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ARTICLE INFO ABSTRACT
Keywords: Introduction: Gait initiation is preceded by three anticipatory postural adjustment (APA) phases.
Parkinson’s disease In Parkinson’s disease (PD) generated force, displacement and timing during APA differ from

Gait initiation
Anticipatory postural adjustments
Apathy

healthy controls. APA might be influenced by disease status, weight or emotion. It is unknown
how motor severity, disease duration or presence of apathy influences APA timing and

Force plate displacement.
Gait analysis Methods: We included 99 people with PD and 50 healthy controls (HC) to perform five gait
Cueing initiation trials following an auditory cue. Force plates measured timing and center of pressure

(CoP) displacement during APA phases.

Results: Time to gait initiation (tGI) was higher in the PD group (p < 0.001, t = 2.74, 95%CI
(0.008, 0.066)). The first two APA phases (APA1 and APA2a) lasted longer in PD (respectively p
< 0.001, t = 3.87, 95%CI (0.091, 0.28) and p < 0.001, t = 4.1, 95%CI (0.031, 0.091)). Mean CoP
displacement, variability in timing and displacement did not differ. A multiple regression model
was used to determine if clinical variables were related to gait initiation parameters. tGI was
predicted by age (p < 0.001) and weight (p = 0.005). The duration of APA1 was predicted by
weight (p = 0.006) and APA2a by age (p < 0.001). Variability in duration of the locomotor phase
(LOC) was predicted by age (p < 0.001).

Conclusion: tGI and initial APA phases are longer in PD than in HC. There are no significant
differences in variability of timing or displacement between the two groups. Gait initiation pa-
rameters are independent of disease duration, motor severity, medication usage or apathy in PD.
Our findings suggest that cueing does not speed up gait initiation but reduces variability.
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1. Introduction

Gait initiation is the transition from quiet stance to locomotion, a challenging task for people with Parkinson’s disease (PD). The
shift from a bipedal to unipedal stance requires the subject to shift their center of mass (CoM) to allow for release of the swing foot [1].
The position of the CoM can be controlled by shifting the center of pressure (CoP). The CoP is the vertical projection of the CoM and the
average point where the CoM exerts its force. The CoP can be moved along the antero-posterior (AP) axis through ankle musculature
and along the mediolateral (ML) axis through hip musculature control. By shifting the CoP, the position of the CoM can be adapted to
free up one foot, allowing for forward motion [2-4]. CoP changes in gait initiation follow a predetermined pattern of displacement that
represent the anticipatory postural adjustments (APA) [5,6]. Three APA phases can be distinguished; first the CoP is shifted laterally
and posteriorly towards the heel of the swing foot (APA1) to start unloading this foot. Unloading is completed by shifting the CoP
medially and anteriorly (APA2a) and loading of the stance foot, the CoP shifts laterally and posteriorly (APA2b). In the final phase, the
CoP is shifted along the AP axis towards the front of the stance foot allowing for stance foot release. This is commonly referred to as the
locomotor phase (LOC) [7,8]. This pattern is generated before gait initiation, yet it is not a prerequisite thereof. Absence or incomplete
APA has been noted in healthy individuals of all ages [7]. Other factors such as age and weight influence CoP displacement and
duration of APA [9-11]. CoP displacement is reduced in overweight individuals and decreases with age [1,11].

Similarly to healthy controls (HC), people with PD generate a four-part APA pattern [7,10,12]. The main differences lie within the
generated force and duration of the APA and displacement of CoP prior to the first step. Amplitude of APA and their duration is longer
and more variable in PD [13-15]. The LOC phase elongation is correlated with the Hoehn and Yahr stage [16]. The displacement of the
CoP is decreased and more variable in those with a history of Freezing of Gait (FoG) especially [17]. Large cohorts in-between patients
however are lacking; most comparisons have been made to HC of similar ages.

