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Abstract

Objective—To characterize anticipatory postural adjustments (APA) across a variety of step
initiation tasks in people with Parkinson’s disease (PD) and healthy control (HC).

Design—Cross-sectional study. Step initiation was analyzed during a) self-initiated gait, b)
perceptual cued gait, and c) compensatory forward stepping after platform perturbation. People
with PD were assessed On and Off levodopa.

Setting—University research laboratory.
Participants—PD (n=19) and healthy aged matched controls (n=12).
Interventions—Not applicable.

Main Outcome Measures—Medio-lateral (ML) size of APA (calculated from center of
pressure recordings), step kinematics and body alignment.

Results—With respect to self-initiated gait, the ML size of APAs were significantly larger during
the cued condition and significantly smaller during the compensatory condition (p<0.001). HC and
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patients with PD did not differ in body alignment during the stance phase prior to stepping. No
significant group effect was found for ML size of APA between HC and patients with PD.
However, the reduction in APA size from cued to compensatory stepping was significantly less
pronounced in PD Off Meds compared to HC, as indicated by a significant group by condition
interaction effect (p<0.01). No significant differences were found comparing PD patients in On
and Off meds.

Conclusions—Specific stepping conditions had a significant effect on the preparation and
execution of step initiation. Thus, APA size has to be interpreted with respect to the specific
stepping condition. Across-task changes in people with PD were less pronounced compared to
HC. Antiparkinsonian medication did not significantly improve step initiation in this mildly
affected PD cohort.
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step initiation; anticipatory postural adjustment; cue; compensatory; Parkinson’s disease

Introduction

Stepping from a stance position can occur during self-initiated gait or during compensatory
stepping, when a step may be necessary to prevent a fall after a loss of balance. An
anticipatory postural adjustment (APA) in preparation for a step involves a shift of the center
of pressure (COP) posteriorly and laterally towards the stepping leg and causes the center of
mass (COM) to accelerate forward and laterally towards the stance leg [1, 2]. APAs are
typically reported during voluntary step initiation. However, the initiation of the first step is
possible without performing any APA [3, 4] since a forward fall of the body can be initiated
from normal postural sway during upright stance, without moving the COP posteriorly or
laterally. [2]. In fact, Maki & colleagues showed that during compensatory stepping, healthy
adults often do not exhibit APAs, as APAs could delay time of step initiation [5].

During gait initiation, the anterior-posterior (AP) size of APA is related to gait velocity [6],
indicating that a larger posterior movement of the COP generates a higher moment of force
and COM acceleration. Furthermore, the peak distance between the COP and the vertical
projection of the COM to the ground is associated with improved dynamic postural control
[7, 8]. Therefore, during self-initiated gait initiation a large APA is associated with better
motor performance as it results in larger gait velocity and is related to improved postural
control.

However, when gait initiation has to be performed quickly, as during compensatory stepping
after a loss of balance, the performance of large APAs might be too time consuming so
smaller or no APAs might be more beneficial to initiate the first step as quickly as possible
[3, 4, 9]. During compensatory stepping, the first step needs to be performed within a limited
temporal window and small or even no APA might be necessary to avoid a fall. Therefore,
whether APAs are beneficial or detrimental may depend on the stepping condition [5].

Parkinsonian gait has been characterized as bradykinetic and unstable [10-12]. Analyzing
APAs and step initiation of people with PD can help identify whether APAs are contributing
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to these stepping impairments. During self-initiated stepping patients with PD often exhibit
hypometric APAs with a longer duration, larger step latency and reduced step speed in
comparison to healthy control (HC) and this has been shown for self-initiated stepping in a
comfortable pace and self-initiated stepping as quickly as possible [2, 13-17]. The
difference in size of APAs in PD compared to HC is even more pronounced when initiating
gait from a wide stance position compared to a narrow stance position [14]. One study found
slightly differing results, showing that APA size in people with PD Off levodopa exhibited
similar APA size to healthy adults prior to self-initiated gait when APAs are normalized to
gait velocity [2]. Initiating gait in a comfortable pace after a cue increases the size of APA in
both PD (On and Off levodopa) and HC subjects compared to a non-cued condition [15, 18].
During compensatory stepping in response to a perturbation, HC typically step with no or
only a single APA whereas subjects with PD often use multiple APAs [3, 4]. Interestingly,
while levodopa significantly increases the size [14, 15] and reduces the duration [15] of
APASs during voluntary gait initiation, levodopa had little effect on the size of APAs during
compensatory stepping [3, 14].

