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ABSTRACT

Parkinson's Disease is a progressive neurodegenerative disease affecting
sensory-motor systems and decreasing patients’ quality of life. This
study aims to find a sophisticated method for detecting characteristics of
patients and comparing gait, balance and tremors between the ON and
OFF periods. The data provided by the Xsens (Movella) company belongs
to 3 anonymous patients, and the content is unique for all 3 patients since
they were unable to perform the same movement patterns due to different
disease severity. Their descriptive information was not provided due to
patient privacy. Tremor, gait and balance assessments were asked to be
performed via preferred approaches and methods by using MVN Analyze
Software. Kinematic improvements were detected in gait parameters
such as cadence (step/min), the number of steps, speed (m/s), total
distance (m), stride and length. The provided data shows that patients
have some difficulties during turns and initiation of gait (freezing gait). It
accompanies a delay in the first step at the beginning of the gait and after
turns as well. For the tremor assessment, a heat map was generated based
on the magnitude and frequency of the tremors. Both the magnitude and
frequency of the tremors were smaller under the dopaminergic medication
(ON: amplitude:4.99 cm frequency:4.04 Hz; OFF: amplitude:7.78
cm frequency:5.17 Hz). We were unable to assess the balance due to
time limitations. Most of the parameters show an improvement in gait
and tremors during the ON period. Results are important in terms of
individualization of drug intake time and dosage.

Keywords: Drug therapy, inertial measurement units, motion analyses,
Parkinson’s disease

1. INTRODUCTION

Parkinson's Disease (PD) is a

neurodegenerative affecting
motor systems and significantly reducing patients’
quality of life. The global burden of PD has grown
substantially in recent decades, and the ambiguity
in the data makes it difficult to assess PD’s global

impact accurately. According to the World Health

progressive

disease sensory-

Organization, current estimates indicate that PD

84

accounted for 5.8 million disability-adjusted life
years and 329,000 deaths in 2019, representing
increases of 81% and over 100%, respectively, since
2000 [1].

Levodopa is currently the dominant treatment
for PD. Johansen et al. [2] reported more than
30% movement improvement in the ON state of
dopaminergic medication. As PD advances, this
therapy’s effectiveness diminishes, which causes
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motor dysfunction and eventually requires the dose
adjustment of levodopa to ensure appropriate motor
functioning. Clinicians have found it difficult to
pinpoint the best dosage of Levodopa since symptom
responsiveness to Levodopa is variable due to disease
severity and unique neurological differences among
those with PD [3, 4].

Levodopa, while effective, is also associated
with long-term complications, including motor
fluctuations and dyskinesias [5, 6]. With the
advancement of the disease and prolonged disease
duration, some functional movement patterns of
daily life connected to PD do not appear to react well
to levodopa (or other dopaminergic medications)
or seem to develop a resistance [4]. One possible
explanation for this is the potential for pseudo-
resistance, a phenomenon that describes dopamine-
sensitive symptoms or signs appearing resistant
to levodopa, despite other mechanisms causing
inadequate dopaminergic efficacy [7]. These
mechanisms may involve impaired gastrointestinal
absorption, delayed stomach emptying, interactions
with other medications, or inconsistent medication
intake. Each of these can lower the amount of
levodopa that reaches the brain, creating the
appearance of resistance even though the drug
itself remains effective. This confusing stage of
the disease could be derived from the existence of
particular motor and nonmotor PD symptoms that
necessitate a substantially higher/lower levodopa
dosage to be effective [8]. It is advised that patients
should be prescribed a personalised medication
dosage and time to manage these symptoms, which a
neurological specialist can further standardise within
the clinic [9].

However, PD drug development faces significant
challenges due to the absence of definitive markers
for tracking disease progression, which complicates
the design and evaluation of effective treatments
[10]. Moreover, even when individuals and their
conditions are carefully assessed, the symptoms
may manifest differently in the clinic than in their
everyday life [11]. This is particularly important,
as the neural control of many daily activities is
governed by unconscious mechanisms, such as
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those controlled by the cerebellum [12], while more
complex motor skills are developed through extensive
practice [13]. Traditional clinical assessments,
such as the Movement Disorders Society-Unified
Parkinson's Disease Rating Scale (MDS-UPDRS),
are inherently subjective and conducted in clinical
settings, potentially misrepresenting a patient's
actual functionality in real-world scenarios [10].
These conventional methods often fail to capture the
subtle, subclinical changes in a patient’s condition
and heavily rely on the patient’s recall, which can
be particularly problematic as cognitive functions
decline with disease progression [14]. Moreover,
not all sufferers can accurately describe to the
specialist how severe their symptoms are, and some
patients are experiencing a special condition called
“Levadopa phobia”, resulting in suboptimal control
of the disease [15].

