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Abstract

Background: Development of objective, reliable and easy-to-use methods to detect the onset of motor changes in
Parkinson’s disease (PD) is required to identify the temporal window in which neuromodulatory therapies could be
implemented. Turning impairments are present at early stages of PD. However, it is unclear, to date, whether circular
walking is also altered in prodromal PD.

Objective: Explore the predictive potential of circular walking in prodromal PD.

Methods: Ve included 102 subjects from a nine-year prospective cohort study (with 712 participants) in the current
nested case-control analysis: 16 diagnosed with PD during follow-up (incident PD) and 96 healthy controls, matched
in gender, age, and education with a |:6 ratio. Forty-one gait features were extracted from baseline assessments with
accelerometers under single and dual-tasking conditions. A Cox proportional hazards regression analysis was used to
test the temporal association of non-correlated gait features to the probability of being diagnosed with PD.

Results: Ve identified associations between time from baseline measurement to PD diagnosis for eleven gait features,
mostly based on harmonic ratios, step and stride variability, and index of harmonicity, partially in combination with gait
speed. Most significant associations indicated that low gait symmetry and low rhythmicity were associated with larger
hazard of being diagnosed with PD. Area under the curve ranged 0.63-0.69.

Conclusions: Despite low sensitivity and specificity, the findings potentially reflect prodromal motor impairments of PD
manifested during circular walking, assessed quantitatively with a low-cost and wearable instrument. This will contribute
to the characterization of pre-diagnostic PD motor symptoms.

Plain language summary:

Parkinson’s disease (PD) is a progressive condition that affects movement. Detecting motor changes early, even before
clear symptoms appear, could help identify the right time to start treatments that slow down the disease. Turning and
circular walking are often affected early in PD, but it is unclear if these impairments begin before a PD diagnosis. This
study looked at how people walk in circles to see if it could predict PD before diagnosis. Researchers analyzed data
from 102 people in a long-term study. Sixteen of these participants developed PD during the study, and 96 healthy indi-
viduals (matched by age, gender, and education) were used as controls. Ve used a single wearable sensor to measure
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4| walking features during simple and multi-tasking walking tests. The results showed that certain walking features like
symmetry, rhythm, and stride consistency were linked to a higher likelihood of developing PD. People with less symmet-
rical and less rhythmic walking patterns were more likely to develop PD. However, the ability to predict PD based on
these features alone was limited. In summary, this study suggests that circular walking patterns measured with low-
cost wearable devices may reveal early motor impairments in PD. Although further work is needed, these findings
could help improve how we identify and monitor early PD symptoms.
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Introduction

Parkinson‘s disease (PD) presents with a long pre-diagnostic
phase (up to many years,' or even decades?). This phase is
characterized by a progressive development of motor and
non-motor symptoms, which negatively impact the daily-
functioning of affected individuals.>* A valid detection of
prodromal impairments provides a window of opportunity
to prevent pathophysiologic changes of the dopaminergic
system,” using neuromodulatory or even neuroprotective
therapies.®’ This is especially relevant in view of increasing
evidence on potential therapeutic strategies that may retard or
even counteract disease progression.”

Detection of symptoms in this prodromal phase is however
challenging. In a study on a cohort with idiopathic rapid eye
movemeny (REM) sleep behavior disorder, olfactory loss
was the earliest predictor of conversion to PD, with an onset
>20 years before conversion, followed by impaired color
vision, constipation and erectile dysfunction (onset 10-16
years before conversion), and slight urinary dysfunction and
subtle cognitive decline (onset 7-9 years before conversion).
Other studies reported the appearance of prodromal gait impair-
ments with an average of 4.4 years before diagnosis,” often
appearing simultaneously with rigidity (4.4 years) and limb
bradykinesia (4.2 years).'” These findings relied on clinical
rnanifestations,11 i.e., on semi-quantitative and qualitative clin-
ical assessments, characterized by low-sensitivity'* and poor
intra and inter-rater reliability,'*'# and the tests targeted symp-
toms that are not always present in all patients with PD.'> In
other studies, imaging tools have been used to quantitatively
detect initial'®™'® and progressive'® presynaptic dopaminergic
dysfunction, supporting early diagnosis of PD.*® However,
these techniques are costly'®'” and not specific for PD,%
often presenting low availability and involving high exposure
to radiation,'®'” which precludes their use as a global screening
instrument for prompt diagnosis of the disease.”’