These previous studies provide considerable insight into APA impairments in people with
PD. However, a direct comparison of the execution of APAs during different stepping
conditions (self-initiated vs. cued vs. compensatory) has not been conducted so far and
different methodological approaches limit the comparability of the results across existing
studies. A more thorough characterization of altered APAs during different stepping
conditions is necessary to identify potential rehabilitation targets.

This study has three aims. First, we characterize APAs across several gait initiation tasks
(i.e. self-initiated, cued and compensatory stepping). We hypothesized that the size of APA
will be smaller during compensatory stepping due to the limited temporal window to
perform a step in comparison to the self-initiated and cued condition. Second, we will
determine the degree to which PD affects APAs prior to each task by comparing HC with
patients with PD. We hypothesized that patients with PD will exhibit smaller APAs during
the self-initiated and cued condition and larger APAs during compensatory stepping
compared to HC. Third, the effect of levodopa on step initiation during self-initiated, cued
and compensatory stepping will be analyzed. We hypothesize that the dopaminergic
medication will improve the conduction of stepping during voluntary and cued, but not
during compensatory stepping that is externally triggered.

Methods

Participants

Twelve HC and 19 subjects with PD participated. Subjects with PD patients were diagnosed
according Brain Bank Criteria for PD [19]. The following exclusion criteria were applied:
any known neurological disorders other than PD, deep brain stimulation (PD patients only)
and orthopedic injuries that interfere with gait or balance. Postural control was assessed with
the Mini-Balance Evaluation Systems Test (Mini-BESTest) [20, 21]. The Montreal
Cognitive Assessment (MoCA) was performed to estimate cognitive impairments.
Furthermore, PD subjects’ disease severity was assessed with the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) part 3 [22]. Freezing of gait was assessed with the
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New Freezing of Gait Questionnaire [23] (patients were considered to be a freezer if they
answered ‘yes’ at item 1). The study protocol was approved by the local ethics committee
and all patients gave written informed consent prior to participating.

Testing Procedure

Subjects with PD were assessed during the OFF state of medication, i.e. after withdrawal
from all anti-parkinsonian medication for at least 12 hours, and under the ON state of
medication, i.e. within 2 hours of taking levodopa. These two sessions occurred over two
days and the order of testing was counterbalanced.

Participants stood on 2 computer/servo-controlled hydraulic platforms. Step initiation was
assessed during the following conditions: (a) self-initiated, (b) cued and (c) compensatory
stepping. (a) For self-initiated stepping subjects were instructed to initiate gait whenever
they were ready and with a comfortable speed. (b) For the cued condition, a small
translational platform perturbation (6¢cm, 4cm/s) served as a perceptual cue. Participants
were instructed to initiate gait as soon as they felt the cue. Despite the small and slow
perturbation speed, all participants were able to identify platform movement. (c)
Compensatory stepping was assessed during backward translational perturbations (15cm at
56cm/s) of the support surface causing the subjects to step forward. During the
compensatory stepping, participants were instructed that the ground would move under their
feet and were asked to do their best to maintain balance without anticipating the direction of
movement. All participants required at least one compensatory step to maintain balance in
response to these perturbations. The onset of perturbation was randomized between 2 and 10
seconds after the participant had taken the initial stance position. Forward perturbations
were intermixed with backward perturbations to ensure participants were not anticipating the
direction of movement. The order of forward and backward perturbation was randomized
but for all subjects the same. 14 perturbations, delivered in each direction (forward,
backward, leftward, and rightward), were administered prior to protective step perturbations
to reduce the “first trial” effects.

Data were collected as part of a larger project assessing voluntary and reactive stepping in
people with PD [24]. As part of this collection, feet were placed close together, but not
touching, for all stepping conditions. During all conditions, participants were instructed to
rest arms naturally at their sides with eyes open. Starting foot position was held constant
across trials and participants. Five trials of stepping were recorded for the voluntary and
cued condition, respectively. Ten trials were captured for the backward and forward reactive
stepping, respectively.