Features which may improve gait initiation are medication usage and cueing [9,10,12,18]. Levodopa administration improves
backwards CoP displacement and shortens APA duration [9,10]. Use of auditory cueing improved amplitude and sped up APA phases
[12,18]. A single auditory cue can improve generation of APA phases themselves, with fewer trials displaying absence of APA [12]. The
emotional state of a subject influences gait initiation as well [19]. In PD, pleasant visual stimuli lead to improved backwards CoP
displacement and shorter APA duration [20].

There is ample evidence of the detrimental effect of anxiety and cognitive decline on gait in people with PD [21,22]. Apathy, or a
decreased emotional experience, is a frequent neuropsychiatric symptom in PD, linked to worse motor symptoms, increased postural
instability and higher risk for motor complications [23,24]. Apathy is often overlooked in PD, and falsely attributed to cognitive
decline or depression [25]. Despite its importance, its effect on gait and gait initiation specifically has not yet been examined [26].

We aimed to determine whether gait initiation in PD differed between apathetic and non-apathetic patients. We hypothesized that
apathetic patients would be slower to initiate gait following an auditory cue, and would show increased duration of APA phases and
decreased displacement. Our secondary aim was to determine which disease parameters (such as motor severity, medication dosage,
disease duration and age) influenced duration and displacement of APA, such as motor severity, medication dosage, disease duration
and age.

2. Methods
2.1. Participants

A power analysis (alfa 0.05 and effect size 0.8) using G x Power version 3.1 showed that in total 128 patients would be needed to
determine whether apathetic or non-apathetic people with PD would differ in terms of time to gait initiation following a verbal cue.
Inclusion was planned to start in March 2020 but was halted due to the covid-19 pandemic. Due to time constraints we only included
99 patients in the end. Patients were recruited through the outpatient clinics of the Antwerp University Hospital of Antwerp and ZNA
Middelheim Hospital in Antwerp between June 1, 2020 and December 31, 2021. All people with PD who were fluent in Dutch and
could walk unassisted for at least 10 min were asked to participate. Patients suffering from other neurological or orthopedic mor-
bidities affecting their gait were excluded. Patients were included if they had clinically confirmed or probable PD according to the
Movement Disorders Society (MDS) Clinical Diagnostic Criteria [27]. Patients were encouraged to follow their usual dopaminergic
medication schedule so they were in ‘ON’ state during examination. If due to a fluctuation an OFF state occurred, data collection was
halted until the patient reached an acceptable ON state. We recorded the patients’ main demographic variables, i.e. age, sex, date of
diagnosis and current medication. Participants were asked to fill out the Movement Disorders Society Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) part II and Non-Motor Symptoms Questionnaire (NMSQuest) independently [28]. MDS-UPDRS parts I and
IV were filled out by the investigator during a patient interview. Motor symptoms were assessed using the MDS-UPDRS part III by the
same investigator.

Dopaminergic medication was converted to the Levodopa Equivalent Daily Dosage (LEDD) before analysis. Cognitive status was
assessed using the Montreal Cognitive Assessment Scale (MoCA). Presence of apathy was determined using the Lille Apathy Rating
Scale (LARS), a 33-item questionnaire validated for use in PD. Scores of —21 or above are indicative of apathy [29].

HC were recruited from patients’ partners and families, patient organizations and through flyers at our outpatient clinic. Only HC
without neurological disorders or orthopedic morbidities affecting their gait were asked to participate. In total 51 H C agreed to
participate. For both people with PD and HC, height and weight were measured.

Due to technical difficulties, force plate data on 13 patients and 1 H C was not registered during the trials. This issue became evident
during data processing. These 14 participants were contacted and 3 patients agreed to retake the trial. One patient was later excluded
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due to a diagnosis of multiple system atrophy during follow-up. In total, data on 88 PD patients and 50 H C was collected.
2.2. Gait analysis protocol

Participants were instructed to stand on a force plate (0.4 x 0.5 m, 1000 Hz, ATMI type OR 6-7, Advanced Medical Technology inc.,
Massachusetts, USA) in a comfortable, upright position. They were allowed to choose how to position their feet. Participants were
instructed to start walking at a self-selected walking speed as soon as they received the ‘Go’ audio cue. Participants were allowed to
hear the auditory cue once before starting the trial. In total five trials were performed per patient. Data from the force plate platform
was collected through the Nexus software (version 2.8, Vicon, Oxford, UK).