Body-fixed-sensors (BFS), are easily usable in a clinical
context**** and have been proposed as a tool to identify
subtle gait impairments in early stages of PD.***
Particularly, in a study based on the assessment of straight
gait with a BFS on the lower back, step time variability and
asymmetry of gait were associated with a shorter time to PD

diagnosis.”® The location of the sensor on the low back
allows an ergonomical, well accepted, easy-to-use and
valid gait spatiotemporal assessment near the center of
representative of the overall human motion

and used to assess turning,’’ gait stability,
1'31

pattem,29

falling risk and balance contro

In PD, the biomechanical mechanisms involved in
turning seem to be independent of and more altered than
in linear walking performance.*” This has been shown in
the assessment of the timed up and go test, characterized
by a sequence of tasks (sit-to-stand, walking, turning
while walking, and stand-to-sit), among which, walking
while turning was the most sensitive to PD gait impair-
ments.>* Circular gait requires redirection of lower limbs
by asymmetric stepping, dynamic stability control and
anticipatory orientation of gaze towards a new direction,
which may delineate walking deficits, earlier than
during straight walking.>* Not surprisingly, turning
impairment is associated to disease specificity,*® pro-
gression®> and severity, and is among the early motor
deficiencies of clinically evident PD.*® Altogether, we
hypothesize to find disease-predictive value of gait fea-
tures, assessed in circular gait, already at prodromal
phases of PD. Thus, quantitative assessments of circular
gait deterioration may reflect preclinical markers of PD,
which might be even more evident under challenging
conditions, e.g., with dual-task performance,37 due to
the potential interference of a simultaneous cognitive,
visual or motor task on the circular gait performance.*®
Particularly, dual tasking that requires deviating the
gaze from the path to a peripheral view may impose an
additional executive and visuospatial challenge,*® and
thus, it may reveal subtle motor impairments that could
increase falling risk while compromising safety,’
already at early stages of the disease.*

In this nine-year prospective nested case-control study,
we aim to investigate whether circular gait (i.e., continuous
turning or also referred as curved walking) is predictive of
clinically evident PD. Particularly, in this exploratory study
we will evaluate the associations of circular gait features,
assessed with a single low-back BFS under single and dual-
task conditions, with the risk of developing PD.
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Table |. Demographics and clinical data.

iPD HC p-value:
(N=15) (N=90) iPD vs. HC
Demographic Gender, Number and (% of females) 3 (20.0) 18 (19.8) 0.99
Age [years] 679+ 43 68.0+ 3.8 0.70
Academic Education [years] 147 + 3.1 152+ 26 0.56
Handedness (right) [%] 14 (93.3) 79 (92.9) 0.97
Body Height [m] 1.76 [1.64-1.83] 1.75 [1.56—1.90] 0.68
Body Mass [kg] 79.0 [62.0-98.0] 77.0 [53.0-110.0] 091
BMI [kg/m?] 253+ 24 254+ 35 0.92
Clinical Beck Depression Inventory 6 [0-23] 5 [0-38] 0.89
Geriatric Depression Scale I [0-10] I [0-15] 0.76
REM Behavior Disorder Screening Questionnaire 3[1-8] 3 [0-12] 0.82

Data is presented as mean =+ standard deviation for the parametric data and median [range] for the non-parametric data. In case of gender, we present the
number of females and (the percentage of females over the total number of participants for each group). iPD: incident Parkinson’s disease, HC: healthy

controls.

Methods

Study design and setting

All participants of this exploratory study were assessed as part
of the TREND study (Tiibinger evaluation of Risk factors for
Early detection of Neurodegenerative Disorders).>"*! This is a
prospective (starting in 2009) follow-up study in 715 indivi-
duals aged older than 50 years, aiming to define markers for
an early diagnosis of PD and Alzheimer’s disease (http:/
www.trendstudie.de).”’*' The TREND study is registered
with the German Clinical Trials Registry (DRKS) under the
number DRKS00022058.

Participants

The Helsinki Declaration of 1975 was respected; local
ethics approval was obtained from the Medical Faculty,
University Hospital of Tiibingen (No. 90/2009B0O2). All
subjects provided informed written consent. Inclusion cri-
teria of the TREND study were being a healthy adult
older than 50 years and being free of significant hearing
or visual impairments. Exclusion criteria for all study parti-
cipants comprised: (1) inability to provide written informed
consent (i.e., Montreal Cognitive Assessment [MoCA]< 18
points), (2) other diseases affecting the central nervous
system such as the diagnosis of a neurodegenerative
disease, stroke, or inflammatory central nervous pathology,
(3) the administration of dopaminergic or antipsychotic
drugs. Detailed inclusion and exclusion criteria are pro-
vided in previous publications.’*! Within the follow-up
of 9 years, 16 participants converted to clinically evident
PD according to the United Kingdom Brain Bank Society
criteria.'® These participants were included in the current
exploratory study and referred to as “incident PD” (iPD).
Ninety-six healthy control participants (HCs), without pro-
dromal markers,41 were matched with 16 individuals from
the iPD cohort for sex, age and years of education. We
chose a 1:6 matching ratio (for each iPD individual, six

