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Abstract
Parkinson’s disease (PD) is the second most common neurodegenerative disease,
and the fastest growing. In PD, mobility decline represents a key disabling fea-
ture, therefore studying how people with PD (PwPD) move is crucial for disease
assessment, monitoring and management. PD symptoms could fluctuate within and
between days, therefore, capturing mobility impairment only through laboratory-
based tests (capacity) could not be sufficient and requires to integrate monitoring in
real-world conditions (performance), across the full 24-hour cycle and for multiple
days to collect a full picture of PwPD conditions. The advent of consumer wear-
ables, such as smartwatches, made this assessment viable but most of these devices
require validation. Additionally, mobility is not only determined by motor function
but influenced by several personal and environmental factors. This is particularly
true in PD where non-motor symptoms (NMS) are highly impactful. However, the
extent to which motor symptoms (MS) and NMS of PD impact on both capacity
and performance is still unclear. This doctoral thesis addressed these challenges in
PD through three complementary sections:

• Validation of a commercial smartwatch for step counting. Four studies were
included in this section.

• Assessment of the relationship between in-clinic walking capacity and real-
world walking performance, and the contribution of MS and NMS to mobility.
Three studies were included in this section.

• Assessment of nocturnal mobility, its association with diurnal mobility and
response to dopaminergic treatment. Two studies were included in this sec-
tion.

We built a large multimodal dataset of 121 people with PD including demographic,
anthropometric and clinical measures exploring both MS and NMS. We also collected
wearable-based measures of supervised (including turning, forward and backward
walking) and unsupervised mobility.

In the first section we demonstrated that average daily steps (AvDS) were accurate
and reliable in mild-to-moderate PD under ecological conditions, though influenced
by disease stage, phenotype, device placement, and pharmacological state. Impor-
tantly, we established, for the first time, the minimal clinically important difference
(MCID) for AvDS in PD, providing a benchmark to interpret change over time or
in response to interventions. Taken together, these findings confirmed the feasibil-
ity of smartwatch-based measures as digital mobility outcomes while highlighting
disease-specific limitations.

In the second section, we first compared forward walking, backward walking, and
turning tasks with AvDS, using Bayesian model averaging. We revealed the limited
power of supervised mobility tests in predicting unsupervised mobility. Furthermore,
multivariate analyses showed that NMS, particularly executive dysfunction, depres-
sion and fatigue, are major determinants of supervised and unsupervised mobility.
Their influence was most evident in complex tasks but also in AvDS, sometimes
outweighing MS. These results underscore that mobility in PD is multidimensional,
shaped by MS, NMS, and environmental factors.
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In the third section we reported that patients with impaired nocturnal mobility
also exhibited poorer daytime mobility, indicating that motor limitations extend
across the full 24-hour cycle. Additionally, in a second pilot study we showed that
dopaminergic therapy improved subjective sleep quality but not objective nocturnal
mobility, suggesting partially distinct mechanisms. These findings highlight the
importance of considering 24-hour mobility patterns in both research and care in
PD.

In conclusion, the findings of the present PhD thesis pave the way for more ecolog-
ically valid, multidimensional, and patient-centered mobility monitoring strategies.
These results can inform clinical decision-making, therapeutic interventions, and the
design of meaningful digital mobility outcomes, ultimately improving independence
and quality of life in people living with PD.
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State of the art
Mobility: a multifaceted construct
Mobility is one of the fundamental attributes of human life, underlying independence, par-
ticipation, and social engagement (Mayo & Mate, 2022). It represents the ability to move
freely and easily, encompassing both the physical capacity to move and the functional
ability to perform daily activities requiring movement (Mikolaizak et al., 2022). In this
definition, beyond the mere execution of gait or balance tasks, mobility is recognized as a
multidimensional construct, shaped by physical, individual, psychosocial, and contextual
factors that together determine a person’s ability to move in their environment (Mikolaizak
et al., 2022). From a conceptual standpoint, mobility can be divided into capacity and
performance. Capacity describes what an individual can do under standardized, controlled
conditions typically within the laboratory or clinical setting, whereas performance refers
to what the individual actually does in their habitual environment (Maetzler et al., 2021;
Mikolaizak et al., 2022). This distinction originates from the International Classification of
Functioning, Disability and Health (ICF), which emphasizes that functioning results from
the interaction between body structures and contextual factors, including personal and
environmental ones (Organization, 2002) (fig. 1.1)

Concerning capacity, this is commonly assessed through standardized tasks designed to
isolate specific components of movement. Traditionally, gait capacity has been represented
by metrics such as walking speed, stride length, cadence, among others, often recorded
over straight, unobstructed walking paths. However, in real life, mobility is rarely linear.
People move forward, backward, sideways, turn, stop, start again, and frequently adapt to
the surrounding environment. They negotiate obstacles, change directions, and multitask,
combining walking with cognitive or manual activities such as talking or carrying objects
(Giannouli et al., 2016; Maetzler et al., 2021). To reflect this ecological complexity, mod-
ern laboratory assessments incorporate tasks that capture multidirectional and adaptive
aspects of movement, such as the Timed Up and Go (TUG) test (Christopher et al., 2021),
turning assessments (Mancini et al., 2016), dual-task paradigms (Leone et al., 2017), and
obstacle negotiation protocols (Chien et al., 2018). These tasks probe the integration of
sensorimotor and executive control processes and offer a more ecological representation of
capacity.

Performance, on the other hand, captures what individuals do in their daily lives. It pro-
vides a picture of real-world functioning, beyond laboratory constraints. When considering
performance, daily steps have emerged as one of the most accessible and informative indica-
tors, as recently reported in a very recent systematic review (Ding et al., 2025). This metric
can be continuously and unobtrusively captured through wearables, offering an objective
estimation of habitual ambulatory behavior in everyday life (Bassett et al., 2017). Although
step count does not provide specific information about gait quality or context, lower values
consistently indicate reduced mobility and poorer overall health. In older adults, a lower
number of daily steps has been associated with increased all-cause mortality, as reported
in a recent meta-analysis (Ding et al., 2025), and with higher incidence of chronic condi-
tions including cardiovascular disease and cancer (Del Pozo Cruz, Ahmadi, et al., 2022),
depression (Bizzozero-Peroni et al., 2024), and dementia (Del Pozo Cruz, Ahmadi, et al.,
2022).
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Figure 1.1. The interplay between capacity and performance within the ICF framework
(Maetzler et al., 2021; Organization, 2002)

Furthermore, wearables used to capture daily step count can be either research-grade or
consumer-grade: the former, such as BTS G-Walk (or Mcroberts Dynaport) are optimized
for high-fidelity data collection under controlled conditions after undergoing rigorous vali-
dations (Mazzà et al., 2021; Vítečková et al., 2020), while the latter, such as FitBit, Apple,
or Garmin devices, offer greater scalability, enabling continuous monitoring in real-life set-
tings. Nevertheless, consumer-grade devices require rigorous validation before being used in
clinical or research contexts. In addition, step detection accuracy, and thus step count, can
be affected by device placement, walking speed, and the presence of abnormal or disease-
specific gait patterns, emphasizing the need for standardized validation frameworks to en-
sure reproducibility and comparability across studies and populations (Chow et al., 2017;
Fokkema et al., 2017; Lamont et al., 2018).

However, while step count represents a high-level summary of mobility behavior, it does not
provide a detailed understanding of mobility performance. This requires evaluating how
movement occurs in daily life in terms of distribution, intensity, variability, and context.
In recent years, several studies have demonstrated the feasibility of capturing such aspects
using wearable devices, including walking-bout characteristics, turning frequency, gait spa-
tiotemporal parameters, and postural transitions (Maetzler et al., 2021; Micó-Amigo et al.,
2023). These real-world mobility measures offer unique insights into behavior outside the
clinic and can detect subtle alterations that are not visible during short, supervised assess-
ments. The relevance of performance measures is increasingly recognized by international
initiatives such as Mobilise-D (Mikolaizak et al., 2022), and IDEA-FAST (Hinchliffe et al.,
2024), which aim to define, validate, and qualify digital mobility outcomes (DMOs) for
use as clinical endpoints. These large, multicenter consortia aim to standardize technical
and analytical pipelines for wearable data, harmonized definitions of mobility events (e.g.,
walking bout, lying-to-standing transitions), and explored the relationship between DMOs
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and traditional clinical scales. Collectively, they are shaping the future of digital health
by establishing frameworks to link real-world mobility behavior with disease mechanisms,
therapeutic response, and patient-centered outcomes.

Finally, beyond technical and physiological considerations, it is increasingly evident that
mobility is not solely determined by physical ability. Rather, daily movement behavior
reflects the interplay between physical, cognitive, psychological, and environmental fac-
tors that dynamically shape how individuals engage with their surroundings (Organization,
2002; Roussos et al., 2022). Fear of falling, fatigue, pain, or depressive symptoms may sub-
stantially reduce spontaneous activity even in the absence of overt motor limitations, while
apathy or reduced motivation can lead to sedentary behavior despite preserved walking
capacity. Mobility is also influenced by contextual and environmental affordances. Access
to safe walking spaces, transportation options, and supportive social networks can facilitate
mobility, whereas architectural barriers, urban density, or adverse weather conditions may
discourage outdoor movement (Maetzler et al., 2021; Mikolaizak et al., 2022; Organization,
2002). Socioeconomic disparities further modulate these interactions, affecting not only
opportunities for physical activity but also the perception of safety, autonomy, and purpose
in daily life.

Altogether, mobility should be viewed as an emergent behavior, the outcome of continuous
interactions between body, mind, and environment. It represents not just the ability to
move, but the motivation and opportunity to do so. This multidimensional perspective
underlines the need to move beyond a purely motor-centric view of mobility, paving the
way toward a more holistic framework that captures its biological, psychological, and social
determinants.

Mobility issues in Parkinson’s disease
Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder and repre-
sents the fastest-growing neurological condition worldwide, both in terms of prevalence and
associated disability (Dorsey et al., 2018; Su et al., 2025) (fig. 1.2). It affects approximately
1–2% of the population over 65 years of age, but its burden is no longer confined to the
elderly. Recent global estimates show that PD prevalence has more than doubled over
the past three decades, with a marked increase also observed among younger adults aged
20–50 years (Shen et al., 2025). The drivers of this rise are multifactorial, encompassing
population aging, increased life expectancy, environmental exposures, and possibly changes
in lifestyle and diagnostic awareness.From a public health and societal perspectives, this
expanding burden poses major challenges. PD not only leads to progressive disability but
also contributes substantially to caregiver strain, healthcare costs, and loss of independence.
As populations age, the number of individuals living with PD is projected to exceed 12 mil-
lion by 2040, highlighting the urgent need for strategies aimed at early detection, disease
modification, and health system adaptation (Dorsey et al., 2018).

Clinically, PD is characterized by a combination of motor and non-motor symptoms result-
ing from the progressive loss of dopaminergic neurons in the substantia nigra pars com-
pacta and the dysfunction of multiple interconnected neural circuits (Poewe et al., 2017)
(table 1.1). Motor features, including bradykinesia, rigidity, resting tremor, and postural
instability, are central to the diagnosis, yet their expression is highly heterogeneous and
their progression is influenced by both dopaminergic and non-dopaminergic mechanisms
(Armstrong & Okun, 2020; Poewe et al., 2017). Among the motor manifestations, mobility
impairment represents one of the most disabling aspects of PD and a key determinant of
functional decline and loss of independence. Mobility issues in PD encompass a wide range
of deficits, including gait disturbances, postural control impairment, balance dysfunction,
and freezing of gait (FOG) (Mirelman et al., 2019). These disturbances profoundly af-
fect patients’ quality of life, increase the risk of falls, and limit participation in social and
physical activities (Nutt et al., 2014; van Uem et al., 2018).
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Figure 1.2. Estimated trends of numbers of PD cases by age groups with 95% uncertainty
intervals, 1990-2050 worldwide. Solid lines represent values from Global Burden of Disease
(1990-2021); dotted lines represent projected values (2022-50). Adapted from (Su et al.,
2025) under CC BY-NC 4.0.

Gait in PD is typically characterized by a slower walking speed, shorter stride length,
increased step-to-step variability, and reduced arm swing (Mirelman et al., 2019). Turn-
ing, gait initiation, and backward walking are particularly challenging tasks (Hackney &
Earhart, 2009; Mancini et al., 2015; Mirelman et al., 2019), reflecting an impaired ability
to generate and coordinate sequential motor commands. These abnormalities contribute to
an unstable and fragmented gait pattern that worsens with disease progression (Mirelman
et al., 2019). Unlike many other aspects of PD motor symptoms , gait and other axial symp-
toms often respond poorly to dopaminergic treatment (Fabbri et al., 2016), particularly in
the later stages of the disease, suggesting that non-dopaminergic mechanisms, involving
cholinergic, serotoninergic, and noradrenergic systems play a crucial role (Imbalzano et al.,
2023; Packer et al., 2025).

In the early stages of PD, mobility impairments may be subtle and episodic, often emerging
only under complex or dual-task conditions. Dual-task walking, when a cognitive or motor
task is performed concurrently with gait, can reveal underlying deficits in automaticity
and the excessive reliance on attentional control mechanisms (Johansson et al., 2021). The
basal ganglia normally facilitate automatic execution of learned motor sequences, but in PD,
this automaticity breaks down, requiring compensatory activation of prefrontal networks.
Among all mobility deficits, freezing of gait (FOG) stands out as one of the most complex
and burdensome phenomena (Nutt et al., 2011). It is defined as a brief, episodic absence
or marked reduction of forward progression of the feet despite the intention to walk (Nutt
et al., 2011). FOG typically occurs during gait initiation, turning, or when passing through
narrow or crowded spaces, and is frequently triggered by stress or dual tasking. Its episodic
and unpredictable nature makes it rather difficult to capture during clinical assessments,
yet its consequences are severe, significantly increasing the risk of falls and injuries.

Falls are another major consequence of mobility impairment in PD (Fasano et al., 2017).
Around 60% of PwP experience at least one fall per year, and up to one-third fall recurrently
(Fasano et al., 2017). Falls result not only from postural instability and FOG, but also
from orthostatic hypotension, vision changes, and medication-related fluctuations. Beyond
physical injury, the fear of falling can itself exacerbate immobility, reducing outdoor activity
and contributing to social isolation (Atrsaei, Hansen, et al., 2021).
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Table 1.1. Motor and non-motor symptoms in PD (Poewe et al., 2017; Schapira et al.,
2017).

Motor symptoms Non-motor symptoms

Bradykinesia Sleep problems (RBD, EDS, RLS, Insomnia, etc.)
Rigidity Depression
Tremor Anxiety
Postural instability Apathy
Postural abnormalities Constipation
Gait disturbances Delayed gastric emptying
Falls Urinary symptoms
Dysphagia Sexual dysfunction
Hypophonia Orthostatic hypotension
Micrographia Excessive sweating
Hypomimia Sialorrhea
Nocturnal hypokinesia Hyposmia

Fatigue
Psychotic symptoms
ICD
Cognitive impairment (from MCI to dementia)
Pain
Blurred vision

EDS: excessive daytime sleepiness; ICD: impulse control disorders; MCI: mild cognitive im-
pairment; PD: Parkinson’s disease; RBD: REM sleep behavior disorder; RLS: restless legs
syndrome.

Recent technological advances have revealed that mobility impairment in PD extends well
beyond what is observable during in-clinic examinations. This was recently highlighted by
a systematic review (Kirk et al., 2025) that provided the first comprehensive synthesis of
real-world gait-related DMOs in PD. Across 27 studies, the authors found that real-world
DMOs consistently revealed slower walking speed, shorter stride length, and greater gait
variability compared to both supervised assessments and healthy controls. Beyond daytime
gait and postural control deficits, PwPD frequently experience nocturnal motor impairment,
which manifests as difficulty turning in bed, adjusting position, or rising from the supine
posture (Sommerauer et al., 2015; Sringean et al., 2020). This phenomenon, referred to as
nocturnal hypokinesia (NH), affects a majority of individuals with PD and results from the
persistence of bradykinesia, rigidity, and axial stiffness during the night, when dopamin-
ergic medication levels decline controls (Bhidayasiri, Sringean, & Thanawattano, 2016;
Bhidayasiri & Trenkwalder, 2018; Sringean et al., 2017). Additionally, nocturnal mobility
impairment could be considered as part of a 24-hour continuum of motor dysfunction in PD,
extending the concept of mobility beyond the waking day. However, this hypothesis lacks
evidence and very few studies investigated mobility as a 24-hour concept in PwPD. Accord-
ingly, addressing NH as an integral component of the 24-hour motor phenotype represents
a necessary step toward a more comprehensive understanding of mobility in PD, and this
issue will be specifically explored in the present work. Mobility in PD could therefore be
best understood as a multidimensional phenomenon resulting from the dynamic interaction
of personal (motor and non-motor), and contextual determinants (Maetzler et al., 2021).
In this framework, its assessment and management hence require an integrative approach
that captures both capacity and real-world performance, thus bridging the gap between
laboratory measures and patients’ lived experiences.
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Wearable devices for mobility assessment in Parkinson’s
disease
The objective evaluation of mobility in Parkinson’s disease (PD) has evolved considerably
over the past two decades, driven by the growing availability of wearable sensing tech-
nologies. These devices, which typically incorporate inertial measurement units (IMUs)
composed of accelerometers and gyroscopes, have enabled quantitative analysis of gait and
postural control both in controlled laboratory settings and during real-world daily activities
(Bianchini & Maetzler, 2023) (fig. 1.3).

Figure 1.3. Examples of research-grade (left, orange) and commercial (right, blue) wear-
able devices.

For a decade now, wearable-based assessments have become central to clinical and research
efforts aimed at characterizing motor impairment, quantifying disease progression, and
identifying digital biomarkers of functional mobility (Espay et al., 2016; Kirk et al., 2025;
Moreau et al., 2023; Packer et al., 2025). In laboratory or supervised settings, wearable
sensors are used to capture quantitative gait parameters during standardized motor tasks,
providing an accurate and repeatable measure of mobility capacity. The use of body-
worn sensors in such contexts allows for detailed kinematic analysis with reduced technical
constraints compared to traditional optical motion capture systems (Moreau et al., 2023).
Wearables can be placed on the lower back, upper and limbs, wrist, ankle or feet, and
record three-dimensional acceleration and angular velocity signals from which spatial and
temporal gait variables are derived (Moreau et al., 2023).

Laboratory-based wearable assessments have been applied in PD to investigate disease-
related alterations in gait and postural control across the disease continuum. Studies have
consistently reported reduced walking speed, shorter steps, increased variability, and pro-
longed double-support phases compared to healthy controls (Mirelman et al., 2019). These
parameters worsen with advancing disease severity and are sensitive to medication state:
improvements in speed and step length are typically observed after levodopa intake, whereas
gait variability and postural instability show limited responsiveness (Imbalzano et al., 2023;
Kirk et al., 2025; Packer et al., 2025).

Wearable sensors have also facilitated the evaluation of complex mobility tasks, such as
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turning (Mancini et al., 2015), FOG (Mancini et al., 2025), and dual-task walking (Kelly et
al., 2012), which are difficult to quantify using visual observation alone. Several wearables
have also been validated in PD against optical motion capture systems like demonstrat-
ing high accuracy (mean error <1–2%) and strong test–retest reliability across PD and
control populations (Moreau et al., 2023). These validations have established wearables
as reliable tools for standardized mobility assessments under controlled conditions. While
laboratory-based evaluations capture mobility capacity, wearable devices have also been
used extensively to measure mobility performance. This approach, often referred to as
free-living or real-world monitoring, enables continuous, ecologically valid assessment of
gait and physical activity. Real-world monitoring typically involves single- or multi-sensor
configurations worn for several days to quantify DMOs such as walking speed, step count,
bout duration, and turning frequency (Kirk et al., 2025).

Studies using real-world monitoring have shown that people with PD exhibit marked reduc-
tions in daily walking activity compared with healthy peers, characterized by fewer steps,
shorter walking bouts, and lower variability in gait speed (Kirk et al., 2025). These param-
eters correlate with disease severity, functional independence, and patient-reported quality
of life. Importantly, continuous monitoring could highlight how mobility variations over the
day reflect medication cycles and disease fluctuation, offering a more comprehensive picture
of disease burden than isolated laboratory assessments. The possibility of monitoring both
in supervised and unsupervised conditions has also made it possible to assess the potential
capacity–performance gap. This is the discrepancy between mobility capacity measured
in the laboratory and performance in daily life. This gap underscores the contribution of
personal and environmental factors that constrain real-world mobility, even when motor
capacity is relatively intact (Giannouli et al., 2016). Wearable-based studies have begun
to quantify this gap (Atrsaei, Corrà, et al., 2021; Corrà et al., 2021; Del Din et al., 2016;
Toosizadeh et al., 2015; Zajac et al., 2022), however this area of research in PD is still
understudied.

Beyond research-grade systems, recent years have seen a growing interest in the use of
commercial wearables, particularly smartwatches, bracelets and fitness trackers, to moni-
tor mobility in PD (Adams et al., 2023; Powers et al., 2021; Wendel et al., 2018). These
devices offer the advantage of being lightweight, non-intrusive, and already integrated into
patients’ daily routines, thus allowing for high adherence and large-scale data collection
under fully ecological conditions (Bianchini & Maetzler, 2023; Moreau et al., 2023). Com-
mercial wearables are typically equipped with triaxial accelerometers and gyroscopes ca-
pable of capturing step counts, walking speed, and activity levels continuously. Studies
have demonstrated that daily step counts obtained from commercial smartwatches corre-
late with disease severity and functional independence in PD, suggesting their potential as
scalable mobility markers (Christiansen et al., 2017; Mantri et al., 2019; Skidmore et al.,
2008).