Therefore, it would be very beneficial if the
symptoms could be objectively measured in a home
environment, preferably for a longer period during
daily activities. With this purpose in mind, the
Department of Psychology, Health and Technology
started a research project in the E-Health house at the
University of Twente, measuring PD patients during
a full day. The Xsens company launched a challenge
in an attempt to find a way to guide PD patients about
when and how much medication is needed based on
Inertial Measurement Units (IMU) data. The goals
of this challenge were to find a method to detect
characteristic features of patients with Parkinson's
and compare those between the ON and OFF
periods. The study focuses on the use of wearable
IMU sensor technology to objectively quantify
functional movement parameters in individuals with
Parkinson's disease, comparing their performance
during the “ON” and “OFF” medication states.
Wearable and digital health technologies have gained
considerable international attention in recent years
for their potential to provide objective, continuous,
and ecologically valid assessments of motor
symptoms in PD [9, 14]. Building on this growing
body of research, our study applies a targeted IMU-
based approach to assess medication-related motor
performance differences in PD.
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2. MATERIALS AND METHODS

The Xsens Biomechanics Challenge was announced
at the beginning of March 2022. People were free
to participate as individuals or as research/lab
groups. After closing the registration on 20th April,
people registered as individuals were informed that
they could be matched with other individuals and
create teams both for the current challenge and for
future collaborations. The next day the case files
were released and they included a prize delivery
agreement, MDS-UPDRS, a case study document
explaining project outputs, practicalities etc., and a
data file with recordings belonging to 3 anonymous
patients (P08, P21, P46). Teams worked on the files
based on the explanations, and a Technical Training
and Q&A Session was organised on 28th April.
The 6th of May was the project delivery date, and
after careful and detailed evaluation, selected teams
presented their approach and findings on the 19th of
May (Figure 1).

2.1. Project Flow and Parameters

The project outputs were based on three pillars as
1) Tremor, 2) Balance and 3) Gait assessments.
The outputs demanded for tremor analysis were
detecting tremors, defining characteristics of tremors
in the kinematic data, and finding the differences
in tremors between ON and OFF periods. During
the first half of the day, the patients are without
medication (OFF period) and are asked to perform
a collection of daily tasks (e.g., ~10 m walk, sit-to-
stand, sitting, lie down in bed, turning) in the house.
At lunchtime, the patients take their medication (ON
period) and continue in the house doing some more
tasks in the afternoon. The outputs demanded for
balance analysis were analysing balance, detecting
when the patients were out of balance, and detecting
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differences in balance between the ON and OFF
periods. Lastly, the outputs demanded for gait
analysis were analysing gait and finding differences
in gait parameters between the ON and OFF periods.

Data recorded using a triaxial Xsens IMU system
(MTw  Awinda, Movella/Xsens Technologies
B.V., Enschede, Netherlands) comprising an
accelerometer, gyroscope, and magnetometer with
factory calibration and onboard sensor fusion.
Sensors were affixed to the whole body with an
Awinda full-body strap set to minimize motion
artefacts. Data were sampled at 100 Hz and streamed
wirelessly to the Xsens Awinda Station using the
Xsens software suite.

A description of the methodology used to compute
each parameter, background material to support the
assumptions and calculations, and finally, the clinical
relevance of the various conclusions derived from
the findings was required for each of the parameters
indicated above. When choosing the final projects,
all of these considerations were taken into account
by the evaluation committee.

2.2. Data Analysis

The data analysed in this challenge was provided
by the Xsens (Movella) company. It belongs to 3
unanimous patients, and the content is not the same
for all 3 patients since they were unable to perform
the same movement patterns due to disease severity.
Their descriptive information, such as age, height,
weight, and laterality, has not been provided to
keep them anonymous. For the tremor assessment,
a custom-made signal analysis tool was developed
in MATLAB (R2023a, MathWorks, USA) to process
the acceleration data. The tool applied a 4th-order
zero-lag Butterworth band-pass filter (3—15 Hz)

Apr May
28 6
o o

Project

& Q&A delivery presentation

Release

Figure 1. Timeline of the challenge from registration to final.
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to isolate the tremor frequency range, followed by
Fast Fourier Transform (FFT) to compute the power
spectral density. Tremor amplitude was quantified
as the peak power within the dominant frequency
band. The tool was not formally validated, as the
data collection system was not available to us for
independent measurements, preventing comparison
with data from healthy participants. For the gait
assessment, the gait reports for patient P21 provided
by the company have been used to assess any
difference between ON and OFF states. Even though
balance is such an important motoric feature, its
assessment was not able to be performed since the
data and MVN Analysis Software were provided for
just 2 weeks.