2.3. Data processing

Raw force plate data (Fx, Fy, Fz, Mx, My, Mz) were exported to MATLAB version R2021a for further processing (See appendix for
code). CoP trajectories along the AP and mediolateral (ML) axis were calculated from the raw force plate data according to formula [1,
2] and where then low-pass filtered to eliminate noise using a second order zero phase-shift Butterworth filter with a cut-off frequency
of 12 Hz.

COPml= — (M) ta [1]
Fz
COPap: (M) + by ; [2]
Fz

where (Fx, Fy, Fz) reflect the forces along the mediolateral, anteroposterior and vertical axis; (Mx, My) reflect the moments of force
around the mediolateral and anteroposterior axis; (al, b1, c1) are the coordinates of the center of the force platform.

The filtered CoPap data were used to determine five time points (Fig. 1): 1) initial CoP position at the instance of the auditory cue
(origin), 2) minimum posterior position of the CoP on the side of the swing leg (first minimum), 3) maximum anterior position of the CoP
reflecting the shift from the swing leg to the stance leg (first maximum), 4) minimum posterior position of the CoP on the side of the
stance leg (second minimum) and 5) final CoP position when both feet leave the force platform (end). Timepoints were automatically
detected in MATLAB using the findpeaks function and visually checked by the same researcher. Graphs were evaluated and discernible
peaks in the correct direction were considered as APA. In some cases, peaks could not be discerned because of inadequate force
generation. Trials in which not all peaks could be discerned were not included in the final analysis.

These five time points were used to distinguish four APA phases: APA1, APA2a, APA2b and LOC. Each phase as shown along the AP
axis in time is displayed in Fig. 1 [8]. For each of those four phases both the duration (s) of each phase (tAPA1, tAPA2a, tAPA2b and
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Fig. 1. CoP shifts along AP axis during gait initiation.
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tLOC) and displacement of the COPap (mm) during this phase (dAPA1, dAPA2a, dAPA2b and dLOC) was calculated. Additionally, the
total time to gait initiation (tGI) was calculated as the time difference between end and origin.

2.4. Data analysis

Mean value of all variables were calculated per participant over available trials. In three PD and one HC all three APA could be
distinguished in only one trial. In one PD and two HC, no APA or more than three APA could be distinguished. The three APA phases
could not be identified in these trials and were excluded from analysis. Therefore, only the variable tGI was retained for analysis for
these participants.

We calculated the coefficient of variance (CV) per outcome variable per patient to evaluate within-subject variability [17]. The
mean of all CV values of all participants were used to compare PD and HC participants. The tables below present continuous variables
as the mean and standard deviation (SD). A Kendall Tau correlation was used to correlate the number of trials excluded with disease
variables. Normality was assessed using the Shapiro-Wilk test, kurtosis and skewness values, and visual inspection of the histogram and
Q-Q plots. Comparison of the mean of continuous variables between people with PD and HC group was made using the independent
student t-test and the Chi-square test for the difference in male-to-female distribution. Bonferroni correction was applied when
comparing gait initiation variables (see Supplementary Tables 1 and 2) between the PD and HC group.

A multiple linear regression analysis was used to determine whether LARS scores impacted gait initiation variables. This model
allowed us to correct for clinical parameters such as weight, disease duration, age, MDS-UPDRS-II score and LEDD. Assumptions were
tested using the Shapiro-Wilk test, visual inspection of the scatter plot for linearity and homoscedasticity. Multicollinearity was
assessed by evaluation of the tolerance values (>0.1) and VIF (<10). Variables were transformed when necessary to fit assumptions.
Outliers were detected using the standardized residuals. Cases with residuals above 3 and a Cook’s distance larger than 4 were
excluded from analysis.

Missing data were excluded from analysis. Data on height and weight was missing in one patient, as well as NMS-Quest score and
LEDD in two patients. One patient failed to complete the UPDRS-II completely.