However, the accuracy and interpretability of commercial devices in PD populations depend
on several factors. Tremor, bradykinesia, and reduced arm swing may lead to miscounted
steps when wrist-worn devices are used (Kim et al., 2019; Wendel et al., 2018). Furthermore,
algorithms implemented by manufacturers are typically optimized for healthy populations
and remain proprietary, limiting transparency and reproducibility. Validation studies com-
paring consumer devices against research-grade sensors have reported variable accuracy
(Kim et al., 2019; Lamont et al., 2018; Wendel et al., 2018). Moreover, there is currently no
universal consensus on the minimal number of days required for reliable real-world mobility
estimation differently from what was reported in other neurological conditions such as mul-
tiple sclerosis (Norris et al., 2017) and stroke (Fini et al., 2019). Studies in PD suggest that
two days of continuous monitoring are sufficient to achieve stable estimates of step count
using an ankle-mounted device (Paul et al., 2016), though no data regarding wrist-worn
wearables are available.

Another limitation lies in the interpretation of wearables-derived data. While gait speed
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and step count are intuitive metrics, more complex parameters—such as turning angle, gait
variability, or bout length distribution—require careful contextualization to ensure clinical
interpretability. Moreover, real-world mobility could be influenced by non-motor symp-
toms such as cognitive impairments, mood disturbances, fatigue, and sleep disturbances,
which can confound purely motor interpretations. Finally, no minimal clinically important
difference exists for real-world mobility parameters, such as daily steps. Despite these lim-
itations, both the accessibility and usability of commercial wearables make them valuable
tools for large-scale studies and for complementing clinical assessments. The widespread
use of smartwatches also opens possibilities for long-term monitoring of digital endpoints,
provided that data pipelines adhere to standards of transparency, privacy, and analytical
validation.

Regarding nighttime periods, the advent of wearable sensors has made it possible to quan-
tify NH objectively and continuously, providing insight into a domain of Parkinson’s disease
that was previously difficult to evaluate (Zampogna et al., 2020). Traditional sleep stud-
ies or patient questionnaires offer only indirect or episodic information about nighttime
movement. In contrast, inertial sensors placed on the wrist, trunk, or limbs can record ac-
celeration and angular velocity throughout the night, allowing computation of key metrics
such as total movement time, number and duration of bed turns, and time spent immobile
(Bhidayasiri, Sringean, & Thanawattano, 2016; Mirelman et al., 2020; Zampogna et al.,
2020). These measures have previously been used to demonstrate the reduced nocturnal
mobility in PwPD (Mirelman et al., 2020) and allowed to correlate fluctuations in noctur-
nal mobility that parallel medication cycles, reflecting dopaminergic pharmacodynamics and
OFF-state phenomena (Sringean et al., 2017). Moreover, studies using wearables demon-
strated the positive effect of nighttime dopaminergic therapy to improve NH (Bhidayasiri,
Sringean, Anan, et al., 2016; Bhidayasiri et al., 2017). Overall, wearable-based assessment
of NH represents a key advancement and opportunity in digital mobility research. By
extending monitoring beyond the laboratory and across the sleep–wake cycle, these tools
provide a comprehensive and ecologically valid picture of motor function, informing both
clinical management and the design of 24-hour digital mobility outcomes in Parkinson’s
disease.

Mobility in Parkinson’s disease: not only a matter of
movement
While motor dysfunctions are central to Parkinson’s disease (PD), it has become increas-
ingly evident that NMS, including cognitive, affective, sleep, and autonomic disturbances,
play a crucial role in shaping mobility. These symptoms, are now recognized as intrinsic
components of PD pathology, reflecting the widespread neurodegeneration that extends
well beyond the dopaminergic nigrostriatal system (Schapira et al., 2017). NMS often pre-
cede the onset of classical motor manifestations by years and evolve in parallel with disease
progression, exerting a cumulative and multifactorial impact on patients’ functional inde-
pendence, mobility, and quality of life (Ba et al., 2016; Huang et al., 2019; Prakash et al.,
2016; Timurtas et al., 2025). The mechanisms linking NMS to mobility alterations in PD
arise from diffuse neurochemical and network dysfunctions. Degeneration of dopaminergic
projections impairs basal ganglia circuits involved in movement initiation and automatic-
ity, but concomitant loss of cholinergic, noradrenergic, and serotonergic pathways disrupts
attention, arousal, and motivation (Bohnen & Albin, 2011; Morris et al., 2019; Politis &
Niccolini, 2015; Ray Chaudhuri et al., 2023; Tosserams et al., 2023). This multisystem
involvement compromises both the execution and the regulation of movement, especially in
complex or attention-demanding situations. For example, degeneration of the pedunculo-
pontine nucleus, a key locomotor hub with cholinergic projections, contributes to postural
instability and gait freezing as well as sleep problems (Gallea et al., 2017). Similarly,
cortico-striatal disconnection and prefrontal dysfunction underlie deficits in executive con-
trol, resulting in reduced gait automaticity and impaired locomotion, particularly under
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dual-task (Heremans et al., 2013; Johansson et al., 2021; Yogev-Seligmann et al., 2008).
Additionally, mood disorders and fatigue are frequent in PD and contribute significantly to
reduced quality of life and disability (Schapira et al., 2017). Depression, anxiety and fear of
falling are known negative contributors to mobility by impairing gait (Dragašević-Mišković
et al., 2021; Lord et al., 2013) as well as modulating movement initiation and willingness to
engage in physical activity (Timblin et al., 2022; van Uem et al., 2018). Similarly, fatigue
is known to negatively impact gait in PD (Carvalho et al., 2020; Pilotto et al., 2023) and
reduce physical activity (Garber & Friedman, 2003). These factors could interact bidirec-
tionally with mobility. Reduced activity levels reinforce depressive and apathetic states
through behavioral deconditioning, while chronic inactivity exacerbates fatigue and phys-
ical weakness, perpetuating a vicious cycle. Finally, sleep disturbances represent one of
the most pervasive and functionally consequential domains. Up to 90% of people with PD
experience some form of sleep problem, including insomnia, fragmented sleep, RBD, and
excessive daytime sleepiness (Dodet et al., 2024; Iranzo et al., 2024). RBD, often preced-
ing PD onset by years (Heinzel et al., 2019), reflects dysfunction in brainstem regions also
involved in locomotor and postural control, suggesting shared neuroanatomical substrates
between sleep and mobility regulation (Gallea et al., 2017). Emerging evidence supports
a bidirectional relationship between sleep and mobility. Poor sleep quality and excessive
daytime somnolence impair mobility is associated with higher incidence of FOG (Milane et
al., 2024a, 2024b). Conversely, decreased physical activity and during the day can disrupt
circadian rhythms and worsen sleep quality (Cristini et al., 2021; Yi et al., 2022). In this
context, mobility becomes not merely a function of muscle control, but a behavioral out-
put of distributed brain networks integrating motor, cognitive, and affective information.
The evidence demonstrates that mobility in PD arises from a complex interplay between
motor, nonmotor and environmental factors. This multidimensional construct cannot be
fully captured by motor assessments alone, as NMS contribute substantially to functional
disability and daily movement behavior. However, it must be underlined that no study to
date systematically investigated the contribution of motor and nonmotor determinants of
mobility in PD taking into consideration both these domains. Adopting this integrative
perspective encourages the development of multidomain interventions targeting both mo-
tor and non-motor determinants of mobility. Furthermore, continuous digital monitoring
using wearable technologies offers new opportunities to capture the fluctuating interaction
between motor and non-motor domains, enabling personalized and dynamic approaches to
patient care.
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Thesis aims and rationale
Mobility represents a core aspect of PD. Despite decades of research, the objective and
comprehensive assessment of mobility in PD remains challenging. Traditional evaluations
rely mainly on short, laboratory-based tests performed under supervision, which provide
valuable but limited information about patients’ true functional ability. Such clinical tests
measure capacity but fail to capture performance. Recent advances in wearable technol-
ogy, including the widespread availability of commercial devices, have made it possible
to measure mobility continuously and unobtrusively in ecological settings. However, sev-
eral knowledge gaps persist. First, most commercial wearables were designed for healthy
users and lack disease-specific validation in PD, where bradykinesia, tremor, and altered
gait patterns can affect accuracy and reliability. Moreover, to the best of our knowledge, no
threshold has been established to clinically interpret changes in real-world mobility metrics.
Second, the relationship between supervised (in-clinic) and unsupervised (real-world) mo-
bility remains poorly understood. It is hence unclear whether laboratory-based measures
can reliably predict daily performance or whether they capture distinct facets of mobil-
ity. Third, while mobility is often interpreted as a direct expression of motor impairment,
converging evidence indicates that it is also shaped by NMS, that profoundly influences
daily activity. Yet, the relative contribution of motor and nonmotor symptoms to both
capacity and performance remains only partially explored in PD. Finally, mobility in PD
has traditionally been studied during daytime. Little is known about how motor impair-
ment extends across the 24-hour cycle, particularly regarding nocturnal mobility and its
relation to daytime function and dopaminergic therapy. Along these lines, this doctoral
thesis was designed to address these open questions through an integrative, multimodal,
and ecologically oriented approach. To answer this, the thesis was articulated into three
complementary sections, each targeting a specific dimension of this question:

• Validation of smartwatch-based measures of mobility. The first aim was to deter-
mine whether and how a commercial smartwatch could provide accurate and reliable
estimates of mobility, specifically average daily steps (AvDS), in people with PD. In
addition to accuracy and reliability, it also aimed to establish the Minimal Clinically
Important Difference (MCID) for AvDS in PD, defining a benchmark for interpreting
meaningful changes over time or following interventions.

• Determinants of supervised and unsupervised mobility. The second aim was to in-
vestigate both capacity and performance in PD and their relationship as well as the
extent to which MS and NMS influence both these mobility aspects.

• Extension of mobility assessment to the 24-hour cycle. The third aim was to explore
mobility beyond the waking day, analyzing nocturnal movement patterns and their
association with daytime mobility and dopaminergic nocturnal treatment.

11
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Together, these studies were designed to provide a consistent and progressive exploration
of mobility in PD, from measurement validation to multidimensional modeling and clinical
insight (fig. 2.1).

Figure 2.1. Schematic representation of the 3 sections of this doctoral work and their
respective aims.

The ultimate rationale of this thesis is to promote a more ecologically valid, multidimen-
sional, and patient-centered understanding of mobility in PD. The findings are intended
to inform the development of standardized digital mobility outcomes, guide therapeutic
decision-making, and advance personalized monitoring strategies that capture the full spec-
trum of movement across daily and nocturnal life, ultimately supporting independence and
quality of life in people living with PD.

12
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Project overview and methodology
To achieve the goals previously reported, the overall methodological approach of this doc-
toral work combined experimental validation, clinical translation, and exploration of phys-
iological and behavioral determinants of mobility across the 24-hour cycle. The details of
the methods, instruments and experimental protocol are described in the following sec-
tion.

Study design and population
All studies were conducted on a shared cross-sectional dataset of mild-to-moderate PwPD,
consecutively recruited at the Movement Disorders Centre of Sant’Andrea University Hos-
pital (Sapienza University of Rome, Italy) between 2021 and 2024. Participants provided
written informed consent, and all protocols were approved by the local Ethics Committee
(Ref. 0372/2022) in accordance with the Declaration of Helsinki.

Inclusion criteria:

• Diagnosis of idiopathic Parkinson’s disease according to the Movement Disorder So-
ciety (MDS) criteria (Postuma et al., 2015);

• Age � 18 years;
• Disease stage < 4 (“severe disability, still able to walk or stand unassisted”) according

to the modified Hoehn and Yahr (mHY) scale;
• Ability to understand and perform the experimental procedures and to comply with

wearable monitoring instructions;

Exclusion criteria:

• Severe cognitive impairment, defined by a Montreal Cognitive Assessment (MoCA)
score < 18;

• Orthopedic, rheumatologic, or systemic conditions affecting mobility as judged by
the investigator;

• Comorbid neurological diseases or psychiatric conditions interfering with motor as-
sessment;

• Ability to understand and perform the experimental procedures and to comply with
wearable monitoring instructions.

13
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Clinical outcome measures
The following demographic, anthropometric and clinical general variables were collected.

• Age (years)
• Sex
• Height (cm)
• Weight (kg)
• Body Mass Index (BMI) (kg/m²)
• Disease duration (years)
• Modified Hoehn and Yahr (mHY) stage
• Levodopa Equivalent Daily Dose (LEDD) (mg)
• Number of falls in the last 6 months.

The following clinical scales were used:

Movement Disorder Society–Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) parts I– IV. MDS-UPDRS is the most widely used scale to assess PD severity
(Goetz et al., 2008). Score ranges from 0 to 260 with higher scores indicating higher disease
severity. It is divided into 4 subscales:

• Part I: Non-motor experiences of daily living (range 0-52).
• Part II: Motor experiences of daily living (range 0-52).
• Part III: Motor examination (range 0-132).
• Part IV: Motor complications (range 0-24).

Additionally, from Parts II and III, specific subscores were derived (Adams et al., 2023;
Stebbins et al., 2013):

• Tremor Dominant (TD).
• Postural Instability and Gait Disorder (PIGD).
• Akinetic-Rigid (AR).

These subscores were also used to classify participants into TD, PIGD and AR pheno-
types.

Montreal Cognitive Assessment (MoCA). MoCA is a widely used screening tool for
global cognition. Score ranges from 0 to 30 with lower scores indicating worse performance
(Nasreddine et al., 2005). Word–Color Stroop Test (WCST). WCST is a standardized
neuropsychological assessment widely used to evaluate executive functions, particularly
inhibitory control, selective attention, and cognitive flexibility. It is based on the paradigm,
in which individuals must suppress an automatic reading response in order to name the
color of the ink in which incongruent words are printed (e.g., the word “blue” written in
red ink). measure of executive functioning and inhibitory control. Several scoring systems
are used to rate WCST performance. In this doctoral work, the time to complete the
interference part of the WCST was used as outcome measure (Scarpina & Tagini, 2017), as
done in previous work from our group (Assogna et al., 2018).

Parkinson’s Disease Sleep Scale version 2 (PDSS-2). PDSS-2 is a 15-item ques-
tionnaire evaluating nocturnal symptoms, including insomnia, restlessness, and nocturnal
immobility (score range 0–60) (Trenkwalder et al., 2011). Higher scores indicate worse sleep

14



Chapter 3

quality. A Score �15 indicates the presence of clinically significant sleep problems (Suzuki
et al., 2015).

Epworth Sleepiness Scale (ESS). ESS is a 8-item scale assessing daytime sleepiness
(score range 0–24). Higher scores indicate worse sleep quality. A Score �10 indicates the
presence of clinically significant sleep problems (Johns, 1991).

Fatigue Severity Scale (FSS). FSS is a 9-item questionnaire assessing the impact of
fatigue on daily functioning. Individuals must score each iter from 1 to 7 and the mean of
all the 9 items is computed (range 1-7). A score �4.67 indicates clinically significant fatigue
in PD (Siciliano et al., 2019).

Beck Depression Inventory – version II (BDI-II). BDI-II is a 21-item self-administered
scale evaluating depressive symptoms- Score ranged 0–63 with higher scores indicating more
severe depression (Maggi et al., 2023).

Parkinson’s Disease Questionnaire 39 (PDQ-39). PDQ-39 is a standardized assess-
ment of quality of life across 8 domains (mobility, ADL, emotional well-being, stigma, social
support, cognition, communication, bodily discomfort) (Jenkinson et al., 1997). Individu-
als must rate each of the 38 items from 0 to 4. For each domain, the raw item scores are
summed, divided by the maximum possible score for that domain, and multiplied by 100
to obtain a percentage score ranging from 0 to 100. Higher scores indicate worse perceived
quality of life. An overall summary measure is then calculated as the mean of the eight
domain scores. From the first 16 items of PDQ-39, the Functional Mobility Composite
Score (FMCS) was computed. The FMCS is a composite metric designed to provide an
integrated overview of functional mobility (Hanff et al., 2023).

Wearing-Off Questionnaire 19 (WOQ-19). WOQ-19 is a screening tool to identify
motor and non-motor wearing-off fluctuations. For each item, patients are asked to re-
spond “Yes” or “No” to two questions: Whether the symptom is experienced during the
day and whether the symptom improves after the next medication dose. Each symptom
that improves with medication is scored as present wearing-off. The total WOQ-19 score
corresponds to the number of items marked “Yes” for improvement after medication, thus
ranging from 0 to 19. A higher score indicates greater frequency or burden of wearing-off
phenomena and a score �2 indicates the presence of clinically significant WO (Mantese et al.,
2018).

Freezing of Gait Questionnaire (NFOG-Q). NFOG-Q is a validated self-administered
instrument designed to assess the presence, frequency, and severity of FOG in PD (Nieuw-
boer et al., 2009). The scale consists of nine items, covering different aspects of FOG
episodes, including their occurrence in daily life, duration, frequency, and the impact on
mobility. In this thesis, only item 1 of the questionnaire was used as a screening tool to de-
termine the presence of FOG. A score of �1 was used to define the presence of FOG.

Falls Efficacy Scale International (FES-I). FES-I is a self-administered questionnaire
designed to assess fear of falling and the level of concern about falling during a range of
common daily activities (Mehdizadeh et al., 2019). It includes 16 items covering both
basic and more demanding physical and social activities (e.g., dressing, bathing, walking on
uneven surfaces, visiting friends or relatives). Total scores ranging from 16 to 64. Higher
scores indicate greater fear of falling and reduced confidence in performing daily activities.
The FES-I has been validated in older adults and in people with Parkinson’s disease as a
reliable measure of fall-related self-efficacy and perceived mobility limitations.

Short Physical Performance Battery (SPPB). The SPPB is a standardized and vali-
dated test battery used to evaluate lower extremity function and global mobility capacity in
older adults and individuals with neurological disorders (Guralnik et al., 1994). It consists
of three components: balance tests, gait speed, and a five-time sit-to-stand test. Total score
ranges from 0 to 12. Higher scores indicate better physical function.
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Wearable devices and mobility data collection
To comprehensively characterize mobility in people with Parkinson’s disease (PwPD), both
supervised (capacity-based) and unsupervised (performance-based) mobility assessments
were conducted using a combination of research-grade and consumer-grade wearable sensors.
This multimodal approach allowed for the integration of controlled laboratory metrics with
real-world mobility data, enabling the evaluation of mobility across ecological contexts and
timescales.

Supervised mobility assessment (capacity)
Supervised mobility tasks were performed in a clinical setting under standardized conditions
to assess mobility capacity. All participants were equipped with a research-grade inertial
measurement unit (IMU) (BTS G-WALK, BTS Bioengineering, Milan, Italy) placed on
the lower back at the level of the fifth lumbar vertebra (L5) using an adjustable elastic
belt. This device includes a triaxial accelerometer, gyroscope, and magnetometer, con-
nected via Bluetooth to the G-Studio analysis software (BTS Bioengineering, Milan, Italy).
The IMU records linear accelerations and angular velocities across three axes, which are
automatically processed by the manufacturer’s algorithms to derive validated spatiotem-
poral gait and turning parameters. The G-WALK system has been extensively validated
for gait analysis in both healthy and pathological populations, including PD (Vítečková
et al., 2020), demonstrating high concurrent validity compared with optical motion cap-
ture systems. Each participant performed a standardized battery of two mobility tasks,
designed to explore complementary dimensions of functional mobility: First, participants
were instructed to walk 20 meters in a straight line at their self-selected comfortable pace.
From this task, the following spatiotemporal parameters were extracted:

• Walking speed (m/s);
• Cadence (steps/min);
• Stride length normalized to height (%);
• Gait cycle duration (s);
• Stance and swing phase durations (% of gait cycle).

These gait metrics were grouped into pace (speed, cadence, stride length) and rhythm
(cycle, stance, swing) domains according to the conceptual framework proposed by Lord
et al. (Lord et al., 2013). Then, an instrumented Timed Up and Go (iTUG) task was
performed to assess functional mobility and postural transitions (Ortega-Bastidas et al.,
2023). Participants were asked to rise from a chair, walk three meters, turn 180°, return,
and sit down at a self-selected pace. The following parameters were extracted from the
IMU data:

• Turn duration (s);
• Mean angular velocity (MAV) (°/s);
• Peak angular velocity (PAV) (°/s).
• Total iTUG duration (s)

Finally, a 3-Meter Backward Walking Test (3MBWT) (Barta et al., 2025; Kocer et al., 2023)
was included to evaluate backward walking, a complex locomotor task requiring dynamic
balance and proprioceptive control, often impaired early in PD. Participants were instructed
to walk backward along a 3-meter walkway as quickly and safely as possible while being
supervised by an investigator for safety. Three trials were recorded, and time to complete
each trial was recorded. For completion time, the average backward walking speed (m/s)
of the three trials was then computed as the test outcome (Barta et al., 2025).
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Unsupervised mobility monitoring (performance)
To capture mobility performance participants underwent continuous monitoring of physical
activity in free-living conditions using a consumer-grade smartwatch (Garmin Vivosmart 4;
Garmin Ltd., Olathe, KS, USA). This wrist-worn device integrates a triaxial accelerometer
and optical heart rate sensor to estimate step count, heart rate, sleep duration, and activity
levels. Each participant was asked to wear the smartwatch continuously for 5 consecutive
days, including both weekdays and weekend days, 24 hours per day (except during bathing,
showering, or swimming). The device was configured according to the manufacturer’s spec-
ifications, including entry of age, sex, height, weight, and wrist dominance. Participants
were instructed to perform their usual daily activities without altering their activity level.
No reminders or prompts were provided during the monitoring period. During monitoring,
participants could access limited information on the smartwatch display (e.g., total steps,
heart rate, and sleep time), but the device provided no feedback, cues, or motivational mes-
sages, ensuring unbiased recording of habitual behavior. Data was downloaded from the
Garmin Connect online dashboard. The total daily number of steps was extracted for each
valid recording day. A day was considered “valid” if the device was worn for at least 80%
of awake time, which was estimated as 24 hours minus the total sleep duration reported by
the device. Days not meeting this threshold were excluded. The average daily steps (AvDS)
was computed as the mean number of steps recorded over all valid days. This metric was
used as a global indicator of unsupervised mobility performance (fig. 3.1)

Figure 3.1. Graphical representation of the experimental design of the project.