Outcome measures

The size of APA prior to stepping was assessed by analyzing the center of pressure (COP)
excursion during step initiation. Subjects stood on 2 independent force plates, one plate
under each foot. The plates captured with a frequency of 480 Hz and the data were low pass
filtered at 20 Hz with a 4™ order Butterworth filter. Due to the variation of the anterio-
posterior (AP) COP signal caused by the platform movements during the cued and
compensatory condition, only medio-lateral (ML) APAs were analyzed for all conditions.
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APA detection began 75ms after platform movement (for cued and compensatory trials, or
when the velocity of the center of mass reached 0.1m/s in the direction of the swing foot (for
voluntary stepping trials). APA detection ceased at step initiation, defined as toe off,
measured by the force plates. The ML size of APA was defined as the maximal ML distance
from two consecutive local COP peaks towards the stepping leg (figure 1).

After tracking the data with the motion analysis software (Motion Analysis Corporation,
Santa Rosa, California)?, the 3D body markers position were analyzed with a custom made
Matlab algorithm (R2016a)P. Step length (distance between the left and right heel markers at
the moment of first foot contact), step duration (time from toe off to first foot contact), and
step velocity (step length/step duration) of the first step were calculated. Body alignment
prior to step initiation was analyzed by comparing the hip (angle of the knee-, hip- and
shoulder markers), knee (angle of the ankle-, knee- and hip-markers) and ankle (angle of the
5th metatarsal-, ankle- and knee markers) angles of PD and HC subjects. Position of the
center of mass of each segment was calculated using segment kinematics and
anthropometric data from 36 reflective markers placed on anatomic landmarks and summed
to establish the position of whole-body center of mass [25, 26]. The center of gravity
position was then calculated as the vertical projection of the center of mass to the ground,
and analyzed in relation to foot position (AP: % of foot length; ML: % of distance between
left and right marker at 5th metatarsal). Capture frequency was 120 Hz and data were
filtered with a 4™ order Butterworth low pass filter with a frequency of 5 Hz.

Statistical Analysis

Results

For statistical analysis SPSS (version 23)¢ was used. Independent sample Student’s T-Test
was conducted to compare participant characteristics of both groups. X2-Test was used to
test the gender distribution. The distributions of the data were analyzed and a logarithmic or
square root transformation was used if the data were not normally distributed. For study aim
| a one-way repeated measure ANOVA with dependent samples T-Test as post-hoc tests
were conducted within the healthy control subjects to analyze the effect of stepping
condition on the execution of step initiation. To analyze the effect of Parkinson’s disease
(study aim 11) a mixed measures ANOVA (between subject: PD vs. HC; within subject:
stepping condition) with independent samples T-Tests as post-hoc tests were used. The effect
of medication on stepping (study aim I11) was analyzed with a repeated measures ANOVA
within the PD group (factor 1: medication state; factor 2: stepping condition). The
magnitude of adaptive change between two stepping conditions was correlated to different
baseline variables with Spearman’s rank correlation. The pre-defined level of significance
was set at p<0.05. A Bonferroni correction was used for multiple comparisons.

Effects of different conditions on stepping

The different stepping conditions had a significant effect on ML size of APA, step length
and step duration in HC subjects (p<0.0001; figure 2). Specifically, the ML APA amplitude
significantly increased (p<0.001) from the self-initiated to the cued condition and
significantly decreased (p<0.0001) when performing compensatory steps (figure 2A).
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During compensatory stepping, step length and step duration were significantly reduced
compared to the self-initiated and cued condition (p<0.001) (figure 2). Step velocity did not
differ among the stepping conditions. See supplemental material online for further details.

Effect of PD on stepping

No significant differences in participant characteristics were found between groups (table 1).
There were no significant differences in height in PD and HC (PD: 168.6¢cm (SD 10.3); HC:
166.2cm (SD 9.2); p=0.53). The initial stance position prior to step initiation (hip-, knee-,
ankle angles and average center of gravity position related to foot position) were also not
different between groups (see supplemental material online).

When people with PD (Off levodopa) were compared to healthy adults, a significant
interaction effect was found for ML size of APA (p<0.01; Table 2; Figure 3A).