Statistical analyses were performed using SPSS version 26.0 (© IBM) A P-value less than 0.05 was considered statistically
significant.

3. Results
1. APA pattern

Many participants were unable to generate a correct APA pattern during gait initiation. In total 52 PD and 36 H C could generate a
correct APA pattern in all five trials. This distribution is equal between groups (p = 0.087, % = 2.92). The number of trials excluded in
the PD group was not correlated to age (t, = 0.158, p = 0.053), weight (tp, = 0.078, p = 0.336), disease duration (t, = 0.063, p =
0.436), MDS-UPDRS-III score (1, = 0.-0.05, p = 0.535), LEDD (1, = 0.085, p = 0.299) or LARS score (1, = 0.-0.063, p = 0.44).

2. Comparison of PD and HC

In total data on 88 people with PD and 50 H C was evaluated. See Table 1 for the sample description. People with PD were on
average 67.2 £ 10.6 years old and had a mean disease duration of 7.9 + 4.9 years. Age did not differ significantly from the HC (mean
age of 65.9 + 6.7, p = 0.48). There were significantly more female participants in the HC group (p < 0.001). PD and HC differed
significantly in terms of weight (p = 0.003, t = 3.02, 95%CI (2.7, 13.2). Both groups were similar in terms of age (p = 0.48, t = 0.71,
95%CI (—2.1, 4.5)) and height (p = 0.062, t = 2.01, 95%CI (—0.154, 6.46)). In the PD group, 65.9 % reported no history of FoG (n =
58) and 84.1 % (n = 74) reported no falls or near-falls in the last month. In those with FoG the majority reported mild problems (n =

Table 1
Descriptive clinical variables of PD patients versus HC.
PD (n = 88) HC (n = 50) P-value

Age (years) 67.2 (10.6) 65.9 (6.7) 0.48
Male/female 68/20 21/29 < 0.001
Weight (kg) 79.9 (15.6) 71.9 (14.4) 0.003
Height (cm) 170.1 (10.2) 166.9 (7.9) 0.062
MDS-UPDRS-III score 28.3 (12.4)
Disease duration (years) 7.9 (4.9)
LEDD (mg) 791.5 (546.8)
MoCa 26.6 (3.05)
NMSQuest 8.81 (4.2)
LARS —-19.4 (7.9)

Variables are displayed as mean (SD). Significant p-values are shown in bold. Abbreviations: MDS-Unified Parkinson’s Disease Rating Scale
Part III (MDS-UPDRS-III), Levodopa Equivalent Daily Dosage (LEDD), Non-Motor Symptoms Questionnaire (NMSQuest), Lille Apathy
Rating Scale (LARS).
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25). Only four patients indicated experiencing moderate FoG.

Fig. 2 compares gait initiation variables between PD and HC groups. tGI was higher in the PD group (p < 0.000, t = 2.74, 95%CI
(0.008, 0.066)). Both APA1 and APA2a lasted longer in the PD group as well (respectively p < 0.000, t = 3.87, 95%CI (0.091, 0.28) and
p < 0.001, t = 4.1, 95%CI (0.031, 0.091)). The mean CoP displacement differed only in the APA2a phase; displacement was higher in
the PD group though did not reach significance after Bonferroni correction (p = 0.025, t = 2.26, 95%CI (2.34, 34.7)). The variability in
timing and displacement of APA phases did not reach significance in-between groups. Tables containing all mean values per variable
are included in Supplementary Tables 1-3.