Population characteristics
A total of 121 PwPD were enrolled, representing a mild-to-moderate population with a
median disease stage of 2 (2–2.5; range 1-3). The average disease duration was 6.1 ± 4.3
(range 1-20) years. Participants’ mean age was 69.7 ± 9.7 (range 51-87) years. Of the 121
participants, 83 (68%) were males and 38 (32%) we females. Details of the enrolled cohort
is shown in table 3.1.
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Table 3.1. Demographic, anthropometric and clinical characteristics of the enrolled
population.

PwPD (n=121)

Age (y) 69.7 (9.7)
Height (cm) 171.1 (8.8)
Weight (kg) 75.7 (12.6)
BMI (kg/m²) 25.7 (3.3)
Sex, n (%)
Male 83 (68)
Female 38 (32)

Disease duration (y) 6.1 (4.3)
LEDD (mg) 538 (292)
mH&Y 2 (2-2.5)
MDS-UPDRS part I 6 (4-9)
MDS-UPDRS part II 4 (2-8)
MDS-UPDRS part III 27 (21-32)
MDS-UPDRS part IV 0 (0-2)
MDS-UPDRS total 39 (28-49)
PDQ-39 12.4 (9.5)
FMCS 86.8 (14.7)
PDSS-2 10 (7-14)
ESS 6 (4-8)
WOQ-19 0 (0-2)
FSS 3.3 (1.7)
FES-I 21 (18-27)
WCST (s) 41.5 (15.7)
BDI-II 7 (4-10)
MoCA 26 (25-28)
FOG, n (%) 16 (13)
Phenotype, n (%)
TD 39 (32)
PIGD 69 (57)
IND 13 (11)

WO, n (%) 33 (27)
Sleep problems, n (%) 25 (21)
EDS, n (%) 15 (12)
Fallers, n (%) 19 (16)
SPPB, median (IQR) 10 (9-12)

BDI-II: Beck Depression Inventory-II; EDS: excessive daytime sleepiness; ESS: Epworth
Sleepiness Scale; FES-I: Falls Efficacy Scale-International; FMCS: Functional Mobility and
Confidence Scale; FOG: freezing of gait; FSS: Fatigue Severity Scale; IND: indeterminate;
LEDD: levodopa equivalent daily dose; MDS-UPDRS: Movement Disorder Society Unified
Parkinson Disease Rating Scale; mH&Y: modified Hoehn and Yahr scale; MoCA: Montreal
Cognitive Assessment; PD: Parkinson disease; PDQ-39: Parkinson Disease Questionnaire-
39; PDSS-2: Parkinson Disease Sleep Scale-2; PIGD: postural instability and gait disor-
der; PwPD: people with Parkinson disease; SPPB: Short Physical Performance Battery; TD:
tremor dominant; WCST: Word-color Stroop test; WO: wearing-off; WOQ-19: Wearing-Off
Questionnaire-19.
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Additional procedures
In a subgroup of participants fulfilling the additional inclusion criterion of having a clinical
indication for initiating therapy with Opicapone (OPC) or subcutaneous foslevodopa/fos-
carbidopa (fLD/fCD), an ancillary exploratory study was conducted to characterize noctur-
nal mobility and sleep-related symptoms before and after treatment optimization. These
two treatments were chosen because both OPC and fLD/fCD showed a favorable profile to
improve dopaminergic tone during nighttime (Andrić et al., 2025; Chaudhuri et al., 2024;
Ferreira et al., 2025; R. Hauser et al., 2024; R. A. Hauser et al., 2024; Malaty et al.,
2025). Participants underwent an extended clinical and instrumental assessment, including
the administration of specific questionnaires addressing sleep quality and nocturnal motor
impairment, and continuous 24-hour monitoring using a wearable sensor.

Clinical evaluation
The following additional scales were administered:

Insomnia Severity Index (ISI). A self-administered questionnaire designed to assess the
nature, severity, and impact of insomnia over the preceding two weeks (Castronovo et al.,
2016). It consists of 7 items, with a total score ranging from 0 to 28, where higher values
indicate greater insomnia severity.

Nocturnal Hypokinesia Questionnaire (NHQ). A disease-specific patient-reported
outcome measure developed to evaluate nocturnal mobility impairment in Parkinson’s dis-
ease (Bhidayasiri et al., 2019). It investigates the frequency and severity of night-time
movement difficulties (e.g., turning in bed, changing position, getting out of bed, adjusting
blankets) and their impact on sleep quality and comfort. The instrument includes both
patient- and bed-partner-reported sections that could be used separately. Since we were
interested in the patient’s reported outcome related to NH, only the patient-reported sec-
tion was used in the present work. The questionnaire includes ten items (five assessing
frequency and five assessing severity) with a total score range from 0 to 10.

Instrumental evaluation
Participants were monitored using the MoveMonitor (McRoberts, The Hague, Netherlands),
a validated triaxial accelerometer worn at the lumbar level (L5–S1) for at seven consecutive
days and nights (Mazzà et al., 2021; Mirelman et al., 2020). This device provides objective
parameters of nocturnal mobility, including:

• Number of transitions according to amplitude: small, medium, large, and extra-large
turns.

• Number of times getting out of bed;
• Percentage of time spent in each position (supine, prone, left lateral, right lateral);
• Frequency of rotational movements during the night;
• Mean velocity of rotational movements;
• Mean duration of rotational movements.

All evaluations were performed before therapy modification (T0) and repeated at least
four weeks after reaching treatment stability (T1). This allowed comparison of nocturnal
mobility, sleep-related disturbances, and clinical outcomes before and after the introduction
of the new pharmacological regimen (fig. 3.2).
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Figure 3.2. Graphical representation of the experimental design of the additional proce-
dure of the project.
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Abstract
Commercial smartwatches could be useful for step counting and monitoring ambulatory
activity. However, in Parkinson’s disease (PD) patients, an altered gait, pharmacological
condition, and symptoms lateralization may affect their accuracy and potential usefulness
in research and clinical routine. Steps were counted during a 6 min walk in 47 patients
with PD and 47 healthy subjects (HS) wearing a Garmin Vivosmart 4 (GV4) on each
wrist. Manual step counting was used as a reference. An inertial sensor (BTS G-Walk),
placed on the lower back, was used to compute spatial-temporal gait parameters. Intraclass
correlation coefficient (ICC) and mean absolute percentage error (MAPE) were used for
accuracy evaluation and the Spearman test was used to assess the correlations between
variables. The GV4 overestimated steps in PD patients with only a poor-to-moderate
agreement. The OFF pharmacological state and wearing the device on the most-affected
body side led to an unacceptable accuracy. The GV4 showed an excellent agreement and
MAPE in HS at a self-selected speed, but an unacceptable performance at a slow speed. In
PD patients, MAPE was not associated with gait parameters and clinical variables. The
accuracy of commercial smartwatches for monitoring step counting might be reduced in
PD patients and further influenced by the pharmacological condition and placement of the
device.
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Introduction
Walking is one of the most common motor activities in daily life, is essential for the cor-
rect functioning of several physiological systems, affects quality of life, and contributes to
personal and social relationships (MacKinnon, 2018). Gait parameters such as a reduced
step length and walking speed are useful indexes of morbidity and mortality in older adults
(Studenski et al., 2011). In particular, a daily step count is rather easy to collect, and may
represent a useful surrogate measure of physical and ambulatory activity that is associated
with relevant clinical outcome parameters (Bassett et al., 2017). For example, previous
studies associated a reduced number of steps per day with relevant pathological conditions,
including cancer and cardiovascular diseases (Del Pozo Cruz, Ahmadi, et al., 2022), obe-
sity, major depressive disorder, diabetes and hypertension (Master et al., 2022), and in
general mortality (Paluch et al., 2021, 2022). As to neurodegenerative disorders, a recent
report showed the link between the daily number of steps collected through a wrist-worn
accelerometer and the incidence of dementia in a large cohort of patients (Del Pozo Cruz,
Ahmadi, et al., 2022). The diffusion of wearable devices encompassing step-counting al-
gorithms, in particular consumer-grade wearables such as smartwatches, enabled the easy
collection and monitoring of daily steps for prolonged periods. Consequently, research fo-
cused on investigating the accuracies of these devices in step counting, with positive results
in general (Degroote et al., 2018; Straiton et al., 2018). However, step-detection algorithms
are generally trained on healthy, young subjects during continuous physiological walking;
therefore, performance may be reduced when applied to patients under real-word conditions
and showing altered walking parameters and/or pathological gaits.

Parkinson’s disease (PD) is a neurodegenerative disease characterized by bradykinesia,
rigidity, and a resting tremor (Armstrong & Okun, 2020). Aside from these symptoms,
gait disturbances and balance impairments are frequent and significantly increase the risk
of falls (Fasano et al., 2017), carrying heavy impacts on functional independence and quality
of life. In addition to motor symptoms, a constellation of non-motor symptoms has been
reported in PD patients, including cognitive impairment (Schapira et al., 2017). This is
characterized by the involvement of executive functions (Aarsland et al., 2021), and may
further predispose to gait impairment. Indeed, previous studies have demonstrated the
link between dysexecutive symptoms and reduced performances in walking tasks (Yogev-
Seligmann et al., 2008). Gait impairments in PD patients include a shuffling gait, reduced
step length and automaticity, diminished arm swing, increased double-support time and
cadence, as well as episodic disturbances such as freezing of gait (FOG) (Mirelman et al.,
2019). The potential usefulness of gait parameters, particularly step length, to monitor
disease progression has been shown recently (Welzel et al., 2021; Wilson et al., 2020), and
interest in wearable devices for the evaluation of gait impairments in PD patients has been
growing rapidly (Varghese et al., 2021). A patient’s total daily step count was associ-
ated with disease severity (Skidmore et al., 2008), and has been used to study ambulatory
activity in PD patients (Cavanaugh et al., 2012; Christiansen et al., 2017) and also to
guide exercise to increase physical activity (Handlery et al., 2021). However, concerns have
been raised about the accuracy of consumer-grade wearables for step counting in patients
with PD. In particular, two studies showed positive results (Lai et al., 2020; Lamont et
al., 2018), whereas a third investigation showed disappointing performances for wrist-worn
devices during overground walking (Wendel et al., 2018). It was hypothesized that gait
alterations and motor symptoms of PD patients could hamper the performances of step
detection algorithms if not adequately validated in such cohorts showing altered mobility
performances. In particular, the performances of these devices are lower with a reduced
gait speed (Chow et al., 2017; Fokkema et al., 2017; Svarre et al., 2020) and increased
cadence (Lamont et al., 2018), which are both features of a parkinsonian gait, and during
discontinuous walking (Wendel et al., 2018) that likely occurs in daily living and may be
exacerbated in PD patients due to reduced automaticity and episodes of FOG. Moreover,
tremors and dyskinesia may lead to the overestimation of the step count (Kim et al., 2019),
particularly when using wrist-worn devices, while bradykinesia and reduced arm swing may
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cause underestimation (Wendel et al., 2018). The side on which the device is worn might
also affect device performance, which may be an issue especially in PD, a disease where the
lateralization of symptoms regularly occurs. Eventually, all of these issues may vary during
daytime due to fluctuations of symptoms.

To our best knowledge, no study to date investigated the accuracy of commercial smart-
watches in counting steps in PD patients taking into account the side on which the watch is
worn and the pharmacological state of the patients. Similarly, no research studied the rela-
tionships between step-count error and spatiotemporal gait parameters, executive functions,
and clinical scores in people with PD.

Materials and Methods
Study design and ethics
This was a cross-sectional study aimed at investigating the accuracy of a consumer-grade
smartwatch in counting steps in PD patients in comparison with a reference population
of healthy subjects (HS). Moreover, we explored the possible effects of side on which the
watch was worn, the pharmacological state, and the association between step-count error
and spatiotemporal gait parameters, executive functions, and clinical scores. This study
was performed in accordance with the ethical standards as laid down in the 1964 Decla-
ration of Helsinki and its later amendments. Approval was granted by the local Ethical
Committee. Data collection and processing followed the current European regulation for
data protection. All participants provided written informed consent before the start of
measurements.

Population
Participants were longitudinally recruited in the Movement Disorder Outpatient Service of
the Sant’Andrea University Hospital, Rome, Italy, in the period between June 2021 and
September 2022. The inclusion criteria were: (i) age 18 years or older; (ii) ability to walk
independently without walking aids; (iii) ability to perform the experimental procedure.
For PD patients, the following adjunctive criteria were applied: (iv) diagnosis of idiopathic
PD according to MDS criteria (Postuma et al., 2015); (v) disease stage <4 according to the
modified Hoehn & Yahr (H&Y) scale (Hoehn & Yahr, 1967). The exclusion criteria were:
(i) cognitive impairment as defined by a Mini Mental State Examination (MMSE) score
<24; (ii) orthopedic, rheumatologic, or systemic conditions affecting mobility as judged by
the assessor. For PD patients, the following adjunctive criterion was applied: (iii) presence
of FOG as defined by a score >1 at item 2.13 of the Movement Disorder Society Unified
Parkinson’s Disease Rating Scale part II (MDS-UPDRS).

Experimental Procedure
Participants were evaluated in the morning, and they were asked to perform a 6 min walk-
ing task (6MWT) on a 25 m indoor corridor while wearing two Garmin Vivosmart 4 (GV4)
smartwatches, one at each wrist. The smartwatches were configured according to the pro-
ducer’s recommendations by indicating the patient’s age, height, weight, and the wrist on
which the smartwatch was worn (i.e., left or right). As a reference measure, steps were
counted manually by a dedicated and trained operator using a digital click counter. Partic-
ipants were also asked to wear a research-grade wearable inertial-motion unit sensor (BTS
G-walk, BTS Engineering Inc., Milan) at their lower back (L5) through an elastic belt to
compute spatial-temporal gait parameters. HS performed the 6MWT at both a self-selected
speed and at a gait speed self-perceived as “slow”. PD patients performed the test only at
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self-selected speed before the usual morning dose of L-DOPA (OFF) and at least 1 h after
the dose administration (ON). If the patients were not in treatment with L-DOPA, they
were evaluated only in the ON condition. Demographics (age, sex) and anthropometric
measures (weight, height, BMI) were collected for all participants. For PD patients, disease
duration, disease stage according to the H&Y scale, and the Levodopa equivalent daily dose
(LEDD) were also collected. The MDS-UPDRS (Goetz et al., 2008) parts I–II were used to
assess the impact of motor and non-motor symptoms on daily life. The Parkinson’s Disease
Questionnaire-39 (PDQ-39) was used to evaluate the quality of life of the patients (Peto
et al., 1995). The functional independence measure (FIM) was used to assess functional
independence in daily life activities (Keith et al., 1987). The MDS-UPDRS part III and
the word color Stroop test (WCST) (Stroop, 1935) were administered both in the OFF
and ON conditions to evaluate the motor symptoms’ severity and executive cognitive func-
tions of enrolled patients, respectively. Steps were collected from both smartwatches at the
end of each walking trial. For PD patients, steps counted by the smartwatch worn on the
most-affected side (MA) and on the least-affected side (LA) were recorded. To compare
PD patients and HS, the average of steps counted by the smartwatches worn on right and
left wrists were calculated. Spatiotemporal gait parameters from G-Walk were extracted
using the software G-Studio (BTS Engineering Inc., Milan) (Vítečková et al., 2020). These
included the total traveled distance (m), gait speed (m/s), cadence (steps/min), and stride
length (m). Gait parameters were the average across the 6 min walking trial. The first and
last 25 m walking bouts were excluded from the analysis by the software as the default set-
ting. From the number of steps counted by GV4 and manually, the mean percentage error
(MPE) and the mean absolute percentage error (MAPE) were calculated as follows:

MPE = (steps counted manually) − (steps counted by smartwatch)
(steps counted manually)

× 100

MAPE = |(steps counted manually) − (steps counted by smartwatch)|
(steps counted manually)

× 100

The MPE was used to evaluate the direction-of-error of the smartwatch compared with
manual counting. A negative value indicated an overestimate of counting and vice-versa.
The MAPE was used to assess the magnitude-of-error of GV4 in step counting compared
with manual counting. Recently, the Consumer Technology Association Health and Fitness
Technology Subcommittee recommended a MAPE threshold within 10% for wearable tech-
nology in step counting (CTA/ANSI, 2016). On this basis, in our study, we set the MAPE
cut-off for acceptability at 10% considering the upper bound of the 95% confidence interval
(CI). In addition to the acceptability threshold, according to previous studies (Evenson &
Spade, 2020), we set a cut-off for optimal performance at a MAPE < 5%.

Statistical analyses
Statistical analyses were performed using JASP v0.16.3 (JASP Team, University of Amster-
dam, Amsterdam, The Netherlands), R v4.0.3, and RStudio v2022.07.1 + 554 for Windows
(R Foundation for Statistical Computing, Vienna, Austria). Descriptive statistics were cal-
culated for the examined variables. To assess the agreement between the number of steps
counted by GV4 and manual counting (gold standard), the intraclass correlation coefficient
(ICC) [1,2] was used. The following reference cut-off values for the ICC interpretation were
used (Koo & Li, 2016): Excellent: >0.90; Good: 0.75–0.90; Moderate: 0.50–0.75; Poor:
<0.50. The Mann–Whitney test was used to compare the MPE and MAPE between the
general PD population and HS at a self-selected speed (HS-SE). In PD patients, the average
of the values collected in ON and OFF was used for the comparison. The Wilcoxon test
was performed to assess the difference between the MA and LA and between ON and OFF
in the MAPE and MPE of the PD patients. Spearman’s rho correlation coefficient was
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used to test the correlation between the MAPE and gait parameters in walking trials from
the overall population, as well as from HS and PD patients. Spearman’s coefficient was
also used to assess the correlation between the MAPE and clinical variables in PD walking
trials. To control error from multiple tests, Bonferroni’s correction was performed. The
significance threshold was set at � < 0.05. All data were reported as the mean ± SD or
median (Q1–Q3) for numerical data and N (%) for categorical variables.

Results
A total of 52 PD patients and 47 healthy participants were enrolled in this study. Five PD
patients were excluded from the analysis due to technical problems. Among the PD patients,
36 were evaluated in ON and 34 in OFF (with 23 patients evaluated in both conditions).
Relevant demographic and clinical parameters are shown in table 4.1. More details on
clinical scores and gait parameters are presented in table S4.1 and table S4.2.

Table 4.1. Demographic and clinical features of the enrolled population.

Variable PD (N = 47) HS (N = 47)

Age (years) 66.3 ± 6.2 42.0 ± 15.3
Females 14 (33%) 33 (63%)
Weight (kg) 77.6 ± 12.2 71.0 ± 13.8
Height (cm) 173.9 ± 8.7 170.6 ± 7.6
BMI 25.6 ± 2.9 24.4 ± 4.3
H&Y 2 (2–2) -
Disease duration (years) 6.1 ± 5.1 –
LEDD (mg) 576 ± 317 –

BMI: body mass index; H&Y: Hohen and Yahr disease stage; HS: healthy subjects; LEDD:
Levodopa equivalent daily dose; PD: Parkinson’s disease.

In PD patients, GV4 demonstrated a poor-to-moderate ICC with manual step counting in
the overall group and in the ON state, irrespective of the side where the watch was worn.
In the OFF state, GV4 demonstrated a poor ICC, particularly when the watch was worn
on the most-affected side (table 4.2).

Considering the MAPE, GV4 showed an acceptable but sub-optimal accuracy in PD pa-
tients in all conditions but wearing the device on the most-affected body side during the
OFF pharmacological state. Under this latter combination of instances, the accuracy range
was unacceptable (fig. 4.1 and table 4.3). The MAPE was significantly higher when the
smartwatch was worn on the most-affected compared with the least-affected body side, and
in the OFF compared with the ON condition. The MPE showed negative values in all
conditions, indicating an overestimation of step counting by GV4 (table 4.3). In the HS
population, GV4 demonstrated a good-to-excellent ICC with manual step counting while
walking at a self-selected speed. On the contrary, during slow walking, GV4 demonstrated
only a moderate-to-good ICC (table 4.2). GV4 demonstrated optimal accuracy when walk-
ing at a self-selected speed, with a significantly lower MAPE compared with PD patients.
Conversely, in slow walking, an unacceptable accuracy was achieved (fig. 4.1).
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Figure 4.1. MAPE between the number of steps recorded by GV4 and manual counting
in the two groups and in the different experimental conditions. In HS, data are reported
for self-selected speed and slow speed. In PD patients, data are reported for the overall
population, in ON, in OFF, and for the most- and least-affected body sides. Columns
represent the mean of MAPE and the vertical bars represent the CI 95% upper and lower
bounds. Two red and orange horizontal dashed lines were added to mark the cut-offs of
10% and 5%, respectively. HS-SE: Healthy subjects at self-selected speed; HS-SL: Healthy
subjects at slow speed; LA: Least-affected side; MA: Most-affected side; MAPE: Mean
absolute percentage error; PD: Parkinson’s disease.

MPE showed a positive value in this latter condition, indicating an underestimation of step
counting. Details of the MAPE and MPE values are shown in table 4.3. Details of the
measured steps by GV4 and manual counting are shown in table S4.3.

The Spearman test showed a weak negative correlation between the MAPE and the walked
distance, gait speed, and stride length in the overall population. When considering the HS
group, these findings were confirmed, and a weak negative correlation between cadence and
the MAPE was also found. However, no correlation was found between the spatiotemporal
gait parameters and MAPE in PD patients (fig. 4.2 and table 4.4). Similarly, no correlations
were found between other demographic or clinical variables in PD patients.
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Table 4.2. Intraclass correlation coefficient between the number of steps recorded by
GV4 and manual counting. ICC is reported as point estimate (CI 95%). The values are
reported for at-selected speed and slow speed for healthy participants. In gray, values are
reported for overall population. In ON, in OFF, and both affected sides.