HCs were matched in sex, age and educational level) to
achieve good statistical power within an adequate confi-
dence interval,** since a nested case-control study design
with good matching procedures is expected to yield esti-
mates that are as efficient and unbiased as estimates from
the full cohort study.*> An overview of demographic of
both groups is presented in Table 1. In addition, clinical
data which was collected at baseline is provided in
Table 1. This includes the total score obtained from the
Beck Depression Inventory, which is one of the most fre-
quently employed measures of depression in PD, and the
somatic items included in the scale raise questions about
its ability to differentiate depression from manifestations
of the disease;** the Geriatric Depression Scale, which pri-
marily measures anxiety, apathy and fatigue in PD*’ and the
REM Behavior Disorder Screening Questionnaire.*®

The time between baseline assessment and diagnosis of PD
in the iPD group ranged between 1.42 and 8 years (Table 2).

Protocol

At baseline, all participants underwent a clinical assess-
ment, which included medical history, medication intake
and neurological examination. In addition, three circular
walking tests were performed as previously described:*’

1) Walking in circles (“Walk™), in which participants,
wearing their own shoes and a BFS on the lower back
(see below), were asked to continuously walk 3 rounds
around a cloth circle of a 1.2 m diameter at their preferred
speed. The trial started after a verbal countdown and ended
when the subjects completed the third round and reached
their original position. The trial ended after the subjects
completed the third round and reached their original pos-
ition. First, participants performed the circular walking
task in a counter-clockwise direction. Afterwards, they
turned 180 degrees on the spot, and following the examiner
indications, they performed the circular walking task in a
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Table 2. Time in years for each individual subject of the iPD
cohort (incident PD) from the start of the follow-up until their
diagnose.

Time (years)

Subject ID From Baseline to Diagnose
| 8.0
2 7.0
3 2.3
4 7.6
5 1.4
6 72
7 38
8 49
9 3.8
10 6.9
I 2.1
12 5.2
13 43
14 6.1
15 6.8
16 1.7

Data corresponding to subject ID 11 is highlighted with a gray background,
as this participant did not follow the instructions properly and was
removed from the analysis.

clockwise direction. Directions were alternated to avoid the
effects of direction and to compensate for potential dizzi-
ness induced by the continuous turning. In each case, the
examiner stood always on the cloth (circle) and turned
with the participants while extending the arms, so that
the examiner’s front of the body was in the direction of
the participant and potentially able to help him/her in
case of postural instabilities. Thus, the dimension of the
diameter (1.2 m) was chosen to permit the examiner to
stand/turn with the participant at an appropriate distance
to safeguard the participant. Moreover, turning around an
inner diameter of 1.2 meters approximates turning angles
of 120-150 degrees, which may frequently*®*® occur in
several daily-relevant situations, characterized by reduced
indoors (in the kitchen, living room, supermarket, etc.)
and outdoors (in the bus, on the sidewalk of the street,
etc.) spaces.”® In addition, clinical implementation of this
protocol does not require a big space and therefore could
be easily implemented in a clinical context.

The translation into English language of the instruction ori-
ginally provided in German language is: “Please, walk three
times clockwise/counter-clockwise around the marked
circle with convenient gait speed and do not risk falling”.
A detailed description of the procedure was presented in a
previous publication.>®

Subsequently, two dual-tasks were performed, for which
no hint on task prioritization was given, to omit an external
influence on the prioritization process:>'

2) Walking in circles while marking crosses
(“W-Mark™), in which participants held a clipboard in
their non-dominant hand and a pen in the other hand.
They were requested to mark with a cross the 32 boxes
drawn on a sheet of paper as fast as possible, while
they walked three rounds around the circle, first in
counte-rclockwise direction, followed by a clockwise
direction. There was no instruction about where to start
and end crossing boxes, nor about the order of crossing
boxes. The translation into English language of the
instruction originally provided in German language is:
“Please, mark each of the boxes on the sheet of paper
with a cross, as fast as you can”.>®

3) Walking in circles while subtracting
(“W-Subtract”), in which the participants had to subtract,
as fast as possible, serial 7 digits from a randomly chosen
three-digit number, while they walked three rounds
around the circle, first in counter-clockwise direction,
followed by a clockwise direction. The participants
had to verbally indicate the resulting numbers. The trans-
lation into English language of the instruction originally
provided in German language is: ‘“Please, subtract serial
7 digits as fast as you can from the number that I will

shortly tell you, until I interrupt you”.>°

Equipment

The measurement system consisted of a BFS with a triaxial
accelerometer and a triaxial gyroscope, storing data at a rate
of 100 samples/s (DynaPort® Hybrid, McRoberts), a remote
control and a portable computer on which the DynaPort
software was installed. The accelerometer has a range
of + 19.62 m/s” and a resolution of 0.00981 m/s*. The gyro-
scope has a range of + 100 deg/s and a resolution of 0.0069
deg/s. The BFS was inserted in an elastic belt, placed
around the waist so that the sensor was positioned at the
level of the lowest lumbar vertebra (L5). These signals
represent the overall motion pattern given the proximity
of the sensor to the center of mass.’* Dedicated software
was activated with a remote control to initiate and stop
data collection.