3. Linear regression analysis

Multiple linear regression was used to test if the LARS score could predict mean and variability of timing and displacement during
different APA phases. We corrected for age, weight, disease duration, motor severity and LEDD. In Table 2 results of the regression
analyses are displayed. Only the models for tGI ®R%= 0.22,F (6,78) = 3.57, p=0.004), tAPA1 ®R%= 0.22, F (6,78) = 3.66, p = 0.003),
tAPA2a (R® = 0.223, F (6, 78) = 3.73, p = 0.003), CVtLOC (R® = 0.199, F (6,73) = 3.02, p = 0.011) and CVdAPA2a (R> = 0.197, F (6,
72) = 2.95, p = 0.013), were statistically significant. These variables were predicted by age (p < 0.001 and p < 0.001 for tAPA2a and
CVtLOC respectively) and weight (p = 0.005 and p = 0.006 for tGI and tAPA1 respectively). The corresponding B values are displayed
in Table 2. The overall model for CVAAPA2b was significant but no separate variables contributed significantly.

4. Discussion

To our knowledge, this study is the first to report on gait initiation changes in a large PD cohort. Overall, people with PD take longer
to initiate gait following a verbal cue and have an increased duration of APA1 and APA2a compared to healthy controls. Timing of
other phases and variability of timing did not differ between PD and healthy controls. The displacement and variability of displacement
during APA phases was similar between PD and HC. In the PD group, only weight was a significant predictor of tGI and tAPA1, and
increasing age of tAPA2a and CVtLOC. Disease duration, MDS-UPDRS-III and LEDD were not associated with mean or variability of
timing or CoP displacement of the APA phases. No link was found between LARS scores and gait parameters.

4.1. Performance compared to healthy controls
The prolonged duration of overall gait initiation in people with PD is in line with current literature [14,15]. In our cohort,
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Fig. 2. Error bars of mean and CV of all GI variables.
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Table 2

Results of linear regression analysis.
Variable Age Weight Disease duration MDS-UPDRS-III LEDD LARS Model
tGI 0.012 0.009** —0.001 0.006 0.008 —0.007 R%=0.215 p = 0.004
tAPA1 0.009 0.006** —0.001 0.006 0.004 0.004 R? = 0.220 p = 0.003
tAPA2a 0.004*** 0.001 <0.000 <0.000 0.003 —0.005 R? = 0.223 p = 0.003
tAPA2b 0.002 0.001 <0.000 <0.000 0.001 —0.011 R? = 0.056 p = 0.598
tLOC —0.001* 0.002 —0.001* <0.000 <0.000 —0.001 R? = 0.088 p = 0.287
CVtGI 0.091 —0.011 —0.026 0.052 0.001 0.245 R? = 0.095 p = 0.254
CVtAPA1 0.273 0.207 —0.053 0.221 0.004 —0.056 R*=0.319

P =0.236

CVtAPA2a 0.302 —0.152 0.045 0.132 0.004 0.051 R?=0.260 p = 0.511
CVtAPA2b -0.113 —0.011 0.041 0.308 0.001 —0.149 R*=0.175p = 0.887
CVtLOC 1.125%** 0.414 —0.01 0.149 0.008 —0.164 R? = 0.446 p = 0.011
dAPA1 0.653 —0.004 0.009 0.166 0.008 0.330 R? = 0.226 p = 0.659
dAPA2a 1.572* 0.04 0.057 0.162 0.017 —0.036 R? = 0.362 p = 0.082
dAPA2b 0.102 0.073 0.005 —0.068 0.004 -0.214 R?=0.151 p =0.934
dLOC —0.338 —0.001 —0.128 —0.872 0.014 0.768 R%=10.236 p=20.6
CVdAPA1 0.163 0.0 0.022 0.51* 0.086 —3.738 R%=0.109 p = 0.192
CVdAPA2a 0.609 —0.458 —0.016 0.726 0.3 —0.192 R?=0.197 p = 0.013
CVdAPA2b —0.075 —0.035 —0.022 0.173 —0.002 0.872 R? = 0.072 p = 0.467
CVdLOC 0.782%* 0.2 —0.013 0.424 0.005 —0.074 R? = 0.147 p = 0.063

Note: Significant B values are displayed in bold, *p < 0.05, **p < 0.01, ***p < 0.001.
The prefix ‘t-’ refers to duration of a phase in seconds, ‘d-’ to displacement during a phase in mm and ‘CV-’ to the variability of a variable.
Abbreviations: Time to gait initiation (tGI), anticipatory postural adjustment (APA) and LOC (locomotor phase).

unloading of the swing foot (APA1 and APA2a) was prolonged. Unloading of the stance foot (APA2b and LOC) was similar to HC
however. Gantchev and colleagues reached a similar conclusion; the postural phase was elongated in their cohort [14]. Elongation of
APA2b and LOC has primarily been noted in patients with advanced disease, suffering from FoG [17]. Auditory cueing and medication
use may decrease duration of APA phases to a certain extent; a ceiling effect is likely present however [12,18,30].

