0.02) (Table 2 and Fig. 1), with a longer first step duration during the 

dual-task compared to single-task in FoG+, and an opposite trend in FoG−. However, no 

significant group (F = 0.02; p = 0.87) or condition effects (F = 1.39; p = 0.24) were 

observed. None of the other gait initiation measures (APA characteristics or First Step 

Length) showed a significant group, condition or interaction effect.

3.3.2. Turning—FoG+ did not show larger dual task cost than FoG− during turning. 

Significant group (F = 6.70; p = 0.012) and condition (F = 12.56; p = 0.001) effects were 

observed for turning peak speed, with slower turn speed in FoG+ compared to FoG−, and 

slower turn speed in the dual task condition compared to the single task condition (Table 2 

and Fig. 1). However, no significant interaction between group and dual task condition was 

found.

3.4. Gait

FoG+ showed larger dual task cost on walking than FoG−. Significant group, condition, and 

interaction effects were observed for Stride Length and Stride Velocity during straight-ahead 

gait (Table 2 and Fig. 1). Both FoG− and FoG+ showed significantly shorter step length and 

slower stride velocity during dual task compared to single task. In addition, FoG+ exhibited 

significant shorter stride length and slower stride velocity compared to FoG− both in single, 

and dual-task conditions.

3.5. Dual task cost in motor performance

Consistent with the ANOVA results, when running an independent t-test on the dual task 

cost, we observed that FoG+ showed a significantly larger dual-task cost compared to FoG− 

for: 1) first step duration (−0.80% versus 32.1%), (p = 0.030), 2) stride length (−8.313% 

versus −20.03%) (p = 0.005) and 3) stride velocity (−12.57% versus −25.95%) (p = 0.006). 

Similar dual-task costs for FoG+ and FoG− were observed for all the other metrics.
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3.6. Dual task cost in cognitive performance

We did not observe differences in dual task-cost during cognitive performance between 

groups (−2.2% versus 0.10%), (p = 0.7).

4. Discussion

This is the first study comparing the effects of a dual task on postural sway, postural 

transitions and walking in the same subjects. FoG+ showed a larger dual task costs than FoG

− while walking, but not during postural sway. The tests were performed in OFF state of 

levodopa since previous study of these laboratory [11] showed that dopamine replacement 

medication improves some gait and postural transition characteristics like stride length, 

stride duration, and APA size, while it worsens other measures such as postural sway, 

turning duration.

FoG+ showed larger dual task costs compared to FoG− on stride length (−20.68% versus 

−8.32%) and velocity (−27.24% and −12.57%) during walking. These interaction effects 

suggest that FoG+ require more attention than FoG− to generate large and fast steps, 

whether the first or ongoing steps, partly consistent with our hypothesis. However, the 

results did not support our hypothesis that dual task costs on postural sway and postural 

transitions (initiation and turning) would also be larger in FoG+ than FoG−.

4.1. Dual task cost on postural sway

Sway dispersion was not affected by the dual task in either FoG+ or FoG−, although the AP 

sway dispersion was larger in the FoG+ compared to FoG−. This is in keeping with recent 

findings showing impaired postural control in FoG+ compared to FoG− [16]. We 

hypothesized that sway dispersion or smoothness would be affected by dual task since 

executive and memory functions have been found to be related to postural instability 

assessed by the PIGD subscore [24]. However, although we found differences between 

groups in PIGD and in the MiniBESTest, we did not see a dual-task interference during 

postural sway in FoG+ compared to FoG−, which may be explained by the fact that both 

groups were cognitively intact, as the MoCA scores were similar.

4.2. Dual task cost on step initiation

FoG+ showed a larger dual task cost on first step duration compared to FoG−, with only 

FoG+ increasing the duration of their first step in the postural transition phase. The slowing 

of the first step in the FoG+ group with a dual task may represent start hesitation but no 

clinically apparent freezing. We did not find any difference in dual task cost on APA 

measures between groups and the other APA measures were similar in FoG+ and FoG−.

In agreement with our study, Roemmich et al. [25] did not find dual task interference in 

APAs in subjects with PD in the ON state, showing a possible posture over cognitive 

prioritization in PD compared to age-matched and younger adult control subjects, since 

subjects with PD gave less correct answers in cognitive task than young and older control 

subjects. We found no differences in APA magnitude and duration between FoG+ and FoG−, 

like a previous study [26]. However, other studies have described multiple APAs [27] and 
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APAs released at an inappropriate time on FoG+ [10]. Future studies should consider 

comparing multiple APAs and timing of APAs with a dual task in FoG+ compared to FoG−.

A potential confounder of our results on APAs is represented by the instructions we gave the 

subjects. For example, the examiner said the word ‘Walk’ to cue the subjects to start 

walking. This external command could have triggered a faster and more efficient preparation 

of the first step [26]. Also, the fact that the subjects were probably not actively subtracting 

while initiating a step or turning, because of the very short duration of these postural 

transitions, may have resulted in the similar APA observed in single and dual task 

conditions. We can consider these as two limitations of our study.