Post-hoc comparisons confirmed this interaction, indicating that HC exhibited a more
pronounced decrease in ML APA size from the cued to the compensatory stepping condition
compared to PD (p<0.01) (Med OFF) (figure 3A). HC also exhibited a more pronounced
increase in step velocity than people with PD (p<0.01; figure 3C). No significant group or
interaction effect was found for step length and step duration. Although 7 of the patients
with PD reported freezing of gait (FOG) during daily life, none of the patients with PD
exhibited FOG during the assessment. Excluding the PD patients with FOG from the
analysis did not change the results of the comparison between HC and PD patients.

The correlation between the magnitude of adaptive change of two stepping condition and
different baseline variables within the PD group is shown in table 3.

Effect of levodopa on stepping

No significant effect of medication was found on ML size of APA, step length, step velocity
and step duration when comparing PD patients in the On state of medication versus Off state
of medication (table 4).

Discussion

This study provides a direct comparison of step execution during self-initiated, cued and
compensatory stepping in healthy adults and patients with PD on and off levodopa. We
observed three primary results, corresponding to each of our study aims. First, stepping
condition significantly affected size of APA, step length and step duration. Specifically,
compared to self-initiated gait, step initiation with a perceptual cue increases the size of ML
APAs, while step initiation via balance recovery (i.e. compensatory steps) occurred with
almost no APA. Step length and step duration were also reduced during compensatory
stepping, indicating that, as noted previously, the limited temporal window during which a
reactive step has to occur to avoid a fall does not allow a complete weight shift of the center
of mass towards the stance leg [5]. Compensatory steps are performed as a quick lift of the
stepping foot requiring explosive rate of force development whereas self-initiated and cued
steps are a results of a coordinated weight shift of the center of mass towards the stance leg.
The size of an APA must be interpreted with respect to the specific stepping condition.
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Study aim Il focused on the effect of Parkinson’s disease on step initiation. Our results show
that patients with PD Off levodopa adapt the ML size of APAs to the different stepping
conditions with the same pattern but not to the same extent as HC indicating a reduced
adaptive capacity in patients with PD. This result supports postural inflexibility [27, 28] and
reduced reactive adaptability [29] to changes in context in patients with PD compared to HC.
It is unclear why people with PD exhibited less pronounced adaptive capacity compared to
control subjects. Initial posture can affect the ability to produce APAs and effective steps.
However, as noted above, foot position was consistent across groups and trials. In addition,
we did not find any differences in the average center of gravity position or in the body
alignment during the stance phase prior to stepping. Therefore, despite the fact that people
with PD often exhibit altered posture, this was unlikely to contribute to the differences
observed in the current study. Alternative explanations could include changes in
proprioceptive deficits, rigidity, bradykinesia, strength, or sensory-motor-integration deficits;
however these possibilities necessitate further investigation.

Other studies have shown that visual [18], auditory [30] or cutaneous [15] cueing lead to
increased size of APA during voluntary gait initiation in PD. We used a small platform
perturbation as perceptual cue and our results confirm these findings, indicating that cueing
might be an effective rehabilitative strategy to improve preparation of gait initiation,
independently of the type of cue. Further research is necessary to understand which type of
cue best improves the preparation and execution of gait initiation and to explain which
pathophysiological mechanisms are involved during cueing [31].

Although compensatory steps were slower in people with PD compared to controls, no falls
were observed after perturbations in either group. Therefore, while steps were slower in
those with PD, they were adequate to protect against a negative outcome (i.e. a fall). This
raises the possibility that people with PD retain the ability to step faster, and perhaps
similarly to healthy adults, but were not challenged enough to do so with the current
protocol. Assessing speed of compensatory steps which are occasionally insufficient (i.e.
result in a fall) are necessary to address this question. This could be achieved with larger
perturbations and/or a more severe subject pool.

Surprisingly, in the present study, we did not find significant differences between HC and
subjects with PD in the size of the APA during self-initiated steps, as previously reported by
our group and others [13, 14]. One explanation might be that all subjects were instructed to
stand with feet close together before initiating steps. In fact, it has been previously shown
that the small APA size in people with PD compared to controls is less pronounced when
stepping from a narrow stance width both Off and On levodopa [14].

In the PD group, age and disease duration did not relate to the magnitude of change across
tasks. In contrast, balance performance (assessed with the Mini-BESTest) showed most
often significant correlations to the adaptive change, indicating the better the subjects’
balance, the better the ability to flexibly adapt the motor pattern to different stepping tasks.
This highlights the importance of rehabilitation programs targeting the enhancement of
multiple aspects of postural control.
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Our results show that differences between HC and people with PD were largest in the cued
and compensatory stepping condition but not in the self-initiated condition. Cued and
compensatory stepping therefore might be more sensitive to detect impaired gait initiation in
PD than self-initiated stepping.