Gait analysis

A comprehensive set of forty-one gait features was estimated
from triaxial acceleration signals and triaxial angular velocity
signals collected on the lower back to assess gait during single
and dual-tasking tests (see Supplemental Material 1). Changes
on these gait features, assessed under single and dual-task in a
group of patients with clinically evident PD at early-to-middle
stage of the disease, have been associated to changes on
UPDRS-III over a period of 5-years.>* Moreover, a sub
selection of these features has been identified as potential
markers of progression in early and mid-stages of the
disease.”>> This set included the following gait features:
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number of steps; total duration; asymmetry of step time;
median and variability of step and stride time; standard-
deviation (SD) of accelerations in all directions: vertical
(VT), medio-lateral (ML) and anterior-posterior (AP),>>3¢
and angular velocities around all 3 axes; step and stride regu-
larity, estimated from VT and AP accelerations;5 % harmonic
ratios calculated for each signal, reflecting gait rhythmicity>”
and gait symmetry;>’~® index of harmonicity calculated for
each signal, reflecting gait smoothness;’>® normalized
peak power (related to gait periodicity) and calculated for
each signal as the amplitude of the power spectral density
(PSD or power) at the dominant peak, normalized by the
total integrated PSD;®' and the width of the peak power at
the dominant frequency, reflecting gait inconsistency or vari-
ability of dominant cycles in the signal, i.e., step cycles when
calculated from VT and AP acceleration signals, and stride
cycles when calculated from the ML acceleration.®!

The average of all gait features extracted from both trials
(in clockwise and in counter-clockwise directions) for each
protocol was obtained and used for further analysis. Details
on the calculation of the gait parameters were reported pre-
viously.®? Note that the acceleration and deceleration phase
have not been excluded from the analysis, or processed sep-
arately, due to the short duration of the trial.

Statistical methods

The Shapiro-Wilk test and Shapiro-Francia test (for platy-
kurtic and leptokurtic distributions, respectively) were
implemented with the statistics toolbox of Matlab (The
MathWorks Inc., R2016a, Natwick, MA, USA) to test nor-
mality of data distribution of demographic and clinical data.
Accordingly, unpaired t-tests and Wilcoxon Rank tests
were used to assess differences between groups for the
demographic and clinical data. The level of significance
was set to o =0.05 (two-sided).

Logarithmic transformations were applied, when
needed, to improve left-skewed distributions of gait features
extracted from each protocol separately (Walk, W-Cross,
W-Subtract), while cubic transformations were applied to
improve right-skewed distributions of data.®? In addition,
all gait features were scaled to obtain zero means and unit
variances (z-scores transformation).®® Several gait features
were excluded from the analysis due to high correlations
(p>0.80) with any of the remaining features. Duration of
median stride, duration of median step and total duration
of trial were excluded from all three protocols; whereas
SD of AP acceleration, step and stride regularity from VT
acceleration and normalized peak power from VT acceler-
ation were excluded in the Walk protocol. SD of VT accel-
eration was excluded in both dual-tasking protocols,
W-Mark and W-Subtract. Normalized peak power from
AP acceleration, the number of steps and index of harmoni-
city from AP acceleration, were excluded from the W-Mark
protocol. Thus, only non-correlated features were analyzed.

Multivariate Cox proportional-hazards regression ana-
lyses were performed with the following predictors: selected
gait feature, confounder (duration of total trial or gait speed)
and the interaction of gait feature with confounder. The inclu-
sion in regression models of interactive effects along individ-
ual effects is encouraged to avoid significant bias and
misinterpretation of results, despite the difficulty of its inter-
pretation.®*®> Notice that since lower gait speeds may nega-
tively affect gait quality in elderly,>>*¢%® either “gait
speed” or its inverse, “duration of complete trial”, was
included in the model to correct for their confounding
effects. We selected “gait speed” as a confounder for all
the features in which higher values of these features are
expected for lower gait speed; whereas “duration of complete
trial” was used as a confounder for all features in which lower
values are expected for slower gait, i.e., longer durations. In
this way, we compensated the effect of gait speed on the dir-
ection (higher or lower values) of the features to predict PD
diagnosis. As time-to-event variable we used the number of
years between baseline and date of diagnosis, reported in
Table 2. Data were time-to-event censored (right-
censored),” at the end of follow-up for the HC subjects.