Although we didn’t find differences in APAs between FoG+ and FoG−, we found that only 

FoG+ increased the first step duration with a dual task. Locomotor network alterations 

associated in people with FoG+ may explain differences between groups. Compared to FoG

−, PD FoG+ have less white matter connections from the pedunculopon-tine nucleus to the 

cerebellar locomotor regions, thalamus, the supplementary motor area (SMA) and prefrontal 

cortex in the right hemisphere [7]. These pathways are thought to be responsible for 

response inhibition and gait initiation [7]. Moreover, left hemisphere-lateralized 

pedunculopontine nucleus tract volume in FoG+ is related to poorer performance in speed 

on tasks requiring the initiation of appropriate actions [28]. The SMA receives internal cues 

from the basal ganglia to coordinate anticipatory postural adjustments with step initiation. 

As PD progresses, SMA deteriorates and may lose its ability to sequence postural 

adjustments and stepping. Subjects in the early stage of PD compensate for basal ganglia 

dysfunction with greater functional connectivity between the subthalamic nucleus and SMA 

loop, which is not seen in individuals with FoG+ [7].

4.3. Dual task cost on turning

Individuals with FoG+ showed slower turning peak speed thant FoG−. Both FoG+ and FoG− 

reduced peak turning speed in the dual task conditions, compared to the single taskand 

turned similarly while turning and dual tasking. Contrary to our results, Spildoren et al. [14] 

found a significant dual-task cost in turning only in FoG+. Several differences between 

studies could explain this discrepancy: first, the FoG+ has worse cognitive function than the 

FoG− in the study by Spildoren et al., while in our study the MoCA score was similar 

between groups. Second, Spildoren et al. found the largest difference among FoG+ and FoG

− during a 360° turn, while here we are exclusively look at 180° turn preceded and followed 

by walking. Third, and this represent also a limitation of the current study, we did not 

provide specific instructions on prioritization for the dual task and subjects may have not 

been actively dual tasking for the short duration of the turn.

4.4. Dual-task cost on gait

FoG+ showed larger dual task costs than FoG− on stride length and stride velocity during 

walking. These interaction effects suggest that FoG+ require more attention than FoG− to 

generate large and fast steps, whether the first, or ongoing, steps. Other studies reported 

similar findings [13–15,29] and the majority of them attributed the worse gait performance 

under dual task to the so-called “posture-second” strategy [30]. Consistent with a “posture-
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second” strategy cognitive task errors in our study were the same when sitting and during the 

Stand and Walk test, suggesting that the cognitive task was prioritized over the posture task 

in FoG+. Similar to our results, a previous study showed that FoG+ exhibited a larger 

reduction in stride length than FoG− during a dual-task with similar number of errors in the 

choice reaction times in both groups [15].

Decreased performance in walking while simultaneously performing another task could 

indicate inability to quickly switch attention between the cognitive and walking tasks or lack 

of automaticity of the walking task. Impairments in prefrontal brain circuity in FoG+ 

compared to FoG− could explain differences in dual task cost between these groups. It has 

been proposed that the greater functional connectivity between the SMA and the MLR in 

FoG+ may be associated with increased cognitive control of gait [7]. Moreover, previous 

studies from our laboratory showed that dual-task interference (in stride length) was 

correlated with asymmetry of pedunculopontine nucleus structural connectivity only in FoG

+ [15].

4.5. Conclusions

This was the first study to compare dual task cost across different domains of balance and 

gait in FoG− and FoG+. FoG+ were more affected by the dual task than FoG− on first step 

duration and ongoing gait. These results emphasize the importance of including a dual-task 

paradigm in gait rehabilitation programs for PD and to practice gait initiation under dual 

task conditions in patients who have FoG+.
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Fig. 1. 
Main significant differences found in postural transitions and walking in subjects with PD 

without (FoG−) and with (FOG+) freezing of gait while performing the single task (dark 

bars) and dual task (lighter bars) Stand and Walk Test (SAW). Mean and SEM of healthy 

controls (dark grey shaded area for single task and light grey shaded area for dual task) are 

also reported for comparison, but not used for statistical analysis.+ indicates a significant 

group effect (p < 0.05); * indicates a significant condition effect (p < 0.05); and # indicates a 

significant interaction effect (p < 0.05). Sway Jerk shows close to significance grop and 

interaction effects at p = 0.05 (+) and (#)
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Table 1

Subjects demographics and clinical measures.

Measure Group Mean STD p-value

Age (years) FoG− 68.6 8.4 0.77

FoG+ 69.2 7.9

Gender FoG− 21M-9F –

FoG+ 21M-5F –

NFoG–Q (score) FoG− – –

FoG+ 14.3 6.4

Disease Severity (years) FoG− 6.3 4.1 0.52

FoG+ 8.3 5.3

Levodopa Equivalent Dose (mg/day) FoG− 711.1 360.8 0.10

FoG+ 875.5 1320.6

MDS-UPDRS III FoG− 38.7 9.0 0.09

FoG+ 43.1 10.0

PIGD subscore FoG− 4.5 2.8 0.01

FoG+ 6.8 3.8

mini-BEST FoG− 19.6 4.3 0.008

FoG+ 15.8 5.6

MoCA FoG− 25.0 3.2 0.75

FoG+ 24.9 4.2

Correct answers seated (%) FoG− 94.7 4.4 0.06

FoG+ 87.6 15.9

FoG− group (n = 30); FoG+ group (n = 26) Statistically significant differences are bolded.
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