The mean displacement was not significantly lower in PD. This is a surprising finding, as current reports almost unanimously agree
that displacement is reduced in PD [1,13,15,31]. Only in early stages of the disease, the differences to HC are not yet apparent [32,33].
Differences in displacement are partly reversed by dopaminergic treatment [10]. Our use of an auditory cue may have improved CoP
displacement as well. However, Delval et al. did note an improved backwards CoP displacement following an auditory cue, but dif-
ferences persisted between HC and people with PD [12]. A similar result was found in patients in OFF state [30]. Though in ON state
using an auditory cue, lateral displacement of CoP during gait initiation in PD was very similar to those of HC in another cohort [10]. A
few other possible explanations remain. Studies tend to recruit HC through community means. These elderly participants are often in
good health and tend to volunteer more often [34]. We primarily recruited HC from the patients’ families; their primary caregiver,
sibling or spouse. Our cohort may be more representative of an elderly population. Displacements of CoP are known to decrease in
aging [1]. Furthermore, our cohort is large and may better reflect the heterogeneity of the disease. The previously mentioned studies
include much smaller sample sizes of patients. Lastly, at least five trials are necessary to accurately assess gait initiation [35]. The
amount of trials performed per study vary, making generalization of results difficult as well.

Another discrepancy in our findings is the variability in duration and displacement, which differed little between PD and HC.
Others report increased variability in timing in nearly all phases in people with PD [13,17]. It is possible that medication intake reduces
variability in PD [9,10]. Variability in timing however persists even with adequate medication [13,17]. The use of cueing probably had
the most significant impact on the variability.

Our findings suggest that cueing does not speed up gait initiation, but reduces variability, allowing for easier weight displacement
during this process. This hypothesis however requires further examination, comparing both cueing and self-initiated gait initiation in
people with PD, both in ON and OFF state.

4.2. Links to clinical parameters

Our study is the first to compare gait initiation performance in PD as per disease duration and motor severity. Previous reports have
compared gait initiation performance to healthy, age-related individuals. Timing and variability in timing of the different APA phases
in PD was independent of disease duration, MDS-UPDRS-III or LEDD score. The main determinants of the duration of these phases were
age (for tAPA2a) and weight (tGI and tAPA1). Age also determined variability in LOC timing. The link between increasing weight and
longer tGI is present in healthy individuals [11]. Elongation of APA phases occurs in healthy aging as well [1]. We had expected that
APA duration would steadily increase with disease burden or duration, however we could confirm no such link. Russo et al. found that
the larger the UPDRS-III score, the smaller force generated along the ML axis. They however did not correct for clinical confounders
[36]. To our knowledge, no other studies have reported on timing and displacement of APA in-between people with PD, with respect to
the possible confounding nature of their clinical characteristics. Reports on patients compared to healthy controls found that timing of
APA phases are similar in early stages of the disease, but more advanced patients have elongated APA1 and APA2a phases [14,32].
More variable timing of APA phases has been reported in people with PD suffering from FoG [13]. We however found no links between



S. De Waele et al. Heliyon 10 (2024) e23740

increasing variability in timing and disease duration. It would prove interesting to further assess the differences between those with
and without FoG in our cohort.