We report the results for gait features that reached signifi-
cance, set to a=0.05, either for the gait feature, or for the
interaction of this feature with the confounder. For these pre-
dictors, the corresponding receiver operating curve (area
under the curve, AUC; i.e., c-statistics) and the sensitivity
and the specificity calculated for the cut-off that optimizes
both, were calculated. Note that a larger AUC (> 0.7) in the
Cox regression model indicates better predictability of time
to event.”’" These analyses were separately performed for
all features, from each protocol (Walk, W-Box,
W-Subtract). We did not correct the p-values for multiple
comparisons, as this is an explorative study (as such, associ-
ation of each feature with the risk for PD was individually and
separately assessed) and we were concerned about possible
type II errors. All Cox regression models were analyzed
with the function coxphfit in Matlab 2018.a.

Results

One participant from the iPD group (participant number 11)
did not follow the instructions properly and needed double
the time of the average obtained for the iPD group. Thus, we
removed the data of this participant and the 6 matched HC
from the analysis. Demographic variables did not signifi-
cantly differ between the remaining iPD and HC groups.
Descriptive statistics of clinical parameters for all these
groups are presented in Supplemental Material 1, with a
selection of the significant results in Table 3.

Descriptive statistics of the gait features for which a sig-
nificant main effect of group or a significant interaction of
group with trail duration was found are presented in
Table 3. Table 4 summarizes the Cox regression model
for all significant results. The AUC for single gait features
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Table 3. Descriptive statistics of non-transformed data.

Mean + SD
of iPD

Mean +SD
of HC

Walk Standard deviation of 0.65+0.15 0.74+0.21
Angular Velocity
(around VT axis)
[rad/s]

Harmonic Ratio of
Angular Velocity
(around AP axis)

Step variability [s]

Stride variability [s]

Standard deviation of
Angular Velocity
(around VT axis)
[rad/s]

Harmonic Ratio of
Acceleration (VT
axis)

Harmonic Ratio of
Acceleration (VT
axis)

Harmonic Ratio of
Angular Velocity
(around VT axis)

Harmonic Ratio of
Acceleration (ML
axis)

Harmonic Ratio of
Angular Velocity
(around AP axis)

Index of Harmonicity
of Angular Velocity
(around ML axis)

524+195 5.19+1.63

W-Mark 0.0l £0.01
0.02 +0.00

0.44+0.16

0.01 +£0.00
0.02+0.01
0.50+0.17

371+ 1.19 447+124

W-Subtract 343+087 4.00+1.03

266+ 1.10 343+1.23
2.00+0.59 2.55+0.74
4.64+169 500+1.84

081 +0.15 0.73+0.17

Gait features that reached significance are presented, either for the
predictor gait feature or for its interaction with the confounder. The
results include the mean + standard deviation for the incident Parkinson’s
disease (iPD) and for the healthy control (HC) groups.

ranged from 0.63 to 0.69, and the optimized sensitivity and
specificity ranged from 0.53 to 1.00 and from 0.36 to 0.88,
respectively. Figure 1 (A to C) presents the receiver operat-
ing curves (ROC), for features that differed between groups.

Overall, 11 features showed significant effects, either for
the main effect or for the interaction with the confounder.
Most of these significant findings (6 out of 11) were
related to harmonic ratios (reflecting gait asymmetry and
lack of rhythmicity in the gait pattern, see also discussion
section) and all, except one, were in the expected direction.

In the single task Walk protocol, the iPD group performed
the trial with an average duration of 12.6 + 1.3 s, whereas for
the HC the average duration was 12.4 + 1.4 s. No significant
main effects of gait features or confounders were found in
the models. However, for two features, significant interactions
with the confounder duration were found: SD of angular
velocity around the VT axis and harmonic ratio of angular vel-
ocity around the AP axis. A stronger increase on SD of angular

velocity with duration was associated with a higher hazard to
get diagnosed with PD, whereas a decrease on the harmonic
ratio of angular velocity with duration was associated to a
higher hazard.”"

In the W-Cross protocol, the iPD group performed the
trial with an average duration of 15.4 +1.2 s, whereas for
the HC the average duration was 15.4 + 1.8 s. In this proto-
col, a significant main effect was found for the feature har-
monic ratio of VT acceleration: lower harmonic ratios were
associated with a higher hazard to get diagnosed with PD. In
addition, significant interactions with the confounder dur-
ation were found for step variability, stride variability and
SD of angular velocity around the VT axis. Stronger
increases on these features with duration were associated
to a higher risk for the diagnosis of PD.

In the W-Subtract protocol, the iPD group performed the
trial with an average duration of 14.7 + 1.9 s, whereas for
the HC the average duration was 14.7 + 1.8 s. In this proto-
col, four significant main effects were found for the fea-
tures: harmonic ratio of VT acceleration, harmonic ratio
of angular velocity around the VT axis, harmonic ratio of
ML acceleration and index of harmonicity from angular vel-
ocity around the ML axis. Lower harmonic ratios and
higher index of harmonicity were individually associated
to higher risk for the diagnosis of PD. Moreover, a signifi-
cant interaction with the confounder duration was found for
harmonic ratio of angular velocity around the AP axis, for
which also a stronger decrease on these was associated to
a higher risk for PD.