3. RESULTS

Spatiotemporal gait parameters between the OFF
and ON stages of dopaminergic medication revealed
several notable improvements in gait performance
and symmetry during the ON stage for the participant.
Visual inspection of the provided data revealed that
all three PD patients were having some difficulties
during turns and initiation of gait. Most of the gait
parameters of patient P21 differed between ON and
OFF situations, as indicated in Table 1. Initiation of
gait is a difficult task for PD patients. It accompanies
a delay in the first step at the beginning of the gait
and after turns as well.

General gait performance of the participant was
enhanced during the ON stage, as indicated by a
higher cadence (94.88 vs. 92.63 steps/min), increased
speed (0.92 vs. 0.86 m/s), and a longer total distance
covered (27.11 vs. 25.76 m). These improvements
were accompanied by a reduction in the number of
steps (18 vs. 22) and total walking duration (11.38
vs. 14.25 s), indicating a more efficient gait pattern
under dopaminergic influence.

Stride lengths for both the left and right limbs
increased significantly during the ON stage (Left:
116.87 = 11.47 cm vs. 109.69 + 12.47 cm; Right:
115.50+12.10 cm vs. 108.65 + 13.04 cm). Similarly,
step length on the right improved significantly (56.33
+ 5.67 cm vs. 47.79 + 7.59 cm), while the left step
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length remained comparable across conditions.

The gait cycle durations slightly decreased for both
limbs in the ON stage (Left: 1.27+0.15 s; Right: 1.27
+ 0.16 s), with a statistically significant reduction in
left-side duration. The participant showed a shift in
step time distribution: while the right step duration
decreased significantly (0.63 £ 0.08 s vs. 0.69 £ 0.11
s), the left increased, leading to a more symmetrical
step timing (difference reduced from -0.09 s to 0.02

s).

The ON stage induced a significant reorganization
of gait phase durations. Notably, the swing phase
duration decreased bilaterally (Left: 0.48 +0.04 s vs.
0.55+0.07 s; Right: 0.48 + 0.05 s vs. 0.50 £ 0.05 s),
while the stance phase increased (Left: 0.79 £ 0.11 s
vs. 0.74 £ 0.09 s; Right: 0.80 +0.12 s vs. 0.78 £ 0.14
s), suggesting a more stable gait pattern. Similarly,
the single support phase durations decreased,
whereas double support phase durations increased
significantly (Total: 0.32 + 0.08 s vs. 0.23 = 0.05 s;
%:25.11 £4.01 vs. 18.01 +2.57), further reinforcing
the observation of increased stability.

The loading response phase duration increased
bilaterally during the ON stage (Left: 0.17 = 0.03 s
vs. 0.09 + 0.03 s; Right: 0.15 + 0.04 s vs. 0.13 +
0.04 s), reflecting a more controlled initial contact
and weight acceptance. There were minor changes in
midstance, terminal stance, and pre-swing durations,
with slight reductions in terminal stance times during
the ON stage.

Overall, the gait pattern in the ON stage showed
improved spatial symmetry (e.g., stride length
and step width differences reduced) and temporal
symmetry (e.g., equalized gait cycle times). These
changes suggest that dopaminergic medication
positively influenced the coordination and efficiency
of gait in this participant.

For the tremor assessment, a heat map was generated
based on the magnitude and frequency of the tremors.
Both the magnitude and frequency of the tremors
were smaller under the dopaminergic medication
(ON: amplitude:4.99 cm, frequency: 4.04 Hz; OFF:
amplitude:7.78 cm, frequency: 5.17 Hz).
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Table 1. Gait parameters of patient P21 between the ON and OFF stages of dopaminergic medication

PARAMETERS* OFF ON

Cadence (step/min) 92.63 94.88

Duration (s) 14.25 11.38

Number of Steps 22 18

Speed (m/s) 0.86 0.92

Total distance (m) 25.76 27.11

Stride Length Left (cm) 109.69 + 12.47 116.87 £ 11.47

Stride Length Right 108.65 + 13.04 115.50 +£12.10
Difference 1.04 (0.95%) 1.37 (1.17%)

Step Length Left (cm) 61.01 £6.48 60.81 +7.06

Step Length Right 47.79 +7.59 56.33+5.67

Difference 13.22 (21,66%) 4.48 (7,36%)