HS-SE HS-SL PD PD ON PD OFF

ICC [1,2] 0.901
(0.856–0.933)

0.686
(0.535–0.789)

0.658
(0.306–0.825)

0.749
(0.407–0.881)

0.305
(0.039–0.535)

ICC [1,2] (MA) – – 0.644
(0.247–0.824)

0.719
(0.424–0.856)

0.184
(–0.085–0.434)

ICC [1,2] (LA) – – 0.632
(0.344–0.795)

0.755
(0.392–0.887)

0.328
(0.042–0.563)

Blue: Excellent (>0.90); Green: Good (0.75–0.90); Yellow: Moderate (0.50–0.75); Red: Poor
(<0.50). HS-SE: Healthy subjects at self-selected speed; HS-SL: Healthy subjects at slow
speed; ICC: Intraclass correlation coefficient; LA: Least-affected side; MA: Most-affected
side; PD: Parkinson’s disease.

Table 4.3. MAPE and MPE between the number of steps recorded by GV4 and manual
counting. Variables are reported as mean (CI 95%) for MAPE and mean ± SD for MPE.
In HS, data are reported for self-selected speed and slow speed. In PD patients, data are
reported for the overall population, in ON, in OFF, and for the most- and least-affected
sides.

HS-
SE

HS-
SL

PD PD
ON

PD
OFF

HS-
SE vs.
PD

ON
vs.
OFF

MAPE 2.38
(1.80–2.95)

8.07
(4.97–11.18)

6.26
(4.48–8.04)

5.53
(3.91–7.16)

7.14
(4.66–9.61)

𝑝 <
0.001

𝑝 =
0.047

MAPE (MA) – – 6.79
(5.06–8.50)

6.04
(4.32–7.66)

7.54
(5.05–10.02)

NS NS

MAPE (LA) – – 5.7
(3.54–7.80)

5.03
(3.26–6.76)

6.96
(4.24–9.69)

– 𝑝 =
0.018

MA vs. LA – – 𝑝 =
0.029

NS NS – –

MPE –0.46
± 2.98

4.38 ±
11.60

–4.67
± 7.01

–4.39
± 6.48

–4.74
± 9.40

– –

MPE (MA) – – –5.16
± 7.27

–4.07
± 7.02

–5.78
± 9.78

– –

MPE (LA) – – –4.32
± 7.59

–4.48
± 6.40

–3.93
±
10.96

– –

MA vs. LA – – NS NS NS – –

Blue: Optimal error (<5%); Yellow: Acceptable error (5–10%); Red: Unacceptable error
(>10%).
HS-SE: Healthy subjects at self-selected speed; HS-SL: Healthy subjects at slow speed; LA:
Least-affected side; MA: Most-affected side; MAPE: Mean absolute percentage error; MPE:
Mean percentage error; PD: Parkinson’s disease.
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Table 4.4. Spearman rho correlation coefficient between spatiotemporal gait parameters
and MAPE in the general population, PD patients, and healthy participants. Significant
correlations are reported as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

Distance
(m)

Speed
(m/s)

Cadence
(Step-
s/min)

Stride
Length
(m)

Overall –0.199 * –0.213 ** –0.048 –0.224 **
MAPE PD 0.169 0.106 0.256 –0.018

HS –0.345 *** –0.341 *** –0.357 *** –0.230 *

HS: Healthy subjects; MAPE: Mean absolute percentage error; PD: Parkinson’s disease.

Figure 4.2. Scatterplots showing association between spatiotemporal gait parameters
and MAPE. Scatterplots are presented for the overall population (all participants, PD +
HS) (upper grid panels, in blue), PD patients (middle grid panels, in red), and healthy
participants (bottom grid panels, in green). MAPE is reported as logarithm. A continuous
line was drawn to show the linear tendency. The shaded area around the tendency line
corresponds to the 95% confidence interval. Significance is reported as follows: * p < 0.05;
** p < 0.01; *** p < 0.001. HS: Healthy subjects; MAPE: Mean absolute percentage error;
PD: Parkinson’s disease.
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Discussion
This was a cross-sectional study investigating the accuracy of GV4 in counting steps during
overground walking in PD patients in comparison with a reference population (HS) and
exploring the possible effects lateralization of symptoms, pharmacological state, and the
association between step-count error, spatiotemporal gait parameters, and clinical variables
in PD patients.

We found that: (i) GV4 overestimated steps in PD with only a poor-to-moderate agreement;
(ii) in PD patients, the OFF condition and wearing the smartwatch on the most-affected
side negatively affected the step-count accuracy with an unacceptable error when combining
the two factors; (iii) GV4 showed a good-to-excellent agreement and MAPE in HS at a self-
selected speed, but an unacceptable performance at slow speed, and; (iv) the MAPE was
associated with gait parameters in HS, but no association with gait and clinical variables
was found in PD patients. These results are discussed in detail in the following.

Accuracy of GV4 vs. Manual Step Counting

In PD patients, GV4 showed a poor-to-moderate agreement, with an overall acceptable
error range based on the a priori criterion. Conversely, in HS, GV4 showed a good-to-
excellent agreement and an optimal error at a self-selected speed, but only a moderate-to-
good agreement with an unacceptable error at slow speed. The sub-optimal performance
of GV4 in PD patients found in our study may be due to altered gait biomechanics and
the possible interference by the motor symptoms of the disease. PD gait is characterized
by a reduced gait speed and step length, higher cadence, and variability (Mirelman et al.,
2019). Previous reports demonstrated that the accuracy of step counting by commercial
smartwatches is reduced with a lower gait speed (Chow et al., 2017; Fokkema et al., 2017;
Svarre et al., 2020), higher cadence (Lamont et al., 2018), and discontinuous gait (Wen-
del et al., 2018). The present observation of reduced accuracy during slow-speed walking
(0.86 ± 0.15 m/s) as compared with self-selected-speed walking (1.44 ± 0.22 m/s) in HS
is in line with this idea. Moreover, the altered gait features of a parkinsonian gait could
affect the step-counting performance through a decreased signal-to-noise ratio in the ac-
celerometer signal and a consequently reduced performance of the built-in step-detection
algorithm. This is also in line with a previous study showing the low accuracy of wrist-worn
smartwatches in step counting in PD patients (Wendel et al., 2018). The present results
are in contrast with previous studies, suggesting the good accuracy and agreement between
commercial smartwatches and reference measures in PD subjects (Lai et al., 2020; Lamont
et al., 2018). In particular, Lai and collaborators (Lai et al., 2020) reported an excellent
ICC (0.96–0.99) with a 0.99% error for the Garmin Vivosmart 3 smartwatch in 31 PD pa-
tients at a self-selected speed. Despite similar demographic, anthropometric, clinical, and
experimental features, the authors used a different device, and no information was given
on the pharmacological state or the side on which the smartphones were worn. Moreover,
Lamont and colleagues (Lamont et al., 2018) reported a very good ICC (0.88–0.97) and low
error (<3%) for a Garmin Vivosmart HR worn on the most-affected side when compared
with a research-grade device in 33 mild-to-moderate PD patients walking at a self-selected
speed. However, almost half of the cases of the cohort enrolled in that study were classi-
fied as H&Y stage one, indicating an early disease stage and (mild) unilateral symptoms,
which usually display less pronounced gait disturbances than our cohort, with a median
disease stage of two. Moreover, a shorter and more continuous walking paradigm (2 min,
44 m walking) was applied, and a thigh-worn research-grade activity tracker (ActivPAL3)
was used as a reference, without manual counting. The usefulness of the ActivePAL3 as a
reference, however, might be questioned, as the underestimation of step counting has been
reported in a previous study (Godfrey et al., 2016).
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Effect of Side and Pharmacological State

In PD patients, step counting by GV4 was less accurate when the smartwatch was worn on
the most-affected side. This finding is consistent with our hypothesis that the asymmetry of
PD could affect the performance of wrist-worn smartwatches. Indeed, PD is an asymmetric
disorder, usually presenting with unilateral symptoms at onset that subsequently spread to
the other side, and even when the disease becomes bilateral, a degree of asymmetry is still
retained (Miller-Patterson et al., 2018). Thus, bradykinesia and tremors could lead to step
counting underestimation or overestimation, respectively, in a different manner according
to the laterality of symptoms. With this respect, only two previous reports evaluated this
aspect using two commercial smartwatches (Garmin Vivosmart HR and Fitbit Charge HR)
(Lamont et al., 2018) or a research-grade actigraph (ActiGraph GT3X+) (Cederberg et al.,
2021), and the results are in contrast with ours. The study from Lamont and colleagues
(Lamont et al., 2018) reported no significant differences between the steps recorded on the
most-affected side and the least-affected one. However, the authors only compared the
absolute number of steps, and did not compare the error in step counting between the two
sides. Moreover, enrolled PD patients were at an early disease stage, and were evaluated
only in the ON condition. This could have masked the difference. Conversely, the study
from Cederberg and collaborators (Cederberg et al., 2021) showed that the accuracy of the
investigated device was higher when it was worn on the side most-affected by the disease.
The authors suggested that the reduced movement on this side in PD patients would be
advantageous for a wrist-worn detector because the most-affected side could be considered
as a “non-dominant” wrist, and a previous study on healthy participants reported a better
accuracy in step counting while performing daily activities when the watch was worn on
the non-dominant arm (Cederberg et al., 2021). However, other studies reported no effect
of wrist placement on step counting in the general unimpaired population (Chen et al.,
2016; Chow et al., 2017). In addition, the explanation only considers the reduction of
arm swing, and does not take into account the presence of a tremor during walking in PD
patients. Indeed, approximately 70% of PD patients have a tremor, and this is usually
more prominent at the upper-limb level and generally worsens during walking (Baumann,
2012). Moreover, in more advanced PD patients, involuntary movements (i.e., dyskinesias)
are often observed (Armstrong & Okun, 2020). Our findings support the idea that wearing
a smartwatch on the most-affected side could hinder the accuracy of step counting, and the
negative values of MPE indicate that the direction of error is toward an overestimation of
steps, likely due to the positive motor symptoms observed in PD patients.

We also found that the pharmacological state influenced step-counting accuracy in PD pa-
tients, with a lower agreement and increased error in the OFF condition. This aspect was
neglected in previous studies (Lai et al., 2020; Lamont et al., 2018; Wendel et al., 2018),
and only one pharmacological condition was investigated (Lamont et al., 2018) or it was
not reported at all (Lai et al., 2020; Wendel et al., 2018). Dopaminergic treatment could
influence the step-counting performance through the improvement of motor symptoms (i.e.,
reduced tremor and bradykinesia, increased arm swing), as well as the improvement of gait
parameters. Previous research, in fact, suggested that arm swing (Warmerdam et al., 2021),
as well as gait speed and step length, may improve with L-DOPA (Mirelman et al., 2019),
while other gait aspects, such as cadence, do not seem to respond significantly to treat-
ment (Mirelman et al., 2019). Most PD patients develop daily motor fluctuations along the
disease course due to the combination of pulsating drug administration and disease progres-
sion (Poewe et al., 2017). Therefore, such different accuracies between the ON and OFF
conditions may limit the reliability of commercial smartwatches concerning step counting
in fluctuating PD patients, particularly when combined with the aforementioned effect of
device placement. In our study, indeed, the combination of the OFF pharmacological state
with the placement of the device on the most-affected side leads to an unacceptable MAPE
based on the a priori criterion of 10%. To this end, it would be important for future in-
vestigations to report information about device placement and pharmacological state, and
smartwatches should be worn on the side less-affected by the disease to increase the accu-
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racy and reliability of step counting. Moreover, it would be relevant for validation studies
to evaluate the device in both the ON and OFF conditions. Alternatively, a potential so-
lution to overcome these limitations could be the development of dedicated step-detection
algorithms using IMU data from smartwatches. However, this option would greatly reduce
real-world applicability and hinder the benefits of using an off-the-shelf device, especially
in settings where engineering and software-development expertise are not available.

Association of Step-Count Error, Spatiotemporal Gait Parameters,
and Clinical Variables
The MAPE showed a weak correlation in the overall population and in HS with walked
distance, gait speed, and stride length, whereas no correlations between the MAPE and gait
variables were found in PD patients. The observation that spatial-temporal gait parameters
may affect the step-counting accuracy when measured with wrist-worn sensors has already
been shown in previous studies (Chow et al., 2017; Fokkema et al., 2017; Lamont et al.,
2018; Svarre et al., 2020); however, this was only assessed through discrete speed values
on a treadmill (Chow et al., 2017; Fokkema et al., 2017; Svarre et al., 2020) or discrete
cadences through the use of a metronome (Lamont et al., 2018), and not on a continuous
range of values. The difference we found between PD patients and HS may be explained
by the altered gait biomechanics in PD patients. The reduced gait speed coupled with the
lower stride length may lead to a decreased signal-to-noise ratio in the accelerometer signal
and a possible masking effect of the association between spatiotemporal gait parameters
and the MAPE. Finally, the lack of correlation between the MAPE and clinical variables
in PD patients is in contrast with our hypothesis of an error increase with a higher motor-
symptoms severity and reduced executive functions. Previous studies, indeed, demonstrated
that, in PD patients, 24% of variation-in-difference in daily step-counting between waist-
worn and wrist-worn devices may be explained by tremor, dyskinesias, and bradykinesia,
with 19% explained by tremor and dyskinesias alone (Kim et al., 2019). An effect of
executive functions on ambulation has also been reported in the general population (Yogev-
Seligmann et al., 2008) and PD patients (Morris et al., 2019), even though a recent study
questioned the extent of this influence in these latter patients (Geritz et al., 2022). The
results from our study suggest that PD, at least with the disease severity included in our
study, is more likely to affect the step-counting performance by its presence or absence in
a more dichotomous way than on a continuous range of symptoms severities.

Limitations
We acknowledge that this study has limitations. First, the in-lab experimental setting,
consisting of a straight walking task on a 25 m walkway, is not highly representative of
everyday walking behavior. Indeed, daily walking is characterized by a more discontinuous
gait pattern with briefer walking bouts and more frequent turning events (Hillel et al., 2019).
However, it must be noted that, under daily life conditions, a deterioration in automatic
gait analysis performance likely occurs. Therefore, the results of a suboptimal accuracy in
the step counting of GV4 under in-lab conditions are particularly relevant, and could point
toward an even-lower performance in a real-world setting. Second, the PD patients included
in our studies had, on average, relatively high levels of physical and cognitive abilities, and
participants with a more severe disease stage, reporting FOG and using walking aids, were
not included. This could limit the generalization of our results, and suggests that further
studies enrolling participants with lower functional scores, greater disease severities, and
more severe cognitive impairments are necessary. However, this might suggest a potential
further deterioration in step-counting performance when applied to patients with more
severe impairments. Third, the PD patients and HS were different in terms of age and
anthropometric data, and this could hamper the comparison between the two populations.
With this respect, however, our HS cohort has not been enrolled to perform a strict matched
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comparison, but rather to include a reference population more representative of the subjects
on which smartwatches’ algorithms are often trained. Finally, a question might arise about
the accuracy of the BTS G-Walk in measuring gait parameters in PD patients, due to the
fact that a previous study (Vítečková et al., 2020) suggested that variables in the temporal
domain (e.g., gait cycle duration, double and single support, etc.) should be used with
caution due to the presence of a systematic error. However, in the present study, we did
not use temporal gait parameters, and the device demonstrated a good accuracy for the
included variables (Vítečková et al., 2020).

Conclusions
In PD patients, GV4 overestimated the number of steps with acceptable but sub-optimal
accuracy. The accuracy worsened when the device was worn on the most-affected side and
the patients were in the OFF state, and was unacceptable with the two element combined.
These findings could be due to the altered gait biomechanics or the worsening of tremor and
dyskinesias. In HS, the performance was optimal at a self-selected speed but unacceptable
when walking at slow speed. The error in step counting increased with a decreasing gait
speed, stride length, cadence, and walked distance in HS, while no association between gait
parameters and error was found in PD patients. This could be due to the decreased signal-
to-noise ratio in the accelerometer signal. Eventually, no association between the error in
step counting and clinical variables was found in PD patients. Commercial smartwatches
might be used to monitor steps in mild-to-moderate PD patients, but the overall reduced
accuracy in PD patients must be considered together with the negative effect of the OFF
pharmacological state and wearing the device on the most-affected side.
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Supplementary material

Table S4.1. Clinical scores of PD patients. Data are reported for the overall PD
population and in ON and OFF condition.

PD PD ON PD OFF

MDS-UPDRS-I 7 (6–11) – –
MDS-UPDRS-II 7 (4–10) – –
MDS-UPDRS-III 25 (18–33) 21 (16–29) 30 (21–36)
WCST time (s) 40.3 ± 16.1 39.5 ± 11.7 40.2 ± 19.8
WCST errors 1 (0–3) 1 (0–3) 1 (0–4)
FIM 124 (118–126) – –
PDQ-39 17 (8–28) – –

MDS-UPDRS: Movement Disorders Society Unified Parkinson’s Disease rating Scale; PD:
Parkinson’s Disease; PDQ-39: Parkinson’s Disease Questionnaire 39; WSCT: Word color
Stroop-test; FIM: Functional Independence Measure.

Table S4.2. Spatiotemporal gait parameters. Data are reported for healthy participants
at both self-selected and slow speed and for the PD patients, in the overall population, in
ON and OFF condition.

HS-SE HS-SL PD PD ON PD OFF

Distance (m) 473 ± 70 287 ± 51 379 ± 73 382 ± 62 382 ± 75
Speed (m/s) 1.44 ± 0.22 0.86 ± 0.15 1.15 ± 0.19 1.18 ± 0.20 1.14 ± 0.18
Cadence
(steps/min)

112 ± 9 83 ± 9 114 ± 10 116 ± 11 113 ± 7

Stride length
(m)

1.56 ± 0.22 1.24 ± 0.18 1.22 ± 0.20 1.24 ± 0.20 1.23 ± 0.19

HS-SE: Healthy subjects at self-selected pace; HS-SL: Healthy subjects at slow pace; PD:
Parkinson’s Disease.

Table S4.3. Number of steps measured manually and by GV4. Data are reported for
healthy participants at both self-selected and slow speed and for the PD patients, in the
overall population, in ON and OFF condition.

HS-SE HS-SL PD PD ON PD OFF

Manual 661 ± 42 493 ± 52 639 ± 56 649 ± 62 637 ± 41
GV4 664 ± 46 473 ± 82 667 ± 58 676 ± 62 666 ± 58
GV4 (MA) – – 670 ± 62 675 ± 62 675 ± 68
GV4 (LA) – – 664 ± 58 677 ± 63 659 ± 62

GV4: Garmin Vivosmart 4; HS-SE: Healthy subjects at self-selected pace; HS-SL: Healthy
subjects at slow pace; LA: Least affected side; MA: Most affected side; PD: Parkinson’s
Disease.
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Abstract
Daily steps could be a valuable indicator of real-world ambulation in Parkinson’s disease
(PD). Nonetheless, no study to date has investigated the minimum number of days required
to reliably estimate the average daily steps through commercial smartwatches in people with
PD. Fifty-six patients were monitored through a commercial smartwatch for 5 consecutive
days. The total daily steps for each day was recorded and the average daily steps was
calculated as well as the working and weekend days average steps. The intraclass correlation
coefficient (ICC) (3,k), standard error of measurement (SEM), Bland–Altman statistics, and
minimum detectable change (MDC) were used to evaluate the reliability of the step count
for every combination of 2–5 days. The threshold for acceptability was set at an ICC ≥ 0.8
with a lower bound of CI 95% ≥ 0.75 and a SAM < 10%. ANOVA and Mann–Whitney
tests were used to compare steps across the days and between the working and weekend
days, respectively. Four days were needed to achieve an acceptable reliability (ICC range:
0.84–0.90; SAM range: 7.8–9.4%). In addition, daily steps did not significantly differ across
the days and between the working and weekend days. These findings could support the use
of step count as a walking activity index and could be relevant to developing monitoring,
preventive, and rehabilitation strategies for people with PD.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by motor
and non-motor symptoms (Armstrong & Okun, 2020). Bradykinesia (slowness of move-
ment), rigidity (increased muscle stiffness), and rest tremor are the three cardinal motor
manifestations in PD, but gait and balance disturbances are rather common, particularly
with disease progression(Poewe et al., 2017). Gait is an essential motor activity and its
disturbances have a profound impact on functional independence, disability, quality of life,
and mortality in older adults (M. Lee et al., 2021; Paluch et al., 2022; Studenski et al.,
2011). Gait impairments in PD include continuous alterations such as reduced step length
and speed, increased cadence and variability, diminished arm swing, and episodic distur-
bances such as freezing of gait (FOG) (Mirelman et al., 2019). Alterations in biomechanics
and the disorders associated with the disease make walking an energetically unfavorable
activity in PD (Maggioni et al., 2012), and can severely affect a patient’s quality of life
and functional autonomy (Walton et al., 2015), increasing the risk of falls (Creaby & Cole,
2018).