Discussion

Associations of gait features to time-to-diagnosis of
clinically evident PD

We have identified associations between the time from base-
line measurement to PD diagnosis, for eleven gait features in
single and double task circular gait assessed with a single BFS
located on the lower back. These associations potentially
reflect prodromal motor impairments of PD manifested con-
tinuous turning in circular walking, a test that can be easily
implemented in clinical practice, assessed quantitatively
with a low-cost and wearable instrument. Most significant
associations were related to harmonic ratios; in all protocols,
low harmonic ratios were associated with larger hazard of
being diagnosed with PD. This is consistent with a faster
decline of harmonic ratios over 5 years in early stages of clin-
ically evident PD in circular gait assessments, and signifi-
cantly lower values in patients at middle stages of PD,
compared to matched healthy controls.”* Also, these harmonic
ratios obtained from circular gait have been shown to be asso-
ciated with UPDRS 1II scores.”® Despite the abstract nature of
this feature, which leads to difficult clinical interpretation, it is
well acknowledge in the literature®®”* that harmonic ratios
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reflect asymmetry and lack of rhythmicity.*® Thus, the results
of this exploratory study suggest an association of an arrhyth-
mic and asymmetrical gait pattern with the risk of developing
PD. Harmonic ratios have been described in the literature as
sensitive and versatile measures of gait stability,”” differentiat-
ing PD patterns from controls,*’* PD freezers from non-
freezers,75 PD fallers from non-1°allers,76’77 and characterizing
patients with different PD dominant symptoms
(postural-impaired-gait vs. tremor).”® Moreover, this feature
could be sensitive to intervention effects, for instance to differ-
ent methods of cueing.”*’”? Together with previous observa-
tions®”® and similarly to results from the assessment of
straight gait in the same cohort,”® this might indicate that
pace-associated impairments in circular walking could be
manifested even in prodromal PD, and can be detected from
harmonic ratios. Other features associated to the
time-to-diagnosis were step and stride variability from the
W-Mark protocol. High gait variability assessed from this
challenging “cognitive-motor-motor” task was associated
with a larger hazard to get diagnosed with PD. The interaction
with speed is likely explained by the fact that gait variability
tends to decrease with speed even in healthy gait,**** conse-
quently, high variability is an indication of impaired gait when
observed at high gait speed. This finding is consistent with
previous studies in which stride-time variability has been
reported to predict PD conversion,” and as a highly sensitive
marker of dynamic imbalance, inconsistent and unstable
gait,®® especially under challenging conditions,**®*> which
might have sacrificed the control of step and stride fluctua-
tions.>’ Our results, although based on a different dual-tasking
condition, support the findings of a previous study,*® in which
a population at risk for developing PD (carriers of a genetic
mutation on leucine-rich repeat kinase 2) also presented
higher stride variability than matched HCs. Similarly, gait vel-
ocity, variability and rhythm measured in free-living environ-
ments were reduced in a cohort of participants with REM
sleep behavior disorder,®” who are at a higher risk of develop-
ing PD than healthy controls.®®

In subjects with lower gait speed, the hazard for the diag-
nosis of PD increased with SD of angular velocities (in
Walk and W-Mark protocols). Higher SD of signals reflects
a higher movement intensity,> and thus, would be expected
to occur at higher speed, rather than at lower gait speeds
(i.e., longer gait trials). This could be explained by an over-
compensation in the correction for the confounding effect of
duration, which would still suggest the presence of altered
SDs in combination with gait speed, indicating the associ-
ation between impaired control and the risk for PD.

It must be noted that while trial duration, inversely
reflecting gait speed, was not associated to the risk of
being diagnosed with PD on its own, harmonic ratios did
show subtle prodromal motor alterations related to the
lack of rhythmicity, periodicity and symmetry. Similarly,
a previous study based on straight gait assessed on the
same cohort®® reported that gait variability and asymmetry,

rather than gait speed, were the best predictors for the con-
version to clinical PD. Altogether this motivates the use of
instrumented gait assessment protocols, which can provide
a battery of features (additional to gait speed) sensitive and
specific for particular signs of PD.* Further analyses may
consider to separately process the acceleration and deceler-
ation phases of the trial, to study initiation or locomotive
propulsion and stopping mechanisms in gait,”® which are
often altered in PD, even at early stages and subtypes of
the disease’’** and may underline prodromal motor symp-
toms of PD. In addition, future work may focus on studying
the added value of circular walking over straight walking in
a dedicated comparative study of both protocols. This may
also support understanding the biomechanical mechanisms
involved in turning, which is already impaired in prodromal
stages of PD. Impairments in turning are of relevant clinical
value, given that real-world environments require continu-
ous and frequent biomechanical gait adaptations and
walking direction alterations while turning™ and their impair-
ment could lead to restricted mobility and independence, falls,
freezing of gait and reduced quality of life in PD.”