As we used a small backward platform perturbation as a perceptual cue, the cued condition
differed from the compensatory condition only by size and velocity of the perturbation, but
not by the type of cue. Our results have shown that a small and slow perturbation serving as
a cue leads to increased size of APA but when applying a faster and larger perturbation
requiring compensatory steps the size of APA decreased below the level of self-initiated
steps. Future studies should analyze different sizes and velocities of perturbations to draw
insights at which threshold subjects shift from increased to decreased size of APA.

Study aim I11 focused on the effect of levodopa medication on APAs in each condition.
Levodopa did not affect APA size in our cohort. In contrast, other studies found that
levodopa increased the size of APAs during self-initiated stepping [14, 15]. Again we
believe that the initial stance position with feet close together might have resulted in small
effect sizes when comparing medication On and Off [14]. Furthermore, our cohort of
subjects with PD showed only a small, albeit significant, improvement in motor function
when taking antiparkinsonian medication as measured by the UPDRS. Levodopa
responsiveness might not have been large enough in this sample to cause significant effects
on step execution.

Study limitations

The following limitations should be noted. As described above, our PD sample was
relatively mild, and results may not generalize to more severe groups. Furthermore, the fact
that feet were placed close together may have partially masked across group and across
medication differences, as have been previously reported [3, 13]. However, the presence of
significant task by group interaction, despite the small stance width and mildly affected
participant, suggests that these differences are particularly robust. Finally, we only compared
HC to PD subjects Off levodopa. This approach was chosen to analyze the true effect of
disease on APA without the confound of differing medication doses. However, comparing
healthy controls to people with PD in the On medication state would allow a different
interpretation, as this condition is more relevant to everyday functioning of people with PD.

Conclusions

In summary, this study shows that anticipatory postural adjustments need to be interpreted
with respect to the specific stepping condition. Compared to self-initiated steps, adding a
perceptual cue leads to an increase of size of APA whereas size of APA decreases when
performed during compensatory steps. Although the pattern of changes across tasks were
similar in PD and HC groups, these changes were less pronounced in people with PD,
consistent with reduced flexibility in adapting APAs for specific contexts.
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Highlights
. APAs need to be interpreted with respect to specific stepping conditions
. In comparison to self-initiated gait, adding a perceptual cue leads to an

increase in size of ML APA
. Size of ML APA decreases during compensatory stepping

. Patients with PD adapt with the same pattern but less pronounced in
comparison to HC
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Figure 1.

Calculation of medio-lateral size of APA in an example of multiple APA during cued
condition.
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Step length
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Effect of stepping condition on step initiation in healthy control subjects (n=12): A) medio-
lateral (ML) size of APA; B) Step length; C) Step velocity; D) Step duration; bars indicate

significant differences (p<0.001).
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Comparison of patients with Parkinson’s disease (PD, n=19, Med Off) and healthy control
i_> (HC) subjects (n=12) during different stepping conditions: A) medio-lateral (ML) size of
5 APA; B) Step length; C) Step velocity; D) Step duration; *, significant interaction from cued
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Table 1
Participant characteristics (n=31).

PD (n=19) HC (n=12) p-value
Age (y) 65.7 (7.6) 68.1(6.7)  0.383
Gender (M/F) 12/7 6/6 0.320%
BMI (kg/m?) 27.6 (4.4) 275(2.3)  0.988
MoCA 26.6 (3.5) 27.2(1.6) 0573
Mini-BESTest (PD Med On) 23.0 (4.2) 253(22)  0.096
Mini-BESTest (PD Med OFF)  22.1(3.7) 253(22) go13*
Disease duration (y) 6.6 (4.0) n/a
H&Y stage 2.1(0.3) nla
H&Y stage (range) 20-3.0 n/a
MDS-UPDRS Il (ON) 24.6 (9.7) n/a
MDS-UPDRS Il (OFF) 30.0 (9.1) n/a
LEDD 556.8 (230.3) n/a

NOTE. Unless indicated differently, values are mean (SD) or number of participants; p-value of independent sample T-Test or

#Chi-Square Test;

*
significantly different (p<0.05).
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