Gait Cycle Left (s) 1.29+£0.16 1.27+£0.15

Gait Cycle Right 1.30+0.20 1.27+0.16

Difference -0.01 0

Step Left (s, %) 0.60 £ 0.06 (46.68 + 2.48) 0.65 £ 0.08 (51.62 £ 2.46)
Step Right 0.69£0.11 (53.15 +3.02) 0.63 £ 0.08 (49.76 £ 2.88)
Difference -0.09 s %-6.47 0.02 1.86

Swing Phase Left (s, %) 0.55+0.07 (42.68 £3.09) 0.48 £0.04 (38.23 £4.19)
Swing Phase Right 0.50 £ 0.05 (39.26+4.76) 0.48 £ 0.05 (38.35+5.03)
Difference 0.05 s %3.42 0-0.12

Stance Phase Left (s, %) 0.74 £0.09 (57.51 £ 1.72) 0.79 £ 0.11 (62.52 + 2.30)
Stance Phase Right 0.78 £ 0.14 (60.06 £ 2.90) 0.80+£0.12 (62.58 £3.30)
Difference -0.04 s %-2.56 0-0.07

Single Support Phase Left (s, %)
Single Support Phase Right
Difference

Double Support Phase Left (s, %)
Double Support Phase Right
Difference

Double Support Phase Total
Loading Response Left (s, %)
Loading Response Right
Difference

Midstance Left (s. %)
Midstance Right

Difference

Terminal Stance Left (s. %)
Terminal Stance Right
Difference

Pre-swing Left (s. %)

Pre-swing Right

Difference

0.50 +0.05 (39.16 + 3.11)
0.55+0.07 (42.67 + 3.42)
-0.05 s %-3.51

0.09 +0.03 (7.52 + 1.97)
0.13 +0.04 (10.48 + 1.59)
-0,04 s %-2.96

0.23 +0.05 (18.01 +2.57)
0.09 +0.03 (7.52 + 1.97)
0.13 4 0.04 (10.48 + 1.59)
-0.04 s %-2.96

0.21 +0.01 (17.04 +2.14)
0.22 +0.00 (17.40 +2.71)
0 %-0.36

0.28 + 0.04 (22.12 + 2.39)
0.33 +0.07 (25.26 +2.92)
0.04s % -15.36

0.14 + 0.04 (10.82 + 2.16)
0.14 +0.04 (10.82 + 2.16)
0.05 s % 3.92

0.48 +0.05 (38.25 + 2.75)
0.48 +0.04 (38.02 + 2.61)
00.23

0.17 +0.03 (13.36 + 1.90)
0.15+0.04 (11.74 + 2.36)
0.02 1.63

0.32 +0.08 (25.11+4.01)
0.17 +0.03 (13.36 + 1.90)
0.15+0.04 (11.74 + 2.36)
0.02 1.63

0.22 +0.00 (17.75 + 1.88)
0.19 +0.04 (15.75 + 4.07)
0.035 %2

0.26 + 0.04 (20.50 + 1.83)
0.28 + 0.06 (22.27 + 3.09)
-0.02-9.11

0.14 +0.03 (10.89 + 1.67)
0.14 +0.03 (10.89 + 1.67)
-0.03 s %-1.93

*Since the data presented in this table pertain to a single participant (P21), no statistical analysis was conducted. The values are provided
to illustrate individual changes in gait parameters between the OFF and ON stages of dopaminergic medication and should be interpreted
descriptively.
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Figure 3. Magnitude and frequency of the tremors during OFF stage of dopaminergic medication for patient P21.

4. DISCUSSION

The goals of this study were to find a method to
detect characteristic features of patients with PD and
compare those between the ON and OFF periods.
From a wider perspective, it is aimed to create an
individual dose arrangement approach based on big
movement data provided by IMU sensors. Even
though Xsens company provided MVN Analysis
Software for a limited time, participants were free to
perform analyses via various tools (i.e., MATLAB,
C++, Python). The approaches also varied, including
machine learning, big data and artificial intelligence
applications.

Most of the gait parameters were better when
the patient was under the effect of dopaminergic
medication, proving the effectiveness of the drug.
Cadence, speed, and total distance were all greater
during the ON stage, and the number of steps and
total walking time were reduced as well, which
suggests a more effective gait [16]. Patients with
PD frequently exhibit gait abnormalities, which
can be quantitatively evaluated using wearable
accelerometers that track gait and postural sway
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[17]. These devices offer a practical method for
objectively tracking how PD develops and how well
treatments work [18]. Gait parameters improved
markedly during the ON stage of dopaminergic
medication, as evidenced by increased stride and step
lengths, more symmetrical and efficient step timing,
shortened gait cycle durations, enhanced stability
through longer stance and double support phases,
and a more controlled loading response, collectively
indicating a more stable, coordinated, and efficient
gait pattern.