Our use of cueing probably had an important impact on our findings. A study by Delval and colleagues showed that auditory cueing
was effective in increasing CoP displacement in PD. This effect was more prominent in those without FoG [12]. An additional factor
that we did not explore, is generated force. People with PD generate less force when executing APA as compared to HC [10]. UPDRS-III
scores are correlated to force generated during APA [36]. During data collection we noticed that many patients had difficulty
generating APA, leading to exclusion of trials due to indistinguishable APA patterns. People with PD may either demonstrate a regular
APA pattern, absence of APA or multiple APA [37]. Only trials with a regular APA pattern were considered for analysis. The number of
participants with inadequate APA patterns was similar between PD and healthy controls. We found no associations between disease
parameters and lack of APA pattern generation. Abnormal APA generation is more common in those with FoG [12]. It may prove
interesting to further explore this in our cohort and to evaluate how it relates to other clinical parameters.

4.3. Links to apathy

We found no association between the LARS score and gait initiation parameters. Apathetic patients have been reported to suffer
more postural symptoms [23]. Due to posture-locomotion coupling, we hypothesized that these postural problems would translate into
gait initiation difficulties [38]. Emotion affects gait in people with PD as well, and apathetic patients are slower to respond to cues
during tasks [20,39]. We however found no difference in time to gait initiation. The supplementary motor area (SMA) is involved in
APA generation and is a therapeutic target for apathy in PD [13,40]. The SMA is involved in self-generated movements and may be
bypassed by the premotor cortex when responding to an auditory stimulus [10].

4.4. Limitations

Our study has its limitations as well. Usage of an auditory cue affected our results, as demonstrated above. Using both cued and self-
initiated gait would have been preferable. Our patient cohort was in ON state at time of examination. OFF state gait initiation diffi-
culties are also more pronounced, and levodopa has been shown to improve gait initiation performance [9,10]. Furthermore, whilst
our cohort was larger than previously reported, PD is a complex and highly variable disease. An even larger sample would be necessary
to allow for proper compensation for disease heterogeneity. Recruitment of patients and execution of the gait analysis took place
during spring 2020 till the end of 2021. Restrictions in the hospital due to the covid-19 pandemic slowed recruitment. Restrictions also
had unforeseen mental health impacts, which possibly increased feelings of apathy in study participants.

Future research should focus on including large cohorts of ambulatory people with PD. Reported clinical variables should not be
limited to motor severity and disease duration, but take into account the many factors influencing a patient’s condition as we have
aimed to. Experimental setup should ideally include both a cued and a self-initiated gait initiation to allow for comparison, as well as
testing in both ON and OFF states. We suggest focusing on force generation and APA patterns in-between disease stages.

5. Conclusion

Overall duration of gait initiation following a verbal cue, as well as duration of APA1 and APA2a, are longer in people with PD
compared to healthy controls. As opposed to previous reports, there are no differences in variability of timing, mean displacement or
variability thereof between PD and healthy controls. Duration of APA phases and variability of displacement during these phases are
independent of disease duration, motor severity, dopaminergic medication usage or apathy score in PD. Future research should focus
on differences in force generated during APA phases and variability of APA patterns in PD in function of disease progression and motor
severity.

Ethical compliance statement

This study was approved by the University Hospital of Antwerp ethics committee on the March 18, 2020 with approval number
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The first phase (APA1) consists of release of the swing foot with CoP displacement along the AP axis; from the origin (displayed as
(1) above) to the first minimum (point (2)). APA2a reflects the displacement of CoP towards the middle of the base of support (from
point 2 to 3) and APA2b the shift to the stance foot along the ML axis (from point 3 to 4). In the final phase, LOC, the CoP displaces
towards the anterior part of the stance foot (from point 4 to 5). The prefix ‘t-’ refers to duration of a phase in seconds and ‘d-‘ to
displacement during a phase in mm. Abbreviations: Time to gait initiation (tGI), anticipatory postural adjustment (APA), LOC (lo-
comotor phase) and AP (anteroposterior).

Comparison between PD and HC patients. The prefix ‘t-’ refers to duration of a phase in seconds, ‘d-’ to displacement during a phase
in mm and ‘CV-* to the variability of a variable. Abbreviations: Time to gait initiation (tGI), anticipatory postural adjustment (APA) and
LOC (locomotor phase).
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