Dual-tasking assessment

Overall, as for our previous study on progression of PD,>
the findings from dual-tasking protocols were largely in
line with the findings from the single Walk test over a cir-
cular trajectory. In our previous study, the assessment of
dual-tasking did not provide consistent additional informa-
tion (relative to single Walk task) regarding progression of
PD. Moreover, none of the variables obtained from dual-task
walking (over straight trajectory) predicted PD conversion in
a study based on the TREND data.®* In contrast, in the current
study, the assessment of dual-tasking protocols provided a
larger number of associations with time-to-diagnosis of PD
than single circular walking task. While variability-associated
features were only found significant for W-Mark; under
W-Subtract, most of the significant associations were found
for harmonic ratios. Associations with risk for PD of variabil-
ity features in W-Mark may be a consequence of the execu-
tive and visuospatial challenge imposed by the marking
boxes task, which deviates the gaze from the walking
path®® and increases the attention demand, particularly rele-
vant in PD given a decline in executive function, which
may exacerbate the effects of dual-tasking on gait.*®
However, dual-tasking interferences in both proposed proto-
cols (i.e., W-Mark and W-Subtract) should be further
explored to assess trade-offs between concurrent task perfor-
mances (e.g., mutual task interference or task prioritization).*®

Sensitivity and specificity to incident Parkinson’s
disease

Despite significant associations with incident PD, the sensi-
tivity and specificity of the proposed features were too low



Table 4. Results of cox proportional hazards regression models for the diagnosis of incident Parkinson’s disease.

p (Beta + SE)
p (Beta+SE) p (Beta+SE) Confounder x Gait Optimized Optimized Log / Cubic
Confounder Gait feature feature AUC sensitivity specificity Confounder transformations
Walk Standard deviation of 0.30 (0.29+0.29) 0.1l (-0.53+0.33) 0.02 (1.21 +0.50) 0.67 0.60 0.73 d
Angular Velocity
(around VT axis)
[rad/s]
Harmonic Ratio of 0.83 (—0.05+0.24) 0.56 (0.15+0.26) 0.0l (—0.60+0.22) 0.66 0.87 0.46 d
Angular Velocity
(around AP axis)
W-Mark Step variability [s] 0.94 (-0.02+0.35) 0.54 (-0.20+0.32) 0.01 (1.29+0.47) 0.64 047 0.87 d Log
Stride variability [s] 0.57 (-0.19+0.34) 0.82 (—0.08+0.34) 0.0l (1.33+0.50) 0.65 087 0.48 d
Standard deviation of 0.38 (0.29+0.33) 049 (-0.23+0.33) 0.04 (1.09+0.53) 066 0.93 0.44 d
Angular Velocity
(around VT axis)
[rad/s]
Harmonic Ratio of 0.68 (—0.14+0.34) 0.03 (—0.64+0.29) 0.8] (-0.06+0.27) 0.63 0.60 0.74 d
Acceleration (VT
axis)
W-Subtract Harmonic Ratio of 0.35(-0.31+0.33) 0.04 (-0.59+0.29) 0.31 (-0.30+0.30) 0.64 1.00 0.36 d
Acceleration (VT
axis)
Harmonic Ratio of 0.47 (-0.25+0.35) 0.02 (-0.92+0.39) 0.82 (-0.09+0.38) 0.65 0.87 0.46 d
Angular Velocity
(around VT axis)
Harmonic Ratio of 0.17 (-0.52+0.38) 0.0l (=1.01+0.39) 0.19 (-0.35+0.26) 0.69 0.73 0.71 d
Acceleration (ML
axis)
Harmonic Ratio of 0.16 (—0.41 +0.29) 0.55 (-0.18+0.31) 0.00 (—0.68+0.23) 0.69 0.53 0.88 d
Angular Velocity
(around AP axis)
Index of Harmonicity of 0.55 (0.18+0.30)  0.04 (0.67+0.32) 0.2 (—-0.39+0.31) 063 0.73 0.53 s Cubic

Angular Velocity
(around ML axis)

Results include p-values, -values and standard errors (SE) for the three predictors; area-under-the-curve (AUC), optimized sensitivity and specificity of the regression model; selected confounders (d: duration
or s: gait speed) and transformations applied on data (log: logarithmic or cubic). Data that reached significance is highlighted with a gray background (p <0.05).
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Figure |. ROC (receiver operating curves) for all models. Models are presented for all gait features that reached significance (o=
0.05) in the Cox regression models, either for the predictor gait feature or for its interaction with the confounder. In the y-axis: True

positive rate, in the x-axis: False positive rate. A) ROC for gait featu
under W-Mark protocol; C) ROC for gait features obtained unde