Daily steps are rather easy to collect and represent a useful measure of ambulatory activity
and mobility (Bassett et al., 2017). More importantly, daily step count has been reported to
be associated with general mortality (Inoue et al., 2023; I.-M. Lee et al., 2019; Paluch et al.,
2021, 2022; Saint-Maurice et al., 2020) as well as with the incidence of several pathological
conditions such as cancer (Del Pozo Cruz, Ahmadi, et al., 2022), cardiovascular disease
(Del Pozo Cruz, Ahmadi, et al., 2022), and dementia (Del Pozo Cruz, Ahmadi, et al., 2022)
in older adults. In PD patients, previous studies have reported an association between
the degree of disease severity (Skidmore et al., 2008) and average physical activity (Mantri
et al., 2019). The spread of commercial devices, such as smartphones and smartwatches
(Bianchini & Maetzler, 2023), has made step counting even more accessible, and high
interest is growing in sensor-based mobility assessment in healthy adults (Bate et al., 2023)
and several diseases (Soulard et al., 2022), including PD patients (Correno et al., 2022).
However, a critical point is whether these commercial devices are sufficiently accurate,
reliable, and valid for measuring steps. Step counting algorithms are usually designed
to work with people with physiological walking patterns, therefore PD could represent
a challenge. Motor symptoms increase the background noise of the recording leading to
an inaccurate estimate of the number of steps particularly if the device is worn on the
wrist (Bianchini et al., 2022; Kim et al., 2019; Wendel et al., 2018). We have recently
demonstrated the accuracy of a commercial smartwatch in measuring steps against manual
step counting when the smartwatch was worn on the side least affected by the disease
(Bianchini et al., 2022). Furthermore, a recent work from Ginis and colleagues (Ginis et al.,
2023) demonstrated criterion validity for average daily steps measured using commercial
smartwatches against a research-grade inertial sensor.

When measuring step count in real-world conditions, the number of days required for mon-
itoring daily steps is another crucial aspect to ensure a reliable estimate of the variable of
interest that could be representative of habitual walking behavior. Furthermore, it must be
considered whether daily steps are collected on consecutive days or random days since the
latter has been reported to reduce the reliability of step counting (Kang et al., 2009). Indeed,
in previous work from Kang et al. (Kang et al., 2009), 5 consecutive days were sufficient
to reliably estimate the daily step count in healthy older adults through a research-grade,
wrist-worn, inertial sensor, while 6 days were needed when using non-consecutive days.
This aligns with previous studies reporting that a period from 2 to 7 consecutive days can
accurately predict walking activity in healthy older adults (Clemes & Griffiths, 2008; Hart
et al., 2011; Sigmundová et al., 2013; van Schooten et al., 2015; Yao et al., 2021). Other
works also reported that a monitoring window of 2 consecutive days, irrespective of the
type of day, could be sufficient in patients with disability from neurologic diseases, such as
multiple sclerosis (Norris et al., 2017) and poststroke patients (Fini et al., 2019). In PD,
a limited number of studies have investigated the minimum number of days required to
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achieve a reliable estimate of the average daily steps in a real-world setting (Paul et al.,
2016), using an ankle-mounted, research-grade inertial sensor (step activity monitor Her-
genroeder et al., 2018) in 92 mild to moderate PD patients, for 7 consecutive days. The
authors concluded that 2 days of monitoring were sufficient to obtain good reliability in
estimating daily steps, as indicated by an intraclass correlation coefficient (ICC) (2,1) >
0.9. Notwithstanding, ankle-mounted devices are generally less tolerated by users (Lim
et al., 2018; Rousham et al., 2006) compared with wrist-worn sensors (Artese et al., 2023;
Germini et al., 2022; Lim et al., 2018) and research-grade devices are usually expensive,
less available on the market, and require a higher level of expertise to be used (Bianchini
& Maetzler, 2023), thus limiting their application. To this end, the use of commercial,
wrist-worn devices, such as smartwatches, could help disseminate this technology and in-
crease the possibility of monitoring walking at home. However, no study has investigated
the minimum number of monitoring days required to achieve a reliable estimate of the av-
erage daily steps measured in an unsupervised, real-world setting, through a commercial
smartwatch in PD patients.

Material and Methods
Study design and ethics
This was a cross-sectional study aimed at investigating the minimum number of days needed
to reliably estimate daily step count using a commercial smartwatch, in an unsupervised,
real-world setting, in people with mild to moderate PD. The study was performed in ac-
cordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and
its later amendments. Approval was granted by the local Ethics Committee. Data col-
lection and processing followed the current European regulation for data protection. All
participants provided written informed consent before the start of measurements.

Population
Participants were longitudinally recruited in the Movement Disorder Outpatient Service of
the Sant’Andrea University Hospital, Rome, Italy, in the period between March 2023 and
July 2023. The inclusion criteria were as follows: (i) diagnosis of idiopathic PD according
to MDS criteria (Postuma et al., 2015); (ii) age 18 years or older; (iii) disease stage <
4 according to the modified Hoeh and Yahr scale (mHY) (“severe disability; still able to
walk or stand unassisted”) (Goetz et al., 2004); (iv) ability to walk independently without
walking aids; (v) ability to perform the experimental procedure. The exclusion criteria
were as follows: (i) cognitive impairment as defined by a Montreal Cognitive Assessment
(MoCA) score < 24; (ii) orthopedic, rheumatologic, or systemic conditions affecting mobility
as judged by the assessor.

Experimental Procedure
Participants were evaluated during scheduled visits on Wednesday, Thursday, or Friday,
at the hospital. Demographics (age, sex) and anthropometric measures (weight, height,
body mass index (BMI)) were collected. Disease duration, disease stage according to the
modified Hohen and Yahr scale (mHY), and Levodopa Equivalent Daily Dose (LEDD) (Jost
et al., 2023), were also collected. The Movement Disorder Society—Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS)—part III (Goetz et al., 2008) was used to assess
motor symptoms severity. The MDS-UPDRS—part IV was used to assess the presence of
motor complications. Participants received the smartwatch Garmin Vivosmart 4 (Garmin,
Olathe, KS, USA), to be worn at home for at least 5 days, including at least one weekend
day, on the wrist on the side least affected by the disease, following a previous study
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from our group (Bianchini et al., 2022). The smartwatch was configured according to the
producer’s recommendations (“vívosmart 4 - Introduction,” n.d.) by indicating the users’
age, height, weight, and the wrist on which the smartwatch was worn (i.e., left or right).
Patients were asked to perform daily activities as usual. From the smartwatch dashboard,
the total daily steps for each day was recorded. The average daily steps was calculated as
well as the working days (i.e., Monday to Friday) and weekend days (i.e., Saturday and
Sunday) average steps.

Statistical analyses
The statistical analyses were performed using JASP v0.17.2.1 (JASP Team, University
of Amsterdam), R v4.3.1, and RStudio v2023.06.0+421 for Windows (R Foundation for
Statistical Computing, Vienna, Austria). Descriptive statistics were calculated for the
examined variables. The normality of the distributions was assessed by histogram and
residual plots inspection. A one-way analysis of variance (ANOVA) was performed to assess
the difference in the daily step count, across the 5 days. To evaluate the relative reliability
for each combination of 2–5 days, a two-way intraclass correlation coefficient (ICC) with a
fixed set of raters and averaged ratings was used (ICC (3,k), where k was the number of days
of measurement), together with a custom R script. The following reference cut-off values
for ICC interpretation were used (Koo & Li, 2016): Excellent: >0.90; Good: 0.75–0.90;
Moderate: 0.50–0.75; Poor: <0.50. The a priori threshold for an acceptable ICC was set
at a point estimate ≥ 0.80 with a lower bound of 95% confidence interval (CI 95%) ≥ 0.75.
Standard error of measurement (SEM) and minimal detectable change with a confidence
interval of 95% (MDC95) were used to compute the absolute reliability for all combinations
of 2–4 days (Lexell & Downham, 2005) and were reported as absolute value and percentage
of criterion measure (SEM% and MDC95%, respectively). The criterion was the average
daily step count derived from the 5 days. SEM% values lower than 10% were considered
acceptable (Pedersen et al., 2022). Bland–Altmann plots were used to assess the average
magnitude bias between the 2–4 days combinations and criterion as well as 95% limits of
agreement, calculated as bias ± 1.96 SD. For all analyses, the significance threshold was
set at � < 0.05. All data were reported as mean ± SD or median (Q1–Q3) for numerical
data and N (%) for categorical variables.

Results
A total of 56 PD patients were enrolled in the study. All patients were monitored through
Garmin Vivosmart 4 at home for a period of 5 consecutive days. Participants took on
average 5861 ± 3086 daily steps ranging from 357 to 12,509. Details of demographic,
anthropometric, and clinical variables are shown in table 5.1. Details of the daily steps,
working and weekend day steps, and average daily steps across the 5-day period are shown
in table 5.2. The ANOVA test showed no significant differences in the daily steps across
the 5 days (F2,272 = 1.997; p = 0.095) (fig. 5.1). The Mann–Whitney test showed no
significant difference between the working days and weekend days for daily steps (W =
9051.52; p = 0.774) (fig. 5.2). table 5.3a and table 5.3b show the ICC (3,k) values for
all the combinations of 2–5 days and Bland–Altman statistics, SEM, and MDC for all the
combinations of 2–4 days. The consecutive 5-day recording showed an excellent ICC. All
the 4-day combinations, both consecutive and non-consecutive, demonstrated a good ICC
above the predefined criterion, a SEM below 10% and a small bias from the Bland–Altmann
statistics. Two- and three-day combinations did not consistently show an ICC above the a
priori threshold (fig. 5.3).
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Table 5.1. Demographic, anthropometric, and clinical characteristics of the enrolled
population.

PD Patients (N = 56)

Age (years) 69.5 ± 7.8
Retired 44 (79%)
Height (cm) 174 ± 7.6
Weight (kg) 79.0 ± 13.0
BMI (kg/m²) 26.2 ± 3.8
Sex M: 43 (77%)

F: 13 (23%)
Disease duration (years) 7.1 ± 4.7
LEDD (mg) 604 ± 325
mHY 2 (2–2.5)
Motor complications 15 (27%)
MDS-UPDRS-III 29 (23–32)

BMI: body mass index; F: females; LEDD: Levodopa equivalent daily dose; M: males; MDS-
UPDRS-III: Movement Disorder Society Unified Parkinson’s Disease Rating Scale part III;
mHY: modified Hoehn and Yahr scale; PD: Parkinson’s disease.

Table 5.2. Daily steps for each monitoring day, average steps during working and
weekend days, and average daily steps across the 5-day period in the enrolled population.
ANOVA: Analysis of variance; PD: Parkinson’s disease.

PD Patients (N = 56)

Steps day 1 6858 ± 4230
Steps day 2 6280 ± 4094
Steps day 3 5203 ± 3034 𝐹2,272 = 1.997, 𝑝 = 0.095a

Steps day 4 5401 ± 3411
Steps day 5 5520 ± 3436

Working days 5805 ± 3693 𝑊 = 9051.52, 𝑝 = 0.774b

Weekend days 5932 ± 3719

Average daily steps 5861 ± 3086
a One-way ANOVA, b Mann-Whitney U test.
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Figure 5.1. Boxplots showing daily steps for each monitoring day in PD patients. Thick
line in the boxes indicates the median; lower and upper box limits indicate first (Q1)
and third quartile (Q3), respectively; black vertical lines indicate lower and upper outliers
boundaries calculated as Q1 - (1.5 × IQR) and Q3 + (1.5 × IQR), respectively. Red X
indicates mean values for each disease stage. PD: Parkinson’s disease.

Figure 5.2. Boxplots showing daily steps for working and weekend days in PD patients.
The thick line in the boxes indicates the median; lower and upper box limits indicate first
(Q1) and third quartile (Q3), respectively; black vertical lines indicate lower and upper
outliers boundaries calculated as Q1 - (1.5 × IQR) and Q3 + (1.5 × IQR), respectively.
Red X indicates mean values for each disease stage. PD: Parkinson’s disease.
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Table 5.3a. ICC (3,k), Bland–Altman statistics, SEM, and MDC for all combinations of
2–3 days. ICC values are reported as point estimate (95%CI lower bound—95% CI upper
bound). Bland–Altmann statistics are reported as bias (upper limit of agreement; lower
limit of agreement). SEM and MDC are reported as absolute number of steps (percentage
of criterion measure). ICC and SEM values within the a priori thresholds for acceptability
are displayed in bold.

Combinations
of Days

ICC (3,k) Bland–Altman
Statistics

SEM
(SEM%)

MDC95
(MDC95%)

Days 1-2 0.85
(0.74–0.91)

-707.9 (-3340.2; 1924.4) 1510 (25.8) 4185 (71.4)

Days 1-3 0.71
(0.51–0.83)

-169.3 (-2337.2; 1998.6) 1109 (18.9) 3074 (52.5)

Days 1-4 0.62
(0.35–0.78)

-269.3 (-2195.3; 1656.7) 1010 (17.2) 2801 (47.8)

Days 1-5 0.83
(0.70–0.90)

-361.1 (-3245.7; 2523.6) 1503 (25.6) 4165 (71.1)

Days 2-3 0.82
(0.69–0.89)

119.8 (-1829.7; 2069.3) 993 (16.9) 2752 (47.0)

Days 2-4 0.80
(0.66–0.88)

15.6 (-2312.2; 2343.4) 1177 (20.1) 3263 (55.7)

Days 2-5 0.86
(0.76–0.92)

-76.3 (-2353.2; 2200.7) 1154 (19.7) 3198 (54.6)

Days 3-4 0.83
(0.72–0.90)

578.3 (-2492.3; 3648.8) 1657 (28.3) 4592 (78.4)

Days 3-5 0.72
(0.51–0.84)

508.4 (-1488.0; 2504.8) 1130 (19.3) 3133 (53.5)

Days 4-5 0.67
(0.42–0.81)

368.3 (-1844.4; 2581.0) 1337 (22.8) 3705 (63.2)

Days 1-2-3 0.86
(0.78–0.91)

-252.5 (-1678.8; 1173.9) 764 (13.0) 2118 (36.1)

Days 1-2-4 0.83
(0.74–0.90)

-320.5 (-1609.8; 968.7) 726 (12.4) 2014 (34.4)

Days 1-2-5 0.89
(0.83–0.93)

-381.7 (-2422.9; 1659.4) 1100 (18.8) 3050 (52.0)

Days 1-3-4 0.79
(0.67–0.87)

46.6 (-1466.6; 1559.8) 767 (13.1) 2125 (36.3)

Days 1-3-5 0.82
(0.72–0.89)

-7.3 (-1565.0; 1553.4) 789 (13.5) 2187 (37.3)

Days 1-4-5 0.79
(0.67–0.87)

-93.0 (-1413.5; 1227.4) 674 (11.5) 1869 (31.9)

Days 2-3-4 0.87
(0.80–0.92)

237.9 (-1685.2; 2161.0) 1001 (17.1) 2775 (47.3)

Days 2-3-5 0.86
(0.79–0.92)

184.0 (-1112.1; 1480.0) 681 (11.6) 1887 (32.2)

Days 2-4-5 0.85
(0.76–0.91)

94.1 (-1394.5; 1582.6) 758 (12.9) 2102 (35.9)

Days 3-4-5 0.81
(0.70–0.88)

492.6 (-1288.0; 2273.1) 1026 (17.5) 2845 (48.5)

CI: confidence interval; ICC: intraclass correlation coefficient; MDC95: minimum detectable
change with 95% CI; MDC95%: minimum detectable change with 95% CI expressed as per-
centage of criterion measure SEM: standard error of measurement; SEM%: standard error of
measurement expressed as percentage of criterion measure.
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Table 5.3b. ICC (3,k), Bland–Altman statistics, SEM, and MDC for all combinations of
4-5 days. ICC values are reported as point estimate (95%CI lower bound—95% CI upper
bound). Bland–Altmann statistics are reported as bias (upper limit of agreement; lower
limit of agreement). SEM and MDC are reported as absolute number of steps (percentage
of criterion measure). ICC and SEM values within the a priori thresholds for acceptability
are displayed in bold.

Combinations
of Days

ICC (3,k) Bland–Altman
Statistics

SEM
(SEM%)

MDC95
(MDC95%)

Days 1-2-3-4 0.87
(0.81–0.92)

-72.1 (-968.0; 823.7) 459 (7.8) 1271 (21.7)

Days 1-2-3-5 0.89
(0.84–0.93)

-114.4 (-1177.9; 949.1) 550 (9.4) 1524 (26.0)

Days 1-2-4-5 0.88
(0.81–0.92)

-175.3 (-1068.2; 717.6) 484 (8.3) 1342 (22.9)

Days 1-3-4-5 0.84
(0.76–0.90)

109.7 (-717.1; 936.5) 432 (7.4) 1198 (20.4)

Days 2-3-4-5 0.88
(0.82–0.93)

252.1 (-879.4; 1383.6) 539 (9.2) 1495 (25.5)

Days 1-2-3-4-5 0.90
(0.85–0.94)

— — —

CI: confidence interval; ICC: intraclass correlation coefficient; MDC95: minimum detectable
change with 95% CI; MDC95%: minimum detectable change with 95% CI expressed as per-
centage of criterion measure SEM: standard error of measurement; SEM%: standard error of
measurement expressed as percentage of criterion measure.
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Figure 5.3. Graph showing the ICC(3,k) values across the different combinations of
monitoring days. The top dark blue line represents 95% CI upper bound. The middle
blue line represents the ICC (3,k) point estimate. The bottom light blue line represents
95% CI lower bound. Vertical brown lines were added to mark 2-day, 3-day, 4, day, and
5-day combinations. Dashed horizontal dark and light grey lines were added to mark the 0.8
threshold for the point estimate and the 0.75 threshold for 95% CI lower bound, respectively.
CI: confidence interval; ICC: intraclass correlation coefficient. LB: lower bound; UB: upper
bound.
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Discussion
This cross-sectional study aimed at investigating the minimum number of days needed to
reliably estimate the daily step count using a commercial smartwatch, in an unsupervised,
real-world setting, in people with mild to moderate PD. To our knowledge, this is the
first study to investigate this aspect using a commercial smartwatch in PD patients. We
conclude the following: (i) 4 days are needed to reliably estimate the average daily steps
in mild to moderate PD, and (ii) daily steps did not differ across the 5 monitoring days
and between working days and weekend days. These results are discussed in detail in the
following sections.

Reliability of Smartwatch-Based Average Daily Steps in PD Pa-
tients
We found that a minimum of 4 days was needed to reliably estimate the average daily steps
in mild to moderate PD using a consumer-grade, wrist-worn smartwatch. Only one study
has examined this aspect before in a similar group of 92 people with PD (Age: 67.3 ± 7.8
years; females: 41/92 (45%); mHY: 2.3 ± 0.6) (Paul et al., 2016). In this report, the authors
concluded that two days of monitoring were sufficient to obtain a reliable daily step count
estimate with an ICC (2,1) >0.9, using a research-grade, ankle-mounted step counter (step
activity monitor, SAM) worn for 7 continuous days (Paul et al., 2016). The lower minimum
required number of days found in this study could be due to the different devices used
and the position where the instrument was worn. It is generally expected that an ankle-
mounted device achieves higher reliability than a wrist-worn one (Hergenroeder et al., 2018).
Such research-grade devices undergo rigorous validation processes, and have displayed high
accuracy and reliability under a broad range of walking conditions in different diseases,
including PD (Hergenroeder et al., 2018; Mudge et al., 2007; Schmidt et al., 2011). Previous
studies on patients with different neurological conditions, such as multiple sclerosis (Norris
et al., 2017) and post-stroke (Fini et al., 2019), also reported that 2 days could be sufficient
to reliably estimate daily steps using an arm-mounted research-grade device (SenseWear
Armband J. A. Lee & Laurson, 2015). However, in line with our results, other studies
reported a minimum number of monitoring days of 3–7 in healthy elderly patients using
hip- and wrist-mounted devices (Clemes & Griffiths, 2008; Hart et al., 2011; Sigmundová
et al., 2013; Yao et al., 2021). In PD, motor symptoms could hamper the performance of the
step detection algorithm. In particular, the step detection performances of wearable sensors
have been reported to be lower with a reduced gait speed (Chow et al., 2017; Fokkema et
al., 2017; Svarre et al., 2020) and increased cadence (Lamont et al., 2018), both features of
a parkinsonian gait, and during discontinuous walking periods (Wendel et al., 2018) that
likely occur in PD patients due to reduced automaticity and episodes of FOG. Moreover,
bradykinesia and reduced arm swing during ambulation could lead to an underestimation
of the number of steps (Wendel et al., 2018), whereas tremor and dyskinesia may induce
overestimation of the step count (Bianchini et al., 2022; Kim et al., 2019), particularly
when the device is worn on the wrist (Kim et al., 2019). Furthermore, inter- and intra-day
symptom fluctuations (Jankovic, 2005) and increased gait variability are common aspects
of PD (Mirelman et al., 2019). Indeed, motor complications were present in 27% of our
patients. All these elements and the use of a research-grade device could explain why the
minimum number of days required to reliably estimate the average daily steps was higher
in our study than in the previous literature on other neurological conditions.

The result that 4 days of monitoring was sufficient to obtain a reliable average daily step
count is extremely relevant, as shorter monitoring periods could make it easier to collect step
counts in daily clinical practice. Additionally, this is the first study to report Bland–Altman
statistics, SEM, and MDC95 for daily step count in PD patients. The Bland–Altman plots
revealed a good agreement in terms of magnitudes of bias and 95% limits of agreement for
the 4-day combinations; the SEM showed that the 4-day combinations reached an absolute
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reliability within the a priori threshold of 10% (table 5.3b). The 4-day combinations also
showed the lowest degree of MDC95, with the values ranging from 1198 to 1524 steps/day
(20–26% of the criterion). MDC is defined as the minimal change that falls outside the
measurement error of an instrument used to collect a given parameter (Hansen et al., 2022;
Lexell & Downham, 2005). This metric is extremely relevant to design future studies
aiming to assess the effectiveness or cost/effectiveness of interventions, since it allows the
calculation of the sample size. In our study, with 4-day monitoring windows, a difference of
1366 steps, on average, could not be attributed to random variations of the measurements,
in mild–moderate PD patients measured through a commercial smartwatch.

All these findings could allow a wider implementation of step count as a reliable and easy-
to-collect index of ambulatory activity and help in designing future studies including daily
step count as an outcome measure in PD patients. As walking is commonly impaired in
PD, it is indispensable to be able to quantify habitual walking in this population on a daily
basis to develop preventive, educational, and rehabilitation strategies.