Moreover, medication-induced improvements were
observed in various gait parameters, including
cadence, step count, speed, total distance, stride
length, and step width, which aligns with the
understanding that dopaminergic medication can
enhance motor function in PD patients [19]. A prior
study showed that Levodopa can increase gait pace,
though postural stability may not improve during
walking [20]. The observed improvements in stride
length and step width during the ON period suggest
thatdopaminergic medication canpositively influence
the spatial aspects of gait, potentially leading to more
stable and coordinated movements [21]. These results
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are consistent with the established understanding that
levodopa can enhance motor function in individuals
with PD, particularly in alleviating bradykinesia
and rigidity, which directly impact gait kinematics
[22]. Initiation of gait is a complex motor task that is
frequently impaired in individuals with Parkinson’s
disease, often manifesting as a delay in the first step
and difficulties in initiating movement after turns
[23]. The participant's gait became more efficient
and stable during the ON stage, highlighting the
therapeutic value of medication in improving motor
function in Parkinsonian gait.

Additionally, the magnitude and frequency of the
tremors were both smaller under the dopaminergic
medication (ON: a:4.99 cm f:4.04 Hz; OFF: a:7.78
cm f:5.17 Hz) in our study, which proved the
effectiveness of the medication on tremor reduction.
PD is characterized by a heterogeneous presentation,
where some individuals exhibit prominent resting
tremors while others do not, suggesting variability
in the functional organization of the voluntary motor
system [24].

The observed heterogeneity in PD underscores
the importance of identifying markers that can
track disease progression, facilitating personalized
therapeutic strategies tailored to the advanced stages
of the condition [25]. By using artificial intelligence
tools and techniques, the researchers can potentially
offer more personalised and effective treatments for
PD, which is essential for improving the quality of
life for individuals affected by this condition [26].
Advancements in understanding the neuropathology
of PD and its molecular mechanisms have facilitated
the development of new models and highly effective
therapies [27]. However, the effectiveness of
those therapies should also be tested on functional
movement parameters of PD patients by using
sophisticated data collection methods such as IMU
[28-31].

The progressive nature of PD means that the benefits
of treatments aimed at enhancing dopaminergic
transmission, like levodopa, may reduce over time as
symptoms worsen [32]. After 5-10 years of chronic
L-DOPA therapy, several side effects are detected in
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most patients, reaching a point where the side effects
are greater than the therapeutic benefits [29]. The
prolonged use of levodopa is frequently associated
with the emergence of motor complications, including
fluctuations in motor response and the development
of dyskinesias, which can significantly compromise
gait patterns and postural control, thereby increasing
the risk of falls and diminishing overall mobility
[33]. These findings emphasize the importance of
long-term data collection and evaluation.

The strength of the current study was the use of
a comprehensive assessment of functional daily
movement parameters in both ON and OFF
medication states, allowing for a detailed comparison
of the impact of dopaminergic medication on various
aspects of motor function. Such observations
highlight the critical role of optimized dopaminergic
therapy in maintaining the functional independence
and quality of life for individuals living with PD [34].
The combination of exercise therapy and movement
strategy training has also demonstrated the potential
to improve mobility, reduce falls risk, and enhance
the quality of life for individuals with PD [35].

This study has several limitations that should be
acknowledged. First, the data were obtained from
only three anonymous individuals with PD, and no
demographic or clinical information, such as age,
sex, disease severity, or medication dosage, was
available due to data protection constraints. This
lack of contextual detail limits the interpretation of
individual variability and prevents subgroup analyses
that could have provided deeper insights into gait
differences across disease stages. Additionally, no
information was provided about the actual physical
environment in which gait data were collected, which
could have influenced some of the spatiotemporal
parameters. The small sample size and absence of
grouping possibilities restrict the generalizability
of the findings, making it difficult to draw broad
conclusions applicable to the wider PD population.
Future studies with larger, well-characterized cohorts
and controlled testing environments are needed
to validate and expand upon these preliminary
observations.
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5. CONCLUSION

In conclusion, this challenge contributed to the
creation of an open collaboration opportunity for
many young researchers all around the world. It
encourages the researchers to deal with a real-
world problem by using sophisticated data analysis
exhibited
by different teams showed that dopaminergic

tools. Many data-driven parameters
medication positively affects the daily life of PD
patients. However, the dosage and time of intake
should be individualised precisely for each patient.
Further research should be done to expand our
results with more sophisticated methods such as big
data, machine learning and artificial intelligence by
including a larger sample size.
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