(<0.70) to allow identification of prodromal motor impair-
ments on an individual basis. This is reflected by low
AUC values for all features and protocols, which are in the
same range as previous studies using gait features as discrim-
inative signs of patients with REM sleep behavior disorder
and matched healthy controls measured in free-living envir-
onments (AUC ~ 0.65)*” and in supervised laboratory
context (AUC =~ 0.70). Among the selected features, the har-
monic ratio of medio-lateral acceleration (from W-Subtract)
presented the best trade-off between sensitivity (0.733) and
specificity (0.711) and the highest AUC (0.694). The low
number of incident cases did not allow testing whether multi-
variate models combining multiple gait features could
improve sensitivity and specificity. Most of the iPD cases

res obtained under Walk protocol; B) ROC for gait feature obtained
r W-Subtract protocol.

(10 out of 15) were diagnosed with PD more than 4 years
after the baseline assessment, whereas the other 5 were diag-
nosed less than 4 years after baseline assessment (see
Table 2). Thus, the time of assessments corresponds to a pre-
diagnostic phase during which motor difficulties to walk in
circles may have been too subtle” or not yet developed.'”
Therefore, in some cases, the baseline of assessments might
correspond to a “too early” pre-diagnostic phase, even
earlier than the onset of prodromal motor symptoms of PD,
leading to low individual predictive value for those. Note
that in a previous study,® based on the same cohort and lon-
gitudinal assessments of straight gait performed 4 times at
2-year intervals, step velocity and step length of the iPD
cohort deviated from the HC at about 4 years prior diagnosis
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(3.3 years for step velocity, 4.1 years for step length).
However, the AUC for each individual proposed feature
was not reported, which precludes direct comparison with
the currently presented results. Future analyses could
explore the relationship between straight and circular gait
using data from this cohort (as part of the TREND study), pro-
viding deeper insights into the various biomechanical
mechanisms in prodromal stages of PD.

Low sensitivity may also result from effective compen-
satory mechanisms in iPD that could have preserved
physiological motor functioning in early neurodegeneration
stages,’® masking prodromal motor deficits of PD.?” In add-
ition, the prodromal motor impairments of PD could be
similar to motor patterns of neurologically intact elderly,’
challenging their recognition and reducing specificity of
the parameters. For instance, rigidity or balance impair-
ments could also occur in other diseases different from PD.*

After the completion of this study, 5 participants originally
identified as health controls have been diagnosed with PD.
Supplemental Material 2 presents the months from assess-
ment to the diagnosis of these new 5 participants (ranging
from 8 to 14 years). The results for the Cox regression
models obtained when excluding these 5 participants from
the HC group are presented in Supplemental Material 3,
while the Cox regression models obtained when considering
these new participants as part of the iPD group (i.e., adapting
the model to their time-to-diagnosis) are presented in
Supplemental Material 4. Results presented in Supplemental
Material 3 are very similar to the results reported in
Table 4, i.e., the AUC range between 0.63 and 0.69 and the
same features, or their interaction with the confounding
factor, reached significance in the same cases. Results pre-
sented in Supplemental Material 4 present the same statistical
significance patterns as in Table 4. However, the AUC were
lower in Supplemental Material 4, ranging from 0.57 to 0.64.
Overall, this indicates that at the time of assessment of these 5
participants, no motor changes on circular gait may have been
manifested, potentially justifying that the low AUC observed
in this study may be due to the long time-to-diagnosis of some
of the subjects in iPD.

Although the AUC values observed here for all proposed
features and protocols were low (below 0.7) in insolation,
their combination with other prodromal markers of PD
such as gait markers derived from straight gait, or even
signs of altered REM sleep behavior, may add in the
study and definition of the prodromal phase of PD, comple-
menting a panel of prodromal markers for the definition of
persons at substantially increased risk for PD. This may be
addressed with a larger sample size and a longitudinal
study,®® to better determine the characterization of circular
gait during a specified time window preceding the conver-
sion to PD. Moreover, further studies based on larger and
heterogeneous (regarding “the time to diagnosis”) samples
could assess the weight of the predictors for the time to con-
version to better understand the onset of gait changes.

Conclusions

To our knowledge, this is the first study to quantitatively
assess deficits associated to circular walking in relation to inci-
dent PD,”® complementing studies on non-motor prodromal
symptoms of PD as part of the TREND study,” '™ as well
as quantitative assessment of straight gait® In spite of
limited predictive value at the individual level of single para-
meters extracted from tasks, the significant differences
between iPD and control, the objectivity and simplicity of
the proposed assessments and the properties of the parameters
discussed here motivate, in our view, further investigation on
the potential of this method (task and instrument) to contribute
to the detection of persons in prodromal PD stages.'®*
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