Difference in Daily Steps across Days and between Working and
Weekend Days
In our study, participants took on average 5861 ± 3086 daily steps. This result is in line with
previous reports showing average daily step values between 4500 and 7000 in similar PD
populations (Benka Wallén et al., 2015; Christiansen et al., 2017; Ginis et al., 2023; Lord et
al., 2013). There was no significant difference across the five days and between the working
and weekend days. The non-significant effect of the day on average daily steps is supported
by previous research on healthy elderly individuals (Hart et al., 2011) and patients with
other diseases showing a moderate level of disability, such as rheumatoid arthritis (Almeida
et al., 2011) and multiple sclerosis (Motl et al., 2007; Norris et al., 2017). Regarding the
difference between the working and weekend days, our results are in line with previous work
from Benka Wallén and collaborators on mild to moderate PD patients (Benka Wallén et
al., 2015) and other reports in older adults (Hart et al., 2011; Martikainen et al., 2006;
Matthews et al., 2002). The majority of PD patients are diagnosed after the age of 60
(Poewe et al., 2017), close to or after the retirement age in Italy, and it has been reported
that PD patients retire 4–7 years earlier than the general population (Koerts et al., 2016).
In our PD population, 44 out of 56 (nearly 80%) of the patients were retired; therefore, a
difference between the working and weekend days in terms of walking pattern may not have
been evident. However, our finding are in line with previous studies which also reported no
physical activity and step count difference in healthy working adults between working and
weekend days (Evenson et al., 2015; Smith et al., 2015). Conversely, Paul and colleagues
(Paul et al., 2016), showed that PD patients take more steps on working days than on the
weekend. However, it must be noted that, in that study, the difference in steps between the
working and weekend days was rather small (around 600 steps/day; around 7% of the total
reported daily steps), and the authors reported that they were only able to identify the
time participants spent walking with moderate or greater intensity; therefore, this aspect
could have influenced their results (Paul et al., 2016). Taken together, our findings support
the idea that patients with PD and moderate disability display relatively consistent levels
of ambulatory activity across the week, as identified by the average daily steps.

Limitations
We acknowledge that this study has limitations. First, the PD patients included in our
study had, on average, relatively good levels of physical ability and cognitive functions,
due to the inclusion and exclusion criteria. This could, hence, limit the generalization
of our results and future studies enrolling PD participants with lower functional scores,
greater disease severity, and more severe cognitive impairment are encouraged and included
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in our plans. Second, we monitored the patients for 5 days only, therefore we could not
draw firm conclusions regarding longer monitoring windows. However, previous studies in
neurological patients used a 5-day time window to monitor daily steps and applied similar
data analysis methods (Norris et al., 2017), and our results allowed us to confirm the
reliability of a 4-day monitoring period for step counting. Third, the patients received a
smartwatch on working days (i.e., Wednesday, Thursday, or Friday) and this could have
affected our results, particularly regarding the difference between working and weekend
days. However, we could hypothesize a minimal impact of this aspect on our results since
our results are in line with the previous literature and we did not find any difference across
the monitoring days. Fourth, we found that with a 4-day monitoring period, a difference of
1366 steps, on average, could not be attributed to random variations of the measurements.
Although this aspect is relevant to design future studies, no report, to date, has investigated
the minimal clinically important difference for daily steps in PD patients; therefore, no
conclusions regarding the clinical relevance of a change in daily steps could be drawn and
future studies will need to clarify this aspect. Finally, we tested only one smartwatch in our
study, therefore more studies are needed to generalize our results and validate commercial
smartwatches in clinical populations.

Conclusions
In mild to moderate PD patients, a minimum of 4 monitoring days was needed to achieve
a reliable estimate of the average daily steps through a commercial smartwatch (Garmin
Vivosmart 4). The step count did not significantly differ across the monitoring days and be-
tween the working and weekend days. Taken together, the short monitoring period required
and the finding that PD patients with a moderate disability displayed relatively consistent
levels of ambulatory activity across the week could facilitate a broader implementation of
step count as an index of walking activity in this population. The present findings could be
highly relevant to develop monitoring, preventive, educational, and rehabilitation strategies
for people with PD.
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Abstract
Average daily steps (avDS) could be a valuable indicator of real-world ambulation in people
with Parkinson disease (PD), and previous studies have reported the validity and reliability
of this measure. Nonetheless, no study has considered disease phenotype, stage, and severity
when assessing the reliability of consumer wrist-worn devices to estimate daily step count in
unsupervised, free-living conditions in PD. This study aims to assess and compare the reliability
of a consumer wrist-worn smartwatch (Garmin Vivosmart 4) in counting avDS in people with PD
in unsupervised, free-living conditions among disease phenotypes, stages, and severity groups. A
total of 104 people with PD were monitored through Garmin Vivosmart 4 for 5 consecutive days.
Total daily steps were recorded and avDS were calculated. Participants were dichotomized into
tremor dominant (TD; n=39) or postural instability and gait disorder (PIGD; n=65), presence
(n=57) or absence (n=47) of tremor, and mild (n=65) or moderate (n=39) disease severity.
Based on the modified Hoehn and Yahr scale (mHY), participants were further dichotomized
into earlier (mHY 1‐2; n=68) or intermediate (mHY 2.5‐3; n=36) disease stages. Intraclass
correlation coefficient (ICC; 3,k), standard error of measurement (SEM), and minimal detectable
change (MDC) were used to evaluate the reliability of avDS for each subgroup. The threshold
for acceptability was set at an ICC ≥ 0.8 with a lower bound of 95% CI ≥ 0.75. The 2-tailed
Student t tests for independent groups and analysis of 83.4% CI overlap were used to compare
ICC between each group pair. Reliability of avDS measured through Garmin Vivosmart 4 for 5
consecutive days in unsupervised, free-living conditions was acceptable in the overall population
with an ICC of 0.89 (95% CI 0.85‐0.92), SEM below 10%, and an MDC of 1580 steps per day
(27% of criterion). In all investigated subgroups, the reliability of avDS was also acceptable (ICC
range 0.84‐0.94). However, ICCs were significantly lower in participants with tremor (P=.03),
with mild severity (P=.04), and earlier stage (P=.003). Moreover, SEM was below 10% in
participants with PIGD phenotype, without tremor, moderate disease severity, and intermediate
disease stage, with an MDC ranging from 1148 to 1687 steps per day (18%‐25% of criterion).
Conversely, in participants with TD phenotype, tremor, mild disease severity, and earlier disease
stage, SEM was >10% of the criterion and MDC values ranged from 1401 to 2263 steps per
day (30%‐33% of the criterion).In mild-to-moderate PD, avDS measured through a consumer
smartwatch in unsupervised, free-living conditions for 5 consecutive days are reliable irrespective
of disease phenotype, stage, and severity. However, in individuals with TD phenotype, tremor,
mild disease severity, and earlier disease stages, reliability could be lower. These findings could
facilitate a broader and informed implementation of avDS as an index of ambulatory activity in
PD.
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Introduction
Walking is a fundamental motor ability, and it is pivotal for functional independence and social
well-being (MacKinnon, 2018). Gait disturbances are common in people with Parkinson disease
(PD), and include shuffling gait, shortened step length, altered automaticity, decreased arm
swing, and freezing of gait (Mirelman et al., 2019). These represent a particularly disabling
group of symptoms, significantly hampering the quality of life of people with PD (M. Lee et al.,
2021) and increasing the risk of falls (Creaby & Cole, 2018).

Daily steps are an easy-to-collect and useful measure of ambulatory activity and mobility (Bassett
et al., 2017). Although this parameter could not provide details regarding subtle gait features,
several evidence linked a reduced daily step count to overall mortality risk (Inoue et al., 2023;
I.-M. Lee et al., 2019; Paluch et al., 2022; Saint-Maurice et al., 2020), as well as to a range of
health conditions, such as dementia (Del Pozo Cruz, Ahmadi, et al., 2022) and oncological and
cardiovascular diseases (Banach et al., 2023; Del Pozo Cruz, Ahmadi, et al., 2022). Previous
studies have also reported a negative correlation between daily steps and disease severity in PD
(Skidmore et al., 2008) and proposed a minimum daily step goal of 4200 to match with physical
activity recommendations in the early stages of the disease (Handlery et al., 2021).

Wearable devices, including smartwatches, could represent a useful option to estimate daily steps
in an unobtrusive, ecological way (Mattison et al., 2022). Moreover, wearables are widely avail-
able on the market, easily used by the general population, and enable unobtrusive continuous
long-term data collection (Bianchini & Maetzler, 2023). However, since these devices are usu-
ally tested in healthy populations, knowledge of the validity and reliability of collected data is
generally limited when applied to different groups of patients. Therefore, a growing body of
literature focused on the validity and reliability of consumer wearable devices for step count-
ing, with generally positive results (Chevance et al., 2022; Fuller et al., 2020; Nakagata et al.,
2022).

In PD, motor and gait manifestations could render step detection and step count challenging
and hence significantly diminish the validity and reliability of device algorithms (Bianchini et al.,
2022; Kim et al., 2019; Wendel et al., 2018). Nevertheless, a prior study by Ginis et al (Ginis
et al., 2023) demonstrated a good criterion validity in estimating average daily steps (avDS) of
2 Fitbit devices (Fitbit Alta and Fitbit Inspire 3) in 28 people with PD in a real-life setting,
compared to a research-grade device (Dynaport Movemonitor, McRoberts, NL).

Similarly, a prior study from our group involving 47 individuals with PD demonstrated a good
criterion validity in step counting using a consumer smartwatch (Garmin Vivosmart 4), when worn
on the side least affected by the disease and under well-controlled pharmacological conditions in
a supervised, in-clinic setting (Bianchini et al., 2022).

Besides criterion validity, we recently demonstrated that optimal reliability of avDS recorded by
Garmin Vivosmart 4 in real-life conditions could be achieved if the smartwatch is worn for a
minimum of 4 days (Bianchini et al., 2023).

However, the clinical heterogeneity of PD when evaluating metrological characteristics of step-
counting devices has been neglected so far. Indeed, the clinical presentation of PD is highly
variable among individuals, thus, significant efforts have been made to identify distinct clusters
and subtypes (Outeiro et al., 2023). Several classifications have been proposed over the years
from clinical-based (Jankovic et al., 1990; Stebbins et al., 2013; Zetusky et al., 1985) to more
recent biomarker-based classifications (Cardoso et al., 2024; Höglinger et al., 2024; Horsager
& Borghammer, 2024). In this regard, one of the most used classifications distinguishes PD
with predominant features of tremor (ie, tremor dominant [TD]) or gait, posture, and balance
issues (ie, postural instability and gait disorder [PIGD]) (Jankovic et al., 1990; Stebbins et al.,
2013; Zetusky et al., 1985) based on subitems scores of the Unified Parkinson’s Disease Rating
Scale (UPDRS) and its revision by the Movement Disorder Society (MDS-UPDRS) (Goetz et al.,
2008). This classification could be relevant when measuring avDS in PD since tremors could
increase the noise-to-signal ratio, making step detection more challenging (Kim et al., 2019).
Similarly, in PIGD individuals, the higher degree of gait alterations could alter the performance
of step-detection algorithms (Bianchini et al., 2022; Wendel et al., 2018).

Symptom severity and disease stage could also represent other relevant parameters to be con-
sidered when assessing the reliability of any wearable devices in counting avDS. Indeed, with
disease progression, gait features increasingly deviate from normality (Mirelman et al., 2019;
Schlachetzki et al., 2017), and tremor and bradykinesia could further alter the spatiotemporal
and kinematic characteristics of walking, dampening, in turn, algorithm performance in step
detection (Bianchini et al., 2022; Kim et al., 2019; Wendel et al., 2018).

60



Chapter 6

Nevertheless, no study to date considered disease phenotype, stage, and symptom severity when
assessing the reliability of consumer wrist-worn devices for step counting in unsupervised, free-
living conditions in mild-to-moderate people with PD. This study was hence specifically designed
to address this issue. We hypothesized that reduced reliability might be observed in TD individ-
uals and people with PD with more severe symptoms and in more advanced disease stages due
to the aforementioned increased signal noise due to tremor, the higher degree of motor symp-
toms, and the more marked gait alterations. In addition, since no previous study specifically
investigated the criterion validity of Garmin Vivosmart 4 in estimating avDS, we performed a
proof-of-concept experiment in a subgroup of participants. Details of methods and results of this
latter experiment are presented in Appendix 2.

Material and Methods
Population
Participants were consecutively screened and recruited during scheduled visits at the Movement
Disorder Outpatient Service of the Sant’Andrea University Hospital (Rome, Italy) in the period
between March 2023 and March 2024. Inclusion criteria were: (1) diagnosis of idiopathic PD
according to the MDS criteria (Postuma et al Postuma et al., 2015); (2) aged 18 years or older;
(3) disease stage <4 according to the modified Hoehn and Yahr scale (mHY) (Goetz et al., 2004);
(4) classification as TD or PIGD according to Stebbins et al (Stebbins et al., 2013); and (5)
stable medication in the 4 weeks before the experimental procedure. Exclusion criteria were: (1)
cognitive impairment, defined by Montreal Cognitive Assessment (Nasreddine et al., 2005) score
<21; and (2) orthopedic, rheumatologic, or systemic conditions affecting mobility as judged by
the assessor.

Ethical Considerations
This cross-sectional study was performed in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments. Approval was granted by the local Ethical
Committee of Sapienza, University of Rome, Italy (0372/2022). Data collection and processing
followed the current European regulations for data protection. All participants provided written
informed consent before the beginning of measurements. All data were deidentified. Participants
did not receive any form of compensation.

Demographic and Clinical Data
Participants were evaluated during scheduled visits. Demographics and anthropometric measures
(including age, sex, weight, height, and BMI) were collected. Disease duration and disease stage
according to mHY and levodopa equivalent daily dose (Jost et al., 2023) were also collected. MDS-
UPDRS (Goetz et al., 2008) part III was used to assess motor symptoms severity. Participants
were divided into 4 subgroup pairs. Based on MDS-UPDRS part II and III scores, participants
were classified into TD or PIGD disease subtypes according to Stebbins et al (Stebbins et al.,
2013). To evaluate the effect of tremor presence on device reliability, participants were also
classified as those with and without tremor based on a score of ≥ 1 at item 2.10 of MDS-
UPDRS part II. Concerning disease severity, participants were grouped into those with mild or
moderate disease severity based on the MDS-UPDRS score as proposed by Martínez-Martín et
al (Martínez-Martín et al., 2015). Similarly, participants were dichotomized in earlier (mHY 1‐2)
or intermediate (mHY 2.5‐3) stages, based on mHY score.

Experimental Procedure
Participants received the smartwatch Garmin Vivosmart 4 after the visit and were instructed to
wear it at home for a minimum of 5 consecutive days, including at least 1 weekend day, on the
wrist of the body side least affected by the disease (Bianchini et al., 2022). No reminders or further
instructions were provided to participants during registration. We chose a 5-day period since we
demonstrated previously that a minimum of 4 days of monitoring is needed to reliably estimate
daily step count in PD (Bianchini et al., 2023). Each smartwatch was configured according to
the producer’s recommendations and participants were asked to perform daily activities as usual.
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After 5 days, participants returned the smartwatch. The total daily number of steps for each day
was recorded and avDS were calculated (Bianchini et al., 2023). Compliance was assessed based
on the participants’ dashboard data. The device recognizes that it is worn through heart rate
and inertial motion unit signal. We considered all recording days with >80% wear time while
awake and no interruption of device use greater than 3 hours to be valid. Details of methods of
the proof-of-concept experiment regarding criterion validity of Garmin Vivosmart 4 are presented
in Appendix 2.

Data and Statistical analyses
The statistical analyses were performed using JASP (version 0.18.3.0; JASP Team), R (version
4.0.3; R Core Team), and RStudio (version 2023.12.0+369; R Foundation for Statistical Com-
puting) for Windows. Descriptive statistics were calculated for the examined variables. The
normality of distributions was assessed by histogram and residual plots inspection.

To evaluate the relative reliability for the 5-day monitoring period in the overall population
and each subgroup, a 2-way intraclass correlation coefficient (ICC) with a fixed set of raters
and averaged ratings was used (ICC (3,k), where k was the number of days of measurement),
together with a custom R script. The following reference cut-off values for ICC interpretation
were used (Koo & Li, 2016): excellent: >0.90; good: 0.75‐0.90; moderate: 0.50‐0.75; and poor:
<0.50. The a priori threshold for acceptable ICC was set at a point estimate ≥ 0.80 with a lower
bound of 95% CI ≥ 0.75 in accordance with a previous study from our group (Bianchini et al.,
2023).

To compare ICCs between the 4 subgroup pairs, 2 methods were applied. First, standard errors
and point estimates of ICCs were used to compute t statistics and perform 2-tailed independent
groups Student t tests. Second, the CI overlap between each group pair was graphically and
numerically assessed. Nonoverlapping CIs were considered indicators of significantly different
ICCs (Knol et al., 2011). Previous evidence underscored that a 95% CI overlap assessment could
inflate the risk of type II error and suggested that an 83.4% CI could be a more powerful option
(Austin & Hux, 2002; Cho et al., 2020; Knol et al., 2011). Therefore, we adopted this method
for CI overlap evaluation.

Standard error of measurement (SEM) and minimal detectable change (MDC) with a CI of 95%
were used to compute the absolute reliability for the 5-day recordings in the overall population
and each subgroup (Balaguier et al., 2016). SEM and MDC were reported as absolute value and
percentage of criterion measure (SEM% and MDC%, respectively). The criterion was the avDS
count derived from the 5 days. For all analyses, the significance threshold was set at �<.05. All
data were reported as mean (SD) or median (IQR) for numerical data and n (%) for categorical
variables.
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Results
Overview
A total of 104 people with PD were included in the study. All participants were monitored
through Garmin Vivosmart 4 at home for a period of 5 consecutive days. No participants or
days were excluded based on the prespecified compliance criteria. Participants took on average
5923 (SD 3014) daily steps, ranging from 357 to 12,620. Details of demographic, anthropometric,
and clinical variables of the study population are shown in table 6.1. The overlap between the
subgroups is shown in Appendix 1 (table S6.1 and table S6.2).

Overall, the results of the proof-of-concept experiment suggest that the smartwatch Garmin
Vivosmart 4 is valid and decently accurate in estimating avDS in PD. Details are presented in
Appendix 2.

Reliability of avDS in People With PD

Relative Reliability
AvDS collected during 5 consecutive days showed a level of relative reliability above the threshold
of acceptability, as indicated by an ICC point estimate of ≥ 0.80 and a lower 95% CI limit of ≥
0.75, in the overall population and all subgroups. Moreover, daily step count showed excellent
reliability in PD in the intermediate disease stage. Details of ICC and CI limits are shown in
table 6.2.

Relative Reliability
AvDS showed an SEM below 10% in the overall population with an MDC of 1580 (26.7% of the
criterion). AvDS also showed an SEM below 10% in the PIGD disease subtype, in participants
without tremor, with a moderate disease severity, and in an intermediate disease stage with an
MDC ranging from 1148 to 1687 steps per day (18% to 25% of criterion). Conversely, in the TD
disease subtype, in participants with tremor, with mild disease severity and in an early disease
stage, SEM was >10% of criterion and MDC values ranged from 1401 to 2263 steps per day (30%
to 33% of the criterion). Details of SEM and MDC are shown in table 6.3.
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Reliability Comparison Between Subgroups
When comparing ICCs between subgroups pairs, 2-tailed Student t test for independent groups
showed a significant difference between participants with and without tremor (t102=1.897; P=.03),
between PD with mild and moderate disease severity (t102=1.765; P=.04), and between individ-
uals in early and intermediate disease stage (t102=2.817; P=.003). Conversely, no significant
difference was found between TD and PIGD participants (t102=1.048; P=.15).

The analysis of 83.4% CI showed no overlap between interval limits between participants with
and without tremor (fig. 6.1A), in early and intermediate disease stage (fig. 6.1C), and only
a negligible overlap between individuals with mild and moderate disease severity (fig. 6.1B).
Conversely, a degree of overlap of the two 83.4% CIs was observed between TD and PIGD
participants (fig. 6.1D). Details of 83.4% CI limits are shown in table 6.2.

Figure 6.1. ICC and 83.4% CI comparison for each subgroup pair. (A) Participants
with reported presence or absence of tremor. (B) Participants with mild and moderate
disease severity as indicated by MDS-UPDRS. (C) Participants with earlier (mHY 1‐2) and
intermediate (mHY 2.5‐3) disease stage. (D) PIGD and TD phenotypes. ICC (3,k) point
estimate is indicated by the black dot, CI limits are represented by the vertical bars. ICC:
intraclass correlation coefficient; MDS-UPDRS: International Movement Disorders Society
Unified Parkinson’s Disease Rating Scale; mHY: modified Hoehn and Yahr stage; PIGD:
postural instability and gait disorder; TD: tremor dominant.
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Discussion
Principal Findings
This cross-sectional study aimed at assessing and comparing the reliability of a consumer wrist-
worn smartwatch (Garmin Vivosmart 4) in counting avDS in PD in unsupervised, free-living con-
ditions for 5 consecutive days between disease phenotypes, stages, and severity groups.

Overall, our results showed, for the first time, that avDS were acceptably reliable in mild-to-
moderate PD irrespective of disease severity, stage, or phenotype. Nevertheless, our results
further indicated lower reliability in people with PD with TD phenotype, tremor, lower disease
severity, and earlier stage.

Reliability of avDS in the Overall PD Population
We found that the relative reliability of avDS, measured in unsupervised, free-living conditions,
by Garmin Vivosmart 4 for 5 consecutive days was within the a priori criteria for acceptability in
the overall PD population. We identified only 2 studies investigating the reliability of wearable
devices in measuring avDS in people with PD (Bianchini et al., 2023; Paul et al., 2016). Paul et
al (Paul et al., 2016) reported that 2 consecutive days of monitoring were sufficient to obtain an
ICC of >0.9, using a research-grade, ankle-mounted, step counter (Step Activity Monitor) in 92
people with PD. One study from our group investigated the reliability of a wrist-worn consumer
device in measuring avDS in PD before. In that study, we found an ICC (3,k) of 0.88 (0.82‐0.93)
for 4 days of monitoring in 56 mild-to-moderate people with PD using Garmin Vivosmart 4
(Bianchini et al., 2023). The present results are consistent with our previous study, but also
with other studies investigating the reliability of avDS through wrist-worn wearables in healthy
older people (Clemes & Griffiths, 2008; Paul et al., 2016; Sigmundová et al., 2013; Yao et al.,
2021), and in people with various neurological conditions, such as multiple sclerosis (Norris et al.,
2017) and stroke (Fini et al., 2019). Regarding absolute reliability, we found that SEM% was
below 10% (9.6%) with an MDC of 1580 steps per day (27% of criterion). Only 1 study, from
our group, investigated SEM and MDC for avDS in PD (Bianchini et al., 2023). The present
results are consistent with our previous study in which we reported an SEM% of 9.2% and an
MDC of 1495 steps per day (or 26% of criterion) (Bianchini et al., 2023). Taken together, these
results confirm the reliability of avDS measured through Garmin Vivosmart 4 in unsupervised,
free-living conditions in mild-to-moderate PD for 5 consecutive days.

Reliability of avDS in People With PD Subgroups
To our knowledge, this is the first study to investigate and compare the reliability of a consumer
smartwatch in measuring avDS in different subgroups of PD based on disease phenotype, severity,
and stage. We found that in all investigated subgroups (ie, TD vs PIGD, mild vs moderate,
tremor vs nontremor, and earlier vs intermediate), ICC values were within the a priori criteria for
acceptability (ICC range 0.84‐0.94). However, a significantly lower ICC was observed in people
with PD with tremor, mild disease severity, and earlier disease stage. Moreover, SEM% was
below 10% in participants with PIGD phenotype, moderate disease severity, intermediate disease
stage, and without tremor, with an MDC ranging from 1148 to 1687 steps per day (18%‐25%
of criterion). Conversely, in individuals with TD phenotype, tremor, mild disease severity, and
earlier disease stage, SEM was >10% of criterion and MDC values ranged from 1401 to 2263
steps per day (30%‐33% of the criterion).

MDC, defined as the minimal change that falls outside the measurement error of an instrument,
is extremely relevant in study design since it allows to calculate the sample size of studies aiming
to assess the effectiveness of interventions (Lexell & Downham, 2005). MDC could be also crucial
to define the appropriateness and feasibility of using a determinate device to measure a given
construct. A prior work from Handlery et al. (Handlery et al., 2021) reported an increase in 1250
steps per day following a high-intensity physical activity intervention in PD measured through a
research-grade wrist-worn device (Actigraph GT3X). In this study, we found that in individuals
with TD phenotype, mild disease severity, and earlier disease stage, MDC was 2000 steps per
day. Although a direct comparison with the metrics reported in the work from Handlery et al.
(Handlery et al., 2021) could not be performed due to the different devices, we could hypothesize
that only large modifications in avDS could be reliably measured through Garmin Vivosmart 4
in the aforementioned PD subgroups. To this end, future studies will be needed to define the
minimal clinically important difference for avDS measured through consumer wrist-worn devices
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and to assess the attainability of avDS modifications sufficiently large to be reliably detected by
these devices.

The reduced reliability in participants with tremor is in line with our hypothesis that tremor could
reduce the performance of the step-detection algorithm. In fact, tremor could increase the noise-
to-signal ratio in the accelerometer signal, and in turn, render step detection more challenging
(Kim et al., 2019). Indeed, a previous study highlighted that tremor and dyskinesia together
contributed to more than 19% of the variation in daily step counts when comparing measurements
from waist-worn and wrist-worn devices in 46 people with PD with similar characteristics to
those included in this study (Kim et al., 2019). In this regard, our study further supports the
assumption that tremor could reduce the step-detection performance of wrist-worn devices in
PD.

On the other hand, our hypothesis that a reduced reliability might be observed in participants
with higher symptom severity and more advanced stages was not supported by our results.
Indeed, the reduced reliability of avDS observed in individuals with mild disease severity and
earlier disease stage is somehow counterintuitive. In fact, previous evidence highlighted that step
count was less accurate in people walking at slower gait speed and with shorter step length in
several neurological and musculoskeletal conditions, including PD (Bianchini et al., 2022; Chow
et al., 2017; Fokkema et al., 2017; Lamont et al., 2018; Treacy et al., 2017; Wendel et al., 2018).
Reduced step length and slower walking speed are typical features of Parkinsonian gait, with
a higher prevalence along the disease course (Mirelman et al., 2019; Schlachetzki et al., 2017).
Moreover, another typical characteristic of walking in PD is the reduced automaticity that leads
to a more discontinuous and irregular gait pattern that can further reduce device accuracy in
step detection (Mirelman et al., 2019; Wendel et al., 2018).

Despite these considerations, our results showed that avDS estimation was more reliable in people
with PD with moderate disease severity and intermediate disease stage, compared with individuals
with mild disease severity and earlier disease stage. In this regard, it must be considered that
reliability is a measure of consistency and reproducibility of measurement and not a measure of
accuracy (Mokkink et al., 2010). Therefore, a reduced accuracy could not directly translate into
reduced reliability. We could hypothesize that in more advanced stages of PD, the variability of
clinical presentation could be lower. In an earlier stage, indeed, symptom heterogeneity, both in
terms of motor and nonmotor features, could be extremely high (Berg et al., 2021; Erro et al.,
2013; Wüllner et al., 2023). However, this variability could decrease with disease progression
since motor symptoms tend to consistently worsen along the disease course and motor features
such as gait and balance impairment become increasingly prevalent (Fasano et al., 2019; Stefani
et al., 2022). In addition, the phenotype is dynamic along the disease course and some researchers
have proposed that the classification into PIGD/TD evolves over time (Alves et al., 2006; Che
et al., 2024). One study, indeed, reported that over a period of 8 years, approximately 70%
of TD individuals transitioned to PIGD, whereas only 4% of PIGD individuals transitioned to
TD (Alves et al., 2006). Another study reported that 45% of TD participants at baseline had a
subtype shift along a 2-year follow-up while 85% of PIGD participants remained as PIGD (Che
et al., 2024). This is mirrored in our study cohort, where 32 out of 65 (49%) individuals with
mild disease severity were classified as TD, whereas only 7 out of 39 (18%) were in the moderate
group. Similarly, 33 out of 68 (49%) participants with earlier disease stage were classified as TD,
whereas only 6 out of 36 (17%) were in the intermediate group. Therefore, a regression toward a
more uniform motor impairment along the disease course might be considered. Moreover, since we
found that tremor could be a relevant factor in reducing avDS reliability, the different prevalence
of TD phenotype could also contribute to explaining our results. However, it must be underlined
that no study, to our knowledge, systematically compared the heterogeneity of PD features across
early, intermediate, and advanced disease stages. Therefore, our hypothesis should be taken with
caution and future studies are needed to confirm it.

In conclusion, our findings highlight that, although avDS were reliable across the examined
subgroups, clinicians and researchers should consider disease phenotype, stage, and severity when
implementing wrist-worn wearables and interpreting mobility data collected through these devices
in PD.

Limitations
We acknowledge that this study has some limitations. First, the participants included in our
study displayed relatively preserved cognitive functions, due to our exclusion of participants with
a Montreal Cognitive Assessment of <21. Additionally, those with more advanced disease stages
or requiring walking aids were not included. This potentially limits the generalizability of our
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findings. However, it should be considered that the sample in our study can be seen as representa-
tive of the typical target for interventions using consumer-grade wearable technology. Moreover,
including individuals with a disease stage >3, using walking aids, or with more severe cognitive
impairments poses significant challenges in the utilization of consumer technology and is beyond
our scope. Nevertheless, future research incorporating PD with lower functional scores, higher
disease severity, and more impactful cognitive impairments would be valuable. Furthermore, we
used only PD subtyping based on clinical features, yet other classification methods and clustering
techniques have been proposed incorporating instrumental and biological data. Future studies
are warranted to investigate the reliability of consumer smartwatches in PD subgroups defined
using multimodal biomarkers. Finally, we did not account for antiparkinsonian treatment to
control tremor. All included participants were under dopaminergic medical treatment and stable
medical treatment in the 4 weeks before data collection, and we did not enroll drug-naïve indi-
viduals. In addition, we did not account for different drug classes since it would have required a
much higher sample size to cover all the possible combinations. Future studies might investigate
the metrological features of commercial smartwatches in drug-naïve PD to avoid the influencing
factor of dopaminergic treatment. However, since almost all patients with a diagnosis of PD are
medically treated, we considered it relevant to assess the measurement properties of commercial
devices in a setting more representative of the real-world experience.

Conclusions
In mild-to-moderate PD, avDS measured through a consumer smartwatch in unsupervised, free-
living conditions for 5 consecutive days are reliable irrespective of disease phenotype, stage, and
severity. Researchers and clinicians who want to implement these instruments should consider
that in individuals with TD phenotype, tremor, mild disease severity, and earlier disease stage,
reliability could be lower and MDC could be higher. Future studies are needed to define the
minimal clinically important difference for avDS measured through consumer wrist-worn devices
and to assess the attainability of avDS modifications sufficiently large to be reliably detected
by wrist-worn consumer devices. Taken together, we believe that these results could facilitate a
broader implementation and an informed application of avDS as an index of ambulatory activ-
ity in PD and could be highly relevant to developing monitoring, preventive, educational, and
rehabilitation strategies for PD.
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Appendix 1 - Supplementary tables

Table S6.1. Overlap between the groups of patients with and without self-reported
tremor and TD/PIGD phenotypes.

TD (N=39) PIGD (N=65) Tremor
(N=57)

No tremor
(N=47)

TD – – 36/57 (63%) 3/47 (6%)
PIGD – – 21/57 (37%) 44/47 (93%)
Tremor 36/39 (92%) 44/65 (68%) – –
No tremor 3/39 (8%) 21/65 (32%) – –

PIGD: postural instability and gait disorder; TD: tremor dominant.

Table S6.2. Overlap between the groups of patients with mild/moderate disease severity
and early/intermediate disease stage.

Mild (N=65) Moderate
(N=39)

mHY 1-2
(N=39)

mHY 2.5-3
(N=36)

Mild – – 52/68 (76%) 13/36 (36%)
Moderate – – 16/68 (24%) 23/36 (64%)
mHY 1-2 52/68 (80%) 16/39 (41%) – –
mHY 2.5-3 13/68 (20%) 23/39 (59%) – –

mHY: modified Hoehn and Yahr scale.
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Appendix 2 - Supplementary experiment
Since no previous study specifically investigated the criterion validity of the smartwatch Garmin
Vivosmart 4 in estimating average daily steps (avDS), we performed this proof-of-concept exper-
iment in a small subgroup people with Parkinson’s disease (PwPD).

Methods
Details regarding population, ethics and collected clinical measures are presented in the main
manuscript.

Experimental procedure
Participants were provided with a smartwatch Garmin Vivosmart 4 and a lower-back mounted
research-grade inertial sensor for mobility analysis (McRoberts MoveMonitor, McRoberts B.V.,
Den Haag, The Netherlands) to wear concurrently for 7 consecutive days in their home environ-
ment. They were instructed to wear both the smartwatch on the wrist of the body side least
affected by the disease and MoveMonitor all time during day and night and remove them only
when involved in water activities (e.g., bathing, showering, swimming, etc.). As far as Garmin
Vivosmart 4 is concerned, data extraction and compliance assessment are described in the main
section of the manuscript. For MoveMonitor, the number of steps taken each day were extracted
from device report and the avDS were calculated. Compliance was assessed through the “no wear
time” provided by device report. We considered all recording days with ≥ 80% wear time while
awake for both devices to be valid.

Data and statistical analysis
The statistical analyses were performed using JASP v0.18.3.0 (JASP Team, University of Ams-
terdam, The Nederlands). Statistical analyses were performed using JASP v0.18.3 (JASP Team,
University of Amsterdam, Amsterdam, The Netherlands). To assess the agreement between the
number of steps counted by Garmin Vivosmart 4 and MoveMonitor (gold standard), the intra-
class correlation coefficient (ICC) (2,1) was used and the point estimate and lower and upper 95%
confidence interval reported. The following reference cut-off values for the ICC interpretation
were used (Koo & Li, 2016): Excellent: >0.90; Good: 0.75–0.90; Moderate: 0.50–0.75; Poor:
<0.50. From the number of steps counted by Garmin Vivosmart 4 and MoveMonitor, the mean
percentage error (MPE) and the mean absolute percentage error (MAPE) were calculated for
avDS as follows:

MPE = (steps counted manually) − (steps counted by smartwatch)
(steps counted manually)

× 100

MAPE = |(steps counted manually) − (steps counted by smartwatch)|
(steps counted manually)

× 100

The MPE was used to evaluate the direction-of-error of the smartwatch Garmin Vivosmart 4
compared with MoveMonitor. A negative value indicated an overestimate of counting and vice
versa. The MAPE was used to assess the magnitude-of-error of the smartwatch Garmin Vivosmart
4 in step counting compared with MoveMonitor.

Results
Data from a subgroup of 11 PwPD [Age: 66.4 ± 7.0 years; Females: 4 (36%); Disease duration:
7.9 ± 3.9 years; Hoehn & Yahr: 2 (2-2.5)] were analyzed for a total of 64 valid days of recording
for both devices. The median recording time was 6 days (range 5-7). The smartwatch Garmin
Vivosmart 4 demonstrated an excellent agreement with MoveMonitor for avDS [ICC2,1 0.984 =
(0.946 – 0.996)]. MPE was -1.3% (CI95%: -11.0 – 8.4) and MAPE was 10.2% (CI95%: 3.6 –
16.8) for avDS.
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Discussion
In this proof-of-concept experiment, the smartwatch Garmin Vivosmart 4 demonstrated an ex-
cellent agreement with MoveMonitor research-grade inertial sensor. It is important to mention
that MoveMonitor was extensively validated both technically and clinically (Mazzà et al., 2021;
Micó-Amigo et al., 2023) and was used for several large multicentric studies in PwPD to moni-
tor gait in free-living, real-world conditions as part of international consortia (e.g., Mobilize-D).
Moreover, MoveMonitor was used in a previous study to demonstrate the criterion validity of
Fitbit Inspire in measuring avDS (Ginis et al., 2023). Our result is in line with those reported
in this previous study which showed a good-to-excellent ICC (>0.83) between the smartwatch
and the research-grade device. Moreover, although preliminary, the present results confirm the
findings from a previous study from our group showing a good agreement between steps mea-
sured through Garmin Vivosmart 4 and manual counting in a supervised setting (Bianchini et al.,
2022). Regarding MPE and MAPE, our preliminary findings point towards a slight overestima-
tion of avDS by the smartwatch. This result is in line with our preliminary findings in supervised
setting. Regarding MAPE Garmin Vivosmart 4 showed an error around 10% in estimating avDS.
To the best of our knowledge, no previous study reported this aspect in PwPD. However, our
results are in line with or lower than previous studies on healthy individuals (Germini et al.,
2022). Moreover, it is worth noting that the MAPE is within the threshold of acceptability as
indicated by the cut-off value of 15% recommended for devices intended to be used by the general
population (Johnston et al., 2021). In conclusion, our proof-of-concept experiment suggests that
the smartwatch Garmin Vivosmart 4 is valid and decently accurate in estimating avDS in PwPD.
It must be stressed, however, that this is a proof-of-concept experiment, and the results hereby
presented were included since no previous study are available to support the criterion validity
of the used smartwatch. Therefore, these findings are not sufficient to conclusively demonstrate
the accuracy and validity of the smartwatch Garmin Vivosmart 4. Further studies are hence
warranted to fully address this issue.
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Abstract
Recent studies demonstrated the validity, reliability, and accuracy of consumer smart-
watches for measuring daily steps in people with Parkinson disease (PD). However, no
study to date estimated the minimal clinically important difference (MCID) for average
daily steps (avDS), measured through a consumer smartwatch in people with PD. This
study aimed to calculate the MCID of avDS, measured through a commercial smartwatch
(Garmin Vivosmart 4) in people with PD. People with PD with a disease stage <4, with-
out cognitive impairment, and who were able to walk unaided wore a Garmin Vivosmart
4 smartwatch for 5 consecutive days on the wrist least affected by the disease allowing
the computation of avDS. To define the 3 levels of MCID for avDS, we used an anchor-
based method linked to: (1) scales capturing subtle changes in global mobility and motor
functions, (2) clinical and health-related measures, and (3) disease-related patient reported
outcomes. Linear regressions, Student t test, and ANOVA were used to estimate the min-
imal change in avDS based on anchors relevant change. For each level, overall MCID was
calculated as the average of the variables included and range was reported. A total of 100
people with PD were enrolled. Participants took on average 5949 (SD 3034) daily steps
ranging from 357 to 12,620. MCID of avDS anchored to standardized measures of motor
symptoms and mobility was 581 steps/day (range 554‐608) or around 10% of mean avDS
in our population. MCID of avDS anchored to clinical and health-related variables was
1200 steps/day (range 350‐1683), or around 20% of mean avDS in our population. Finally,
MCID of avDS anchored to disease-related patient reported outcomes was 1592 steps/day
(range 594‐2589), or around 27% of the mean avDS in our population. These findings could
be relevant for designing future clinical trials involving avDS as a digital mobility outcome
in daily life for people with PD and evaluating the effectiveness of intervention promoting
free-living walking in this population.
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Introduction
Parkinson disease (PD) is a neurodegenerative disease characterized by both motor and
nonmotor symptoms. Among the motor manifestations of PD, gait disturbances are no-
tably prevalent and encompass a variety of issues, such as a shuffling gait, reduced step
length and diminished automaticity, decreased arm swing, increased double support time,
altered cadence, and periodic episodes such as freezing of gait (FOG) (Mirelman et al.,
2019). Walking, a fundamental daily activity, is crucial for maintaining functional indepen-
dence and social wellbeing (MacKinnon, 2018). Gait disturbances, therefore, represent a
particularly disabling category of symptoms in PD, significantly impacting the autonomy
and quality of life of patients (M. Lee et al., 2021).

Gait characteristics can be examined through various methods, both in controlled and eco-
logical settings. Recently, the use of wearable inertial sensors for gait analysis has gained
considerable traction (Bate et al., 2023; Correno et al., 2022; Soulard et al., 2022). Specif-
ically, the daily step count serves as an indirect yet rather easily obtainable indicator of
walking and physical activity (Bassett et al., 2017). While this metric does not provide
detailed gait analysis, there is established evidence linking a reduced daily step count to
a range of health issues, including oncological and cardiovascular diseases (Del Pozo Cruz,
Ahmadi, et al., 2022), dementia (Del Pozo Cruz, Ahmadi, et al., 2022), as well as an ele-
vated risk of overall mortality (Inoue et al., 2023; I.-M. Lee et al., 2019; Paluch et al., 2022;
Saint-Maurice et al., 2020). In the context of PD, studies have consistently demonstrated a
correlation between a decrease in daily steps and increased disease severity (Skidmore et al.,
2008) as well as with levels of physical activity (Liu et al., 2023; Mantri et al., 2019). These
studies have also proposed a minimum daily step goal of around 4200 to align with physical
activity recommendations in the early stages of PD (Handlery et al., 2021). Step measure-
ment can be accomplished using either research-grade or consumer devices. Research-grade
devices are specifically developed for use by professionals in research or clinical settings
and are generally recognized for their superior accuracy and reliability (Brewer et al., 2017;
Degroote et al., 2018; Hergenroeder et al., 2018; Topalidis et al., 2021). Despite this, they
come with drawbacks such as higher costs, limited market availability, the need for spe-
cialized expertise for operation, and less focus on aesthetic appeal and user-friendliness.
In contrast, consumer wearable devices are designed for the general public. These devices
are easily accessible in the market and user-friendly, requiring no specialized knowledge for
operation. However, they typically lack validation for research purposes and often do not
include sophisticated algorithms or analysis software (Bianchini & Maetzler, 2023). De-
spite this, there is an increasing focus in the literature on using consumer wearables for
data collection and monitoring in neurological patients (Chandrabhatla et al., 2022; Löhle
et al., 2023; Powers et al., 2021). Both device types demonstrate reliable step counting in
individuals with normal gait patterns (Lamont et al., 2018), though research-grade devices
show higher reliability across a wider range of conditions (Treacy et al., 2017). However, for
individuals with nonphysiological gait, such as those with reduced walking speeds or those
using walking aids, the performance of consumer wearables tends to diminish (Bianchini
et al., 2022; Chow et al., 2017; Fokkema et al., 2017; Hergenroeder et al., 2018; Svarre
et al., 2020).

PD poses a unique challenge for gait analysis, as its associated disturbed gait patterns
could adversely impact the reliability of device algorithms. Furthermore, the occurrence of
tremors and dyskinesias in patients with PD may introduce additional background noise in
recordings, potentially resulting in an overestimation of step counts (Bianchini et al., 2022;
Kim et al., 2019). Conversely, the presence of rigidity and bradykinesia, characteristic of
PD, might lead to an underestimation of steps, especially when the activity monitor is worn
on the wrist (Wendel et al., 2018). In our previous in-laboratory study involving 47 people
with PD, we demonstrated a good criterion validity (intraclass correlation coefficient=0.76)
and an acceptable level of error (mean absolute percentage error=5%) in step counting
using a consumer smartwatch (Garmin Vivosmart 4), when worn on the side least affected
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by the disease and under well-controlled pharmacological conditions (Bianchini et al., 2022).
In the context of real-life settings, a separate study underscored the criterion validity of
average daily steps (avDS) measured by several wrist-worn consumer devices (Fitbit Alta
[Google] and Fitbit Inspire 3 [Google]) in 28 people with PD at home, compared with a
research-grade device (Dynaport movemonitor) (Ginis et al., 2023). We recently replicated
these results, using Garmin Vivosmart 4, in a proof-of-concept experiment (Bianchini et al.,
2025). Beyond criterion validity, the reliability of a measurement tool — the consistency of
repeated measures in unchanged individuals — is equally crucial. In this regard, our recent
findings indicate that a minimum of 4 days is necessary to obtain a reliable estimate of
avDS recorded by a consumer smartwatch (Garmin Vivosmart 4) in free-living conditions
(Bianchini et al., 2023).

An essential additional metrological characteristic of an activity monitor is its capability
to reliably capture changes in measured parameters and the clinical significance of these
changes. In this context, the minimum detectable change (MDC) and the minimal clinically
important difference (MCID) are 2 key metrics and are pivotal for calculating clinical trial
sample sizes and assessing the effectiveness of interventions (Bloom et al., 2023; Lexell
& Downham, 2005). On the one hand, MDC denotes the smallest change that can be
confidently identified beyond the measurement error of the instrument used for a specific
parameter (Lexell & Downham, 2005). In a recent work of ours on 56 individuals with
mild-to-moderate PD, we found that for a monitoring period of at least 4 days, the MDC
for the Garmin Vivosmart 4 ranged between 1198 and 1524 steps/day, averaging at 1366
steps/day (Bianchini et al., 2023). On the other hand, MCID represents the smallest
difference in a parameter that is meaningful from a clinical perspective (Bloom et al.,
2023). In fact, a statistically significant change after an intervention may not represent
a modification that has a real impact on the patient’s condition and, ultimately, might
not be perceived by individuals. Therefore, estimated in different ways, and there is no
definite consensus for the best method (Byrom et al., 2020; Sedaghat, 2019). Globally,
two calculation methods exist: (1) distribution-based and (2) anchor-based. Distribution-
based methods rely on the statistical characteristics of the variables of interest within the
given population to identify the magnitude of change that would be unlikely to be observed
by chance. Spread parameters, such as SD and SE of measurements, are commonly used
indexes to calculate MCID using distribution-based methods (Byrom et al., 2020; Sedaghat,
2019). However, several authors underlined the limitation of distribution-based methods
in capturing truly meaningful change and consider the use of these techniques only as an
addition to anchor-based methods (Byrom et al., 2020; McLeod et al., 2011). Anchor-based
methods compare the change in patients’ variable of interest with how patients score on
a second, explicit metric of improvement (ie, the anchor) (Byrom et al., 2020; Sedaghat,
2019; Zhang et al., 2023). Usually, when applying anchor-based method, improvement is
evaluated longitudinally following an intervention and a time period for which a change in
the anchor measure is expected (Byrom et al., 2020). However, cross-sectional evaluation
is also possible, as reported by Motl and collaborators (Motl et al., 2013). With this
second approach, a value, or a range of values, are defined for the anchor that correspond
to the MCID and then the target score of the variable of interest that corresponds to
anchor value is calculated. With cross-sectional method, the between-subjects variability
in the relationship between the anchor and the new measure is often high therefore multiple
anchors are often needed to provide a well-triangulated MCID value (Byrom et al., 2020).
However, this could offer the advantage of delineating several levels of MCID depending
on their specific goals and expected outcomes, providing a more versatile framework (Motl
et al., 2013). While generally considered more reliable that distribution-based, potential
limitations of anchor-based methods include recall bias and the need for at least a moderate
correlation between the anchor and the variable of interest (Byrom et al., 2020).

As of now, there are no published studies that have evaluated the MCID for avDS in people
with PD. Therefore, considering these identified research gaps and the clinical significance
of the psychometric and clinometric properties of daily steps measured by consumer smart-
watches in free-living conditions for people with PD, the objective of this study was to
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determine the MCID of avDS as recorded by a consumer smartwatch in real-world settings
for this population of individuals.

Material and Methods
Population

Participants were recruited at the Movement Disorder Outpatient Service of the Sant’An-
drea University Hospital, Rome, Italy, in the period between March 2023 and February
2024. Inclusion criteria were (1) diagnosis of idiopathic PD according to Movement Disor-
der Society (MDS) criteria (Postuma et al., 2015), (2) aged 18 years or older, (3) disease
stage <4 according to the modified Hoeh and Yahr scale (mHY; ”severe disability; still able
to walk or stand unassisted”) (Goetz et al., 2004), and (4) ability to perform the experimen-
tal procedure. Exclusion criteria were (1) cognitive impairment as defined by a Montreal
Cognitive Assessment (MoCA) score < 21, and (2) orthopedic, rheumatologic, or systemic
conditions affecting mobility as judged by the assessor.

Ethical Considerations

This cross-sectional study was performed in accordance with the ethical standards as laid
down in the 1964 Declaration of Helsinki and its later amendments. Approval was granted
by the local Ethical Committee of Sapienza, University of Rome (Reference 0372/2022).
Data collection and processing followed the current European regulation for data protection.
All participants provided written informed consent before the beginning of measurements.
All data were deidentified. Participants did not receive any form of compensation.

Demographic and Clinical Data

Participants were evaluated during scheduled visits. Demographics (age and sex) and an-
thropometric measures (weight, height, and BMI) were collected. Disease duration, disease
stage according to mHY scale, and levodopa equivalent daily dose (LEDD) (Jost et al.,
2023) were also collected. Participants then were evaluated with the following rating scales:
The sum of the Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) (Goetz et al., 2008) parts I and II were used to assess the impact of motor and
nonmotor symptoms on daily life (Zou et al., 2023). MDS-UPDRS part III was used to
assess motor symptoms severity. From MDS-UPDRS part II and III scores, participants
were classified into tremor dominant (TD), postural instability and gait disorder (PIGD),
or indeterminate disease subtypes, according to Stebbins et al (Stebbins et al., 2013). Par-
ticipants were also grouped in those with mild and moderate disease severity based on
the MDS-UPDRS score as proposed by Martínez-Martín and colleagues (Martínez-Martín
et al., 2015). The Parkinson’s Disease Questionnaire-39 (PDQ-39) was used to evaluate
participants’ quality of life (Peto et al., 1995). The Short Physical Performance Battery
(SPPB) was used to assess lower limb function and general physical capacity (Tanji et al.,
2008). The Wearing-Off Questionnaire-19 (WOQ-19) was used to assess presence of wearing
off. A score 𝑔𝑒𝑞 2 was used as cutoff to define the presence of wearing off (Mantese et al.,
2018). The Fatigue Severity Scale (FSS) was used to assess fatigue severity, a score 𝑔𝑒𝑞
4.67 was used to define clinically relevant fatigue (Siciliano et al., 2019). The item 1 of the
New Freezing of Gait Questionnaire (N-FOGQ) (Nieuwboer et al., 2009) was used to assess
the presence of FOG, defined as a score >0. Finally, the MDS-UPDRS item 2.10 was used
to assess the absolute presence or absence of tremor as reported by participants.
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Experimental Procedure
Participants then received the smartwatch Garmin Vivosmart 4 to be worn at home for
5 consecutive days, including at least 1 weekend day, on the wrist of the body side least
affected by the disease (Bianchini et al., 2022). Participants were instructed to wear the
smartwatch all time during day and night and remove it only when involved in water activi-
ties (eg, bathing, showering, and swimming). Participants were also asked to perform daily
activities as usual. No additional reminder or instructions were provided to participants
during the monitoring period. We choose a 5-day period since we demonstrated previously
that a minimum of 4 days of monitoring is needed to reliably estimate daily step count
in people with PD (Bianchini et al., 2023). Each smartwatch was configured according to
the producer’s recommendations by indicating patient’s age, height, weight, and the wrist
on which the smartwatch was worn (ie, left or right). During the monitoring period, par-
ticipants could access information on the smartwatch screen, including the total number
of steps, heart rate, and sleep time. The device did not provide instructions, alerts, or
other messages to participants. After 5 days, they returned the smartwatch to the hospital.
From smartwatch dashboard, total daily number of steps for each day was recorded and
the avDS were calculated (Bianchini et al., 2023). Compliance was assessed based on the
participants’ dashboard data. We could assess that the device was worn through heart rate
and activity data. We considered all recording days with 𝑔𝑒𝑞 80% wear time while awake to
be valid. We estimated the awake time as 24 hours minus the total sleep time as indicated
by the device.

Data and Statistical Analysis

The statistical analyses were performed using JASP v0.18.3.0 (JASP Team, University
of Amsterdam), R v4.0.3 (R Core Team), and RStudio v2022.07.1+554 for Windows (R
Foundation for Statistical Computing). Descriptive statistics were calculated for the ex-
amined variables. Normality of distributions were assessed by histogram and residual plots
inspection. To define MCID, we used an anchor-based method identifying three levels of
variables, following the approach of Motl and collaborators (Motl et al., 2013): (1) scales
capturing subtle changes in global mobility and motor functions (ie, MDS-UPDRS part
III and SPPB); (2) clinical and health-related measures including disease duration, mHY,
LEDD, PD subtype, disease severity as assessed by MDS-UPDRS, age, sex, and BMI; and
(3) disease-related patient reported outcomes (PROs) including MDS-UPDRS parts I and
II, PDQ-39, presence of FOG, presence of wearing off, presence of fatigue, and presence of
tremor. Such an approach could provide ranges of MCIDs, and options for MCID selection
that are appropriate for specific populations and circumstances, including both assessor-
based and PROs, in clinical trials and interventions involving people with PD [39]. Since
previous studies have recommended a correlation coefficient of at least 0.3‐0.35 between the
change score and the anchor (Revicki et al., 2008), we first conducted a correlation analysis
between avDS and the included variables using Spearman test. Only association with a
correlation coefficient >0.3 were considered for MCID estimation. We then conducted a
linear regression between avDS and MDS-UPDRS part I+II and part III, mHY, SPPB,
LEDD, and age for estimating the incremental change in daily steps per relevant variable
change. To evaluate the relevant change, we used the already known MCID for each scale
included in regression analysis. Scales for which an MCID was not reported were excluded
from the analysis. In case of asymmetric MCID (ie, different values for improvement and
deterioration) we used the average value rounded to the higher next whole number. For
the remaining variables, we calculated mean and SE differences in avDS between groups
by performing between-subjects analyses of variance (ANOVA) with Bonferroni-Holm post
hoc pairwise comparisons in case of overall significance, when the variables included more
than 2 classes. For 2-class variables, we used the Student t test for independent groups to
compute the mean differences and SE in avDS. Cohen d was used to estimate the standard-
ized effect size. MCID for the 3 levels was then calculated and the average of the included
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variables, and range was reported. The level of significance was set at �<.05.

Results
Overview
A total of 100 people with PD were enrolled in the study. All participants were monitored
through Garmin Vivosmart 4 at home for a period of 5 consecutive days. No partici-
pants or days were excluded based on the prespecified compliance criteria. Participants
took on average 5949 (SD 3034) daily steps ranging from 357 to 12620. Details of demo-
graphic, anthropometric, and clinical variables in the enrolled population are illustrated in
fig. 7.1.

Table 7.1. Clinical, anthropometric, and demographic characteristics of enrolled
population.

People with PD (n=100)

Age (y), mean (SD) 67.8 (8.5)
Height (cm), mean (SD) 171 (9.0)
Weight (kg), mean (SD) 76.0 (13.2)
BMI (kg/m²), mean (SD) 25.8 (3.5)
Sex, n (%)
Male 67 (67)
Female 33 (33)

Disease duration (y), mean (SD) 6.2 (4.4)
LEDD (mg), mean (SD) 544 (298)
mHY, median (IQR) 2 (2-2.5)
MDS-UPDRS I+II, median (IQR) 11 (6-16)
MDS-UPDRS-III, median (IQR) 27 (21-32)
PDQ39, mean (SD) 12.1 (9.4)
Disease subtypes, n (%)
TD 31 (31)
IND 8 (8)
PIGD 61 (61)

WO 28 (28)
FOG 13 (13)
Fatigue 23 (23)
Tremor 55 (55)
Disease severity, n (%)
Mild 63 (63)
Moderate 37 (37)

SPPB, median (IQR) 10 (9-12)
avDS, mean (SD) 5949 (3034)

avDS: average daily steps; FOG: freezing of gait; IND: indeterminate; LEDD: levodopa equiva-
lent daily dose; MDS-UPDRS: Movement Disorder Society Unified Parkinson Disease Rating
Scale; mHY: modified Hoehn and Yahr scale; PD: Parkinson disease; PDQ39: Parkinson
disease questionnaire; PIGD: postural instability and gait disorder; SPPB: Short Physical
Performance Battery; TD: tremor dominant; WO: wearing-off.
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Figure 7.1. Correlation of average daily steps with Short Physical Performance Battery
and Movement Disorder Society Unified Parkinson Disease Rating Scale-III. Scatterplot
showing correlation between average daily steps and Short Physical Performance Battery
score (panel A) and between average daily steps and Movement Disorder Society Unified
Parkinson Disease Rating Scale-III score (panel B). A linear regression line was added to
show the linear tendency. MDS-UPDRS: Movement Disorder Society Unified Parkinson
Disease Rating Scale; SPPB: Short Physical Performance Battery.

MCID

Global Mobility and Motor Functions

All included variables showed a correlation coefficient >0.3 with avDS. The 2 linear re-
gression models between avDS and MDS-UPDRS-III and SPPB were statistically signif-
icant (MDS-UPDRS-III: F1,98=20.46, P<.001, R2=0.16; SPPB: F1,98=19.84, P<.001;
R2=0.16) (fig. 7.1).
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The resulting regression equations indicated that every 1-point increase in MDS-UPDRS-III
corresponded to a 152 steps/day decrease (avDS=9778-152×MDS-UPDRS-III). MCID for
MDS-UPDRS was reported as 3.25 for score decrease and 4.63 for score increase (Horváth
et al., 2015), therefore we calculated a rounded average of 4 points and we estimated a 608
steps/day modification for each 4-point change in MDS-UPDRS-III. Finally, each 1-point in-
crease in SPPB score corresponded to an increase of 554 step/day (avDS=503+554×SPPB).
Changes in 1 point is also the reported MCID for SPPB in older adults, therefore we adopted
this value (Perera et al., 2006). Overall, the mean MCID across the 3 clinical scales that
capture meaningful changes in motor and mobility condition was 581 steps/day (range
554‐608) corresponding to 10% of the avDS in our population.

Clinical and Health-Related Measures
All included variables except BMI showed a correlation coefficient >0.3 with avDS. Regres-
sion models of mHY, LEDD, age, and disease duration were statistically significant (mHY:
F1,98=26.26, P<.001, R2=0.20; LEDD: F1,98=12.97, P<.001, R2=0.11; age: F1,98=18.22,
P<.001, R2=0.15; disease duration: F1,98=7.01, P=.009, R2=0.06) (fig. 7.2).

Figure 7.2. Correlation of average daily steps with modified Hoehn and Yahr stage,
levodopa equivalent daily dose, age and disease duration. Scatterplot are reported showing
correlation between average daily steps and modified Hoehn and Yahr stage (panel A),
levodopa equivalent daily dose (panel B), age (panel C), and disease duration (panel D). A
linear regression line was added to show the linear tendency. LEDD: levodopa equivalent
daily dose; mHY: modified Hoehn and Yahr stage.

The resulting regression equations indicated that every 1-point increase in mHY stage
yielded a reduction of 2607 steps/day (avDS=11,409-2607×mHY). Since mHY included 0.5
steps increases between scores 1 and 3, we calculated that each step corresponded to a 1304
steps/day reduction. For LEDD, regression equations indicated that every 1 equivalent mg
increase led to a reduction of 3.5 steps/day (avDS=7846-3.5×mHY). Since the usual single
dose of levodopa corresponds to 100 mg, we used this value as reference, and we estimated a
350 steps/day modification for each 100 mg change in LEDD. For age, regression equations
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indicated that 1-year increase in age yielded a reduction of 141 steps/day (avDS=15,512-
141×age). Furthermore, 10-year increases are usually used to divide participants in age
groups; therefore, we estimated a 1410 steps/day modification each 10-year change of age.
For disease duration, regression equations indicated that 1-year increase in disease duration
resulted in a reduction of 180 steps/day (avDS=7071-180×age). We chose 5 years as a
significant increment in disease duration since this was a common cutoff to categorize disease
duration in previous studies (Adler et al., 2021; De Carolis et al., 2023; Prange et al., 2019).
Therefore, we estimated a 900 steps/day modification for each 5-year change of disease
duration. Considering categorical descriptors, ANOVA showed a significant difference in
avDS among TD, PIGD and indeterminate participants (F2,97=4.55, P=.01). Post hoc
pairwise comparisons showed a significant difference between TD and PIGD participants (t
(90)=2.60, P=.03) with a mean difference of 1683 (SD 646) steps/day and moderate effect
size (Cohen d=0.57) (fig. 7.3A). Student t test showed a significant difference between mild
and moderate disease severity, as categorized based on MDS-UPDRS cutoffs (t (98)=2.54,
P=.01) with a mean difference of 1554 (SD 612) steps/day and moderate effect size (Cohen
d=0.53) (fig. 7.3B).

No significant differences were found between males and females (t (98)=-0.12, P=.90).
Overall, the mean MCID across the clinical and health-related variables was 1200 steps/day
(range 350‐1683) corresponding to 20% of the avDS in our population.

Clinical and Health-Related Measures
Only MDS-UPDRS I+II showed a correlation coefficient >0.3 with avDS and was included
in the regression analysis. Regression models of MDS-UPDRS part I+II was statistically
significant (MDS-UPDRS I+II: F1,98=7.03, P=.009, R2=-0.06) (fig. 7.4).

For MDS-UPDRS I+II regression equations indicated that every 1-point increase led to
a reduction of 99 steps/day (avDS=7188-99×MDS-UPDRS I+II). For the sum of MDS-
UPDRS I and II, the reported MCID is 5.73 points for improvement and 4.70 points for
worsening, therefore we calculated a rounded average of 6 points, and we estimated a
594 steps/day modification for each 6-point change in MDS-UPDRS I+II. Student t test
showed a significant difference between patients reporting tremor and those not reporting it
(t (98)=-4.67, P<.001) with a mean difference of 2589 (SD 554) steps/day and large effect
size (Cohen d=-0.94) (fig. 7.5).

No significant differences were found in avDS between participants with and without FOG
(t (98)=0.74, P=.46), between participants with and without fatigue (t (98)=0.61, P=.55),
between participants with and without wearing-off (t (98)=-0.39, P=.70) Overall, the mean
MCID across the disease-related PROs variables was 1592 steps/day (range 594‐2589) cor-
responding to 27% of the avDS in our population. The 3 calculated MCIDs, as well as the
anchors and the avDS modification related to anchors significant changes are reported in
fig. 7.2.
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Figure 7.3. Differences across disease phenotypes, severity, and duration groups. Boxplots
showing average daily steps in people with Parkinson disease across disease phenotypes
(panel A) and disease severity (panel B). Thick line in the boxes indicates median; lower
and upper box limits indicate first quartile (Q1) and third quartile (Q3), respectively; black
vertical lines indicate lower and upper outliers boundaries calculated as Q1-(1.5×IQR)
and Q3+(1.5×IQR), respectively. Red X indicates mean values for each disease group.
Significant pairwise comparisons are marked by brackets and asterisks. IND: indeterminate;
PIGD: postural instability and gait disorder; TD: tremor dominant. *P<.05; **P<.01;
***P<.001; ****P<.0001.

88



Chapter 7

Figure 7.4. Correlation between average daily steps and Movement Disorder Society
Unified Parkinson Disease Rating Scale I+II. A linear regression line was added to show
the linear tendency. MDS-UPDRS: Movement Disorder Society Unified Parkinson Disease
Rating Scale.

Figure 7.5. Differences between people with Parkinson disease with and without tremor.
Boxplots are reported showing average daily steps in people with Parkinson disease with
and without tremor. Thick line in the boxes indicates median; lower and upper box limits
indicate first quartile (Q1) and third quartile (Q3), respectively; black vertical lines indi-
cate lower and upper outliers boundaries calculated as Q1-(1.5×IQR) and Q3+(1.5×IQR),
respectively. Red X indicates mean values for each disease group. Significant pairwise com-
parisons are marked by brackets and asterisks. PD: Parkinson disease. *P<.05; **P<.01;
***P<.001; ****P<.0001.
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Table 7.2. Minimal clinically important differences for average daily steps for each of the
3 identified levels. The clinically significant anchor change and the corresponding average
daily steps variation is reported next to each variable.

Anchors avDS changes MCIDs

Global mobility and motor functions
MDS-UPDRS-III (4 points) 608 581
SPPB (1 point) 554

Clinical and health-related measures
mHY (0.5 points) 1304 1200
LEDD (100 mg) 350
Age (10 y) 1410
Disease duration (5 y) 900
Phenotype (TD, PIGD, or IND) 1683
Symptoms severity (mild or moderate) 1554

Disease-related PRO
MDS-UPDRS I+II 594 1592
Tremor or no tremor (MDS-UPDRS 2.10) 2589

avDS: average daily steps; IND: indeterminate; LEDD: Levodopa equivalent daily dose;
MCID: minimal clinically important difference; MDS-UPDRS: Movement Disorder Society
Unified Parkinson Disease Rating Scale; mHY: modified Hoehn and Yahr scale; PD: Parkin-
son disease; PIGD: postural instability and gait disorder; PRO: patient-reported outcome;
SPPB: short physical performance battery; TD: tremor dominant.
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Discussion
Principal Findings
In this cross-sectional study, we aimed to calculate, for the first time, the MCID for avDS as
an indicator of free-living walking behavior in people with PD using a consumer smartwatch
under real-world conditions. We identified 3 distinct levels of MCID for avDS. The first
level, of around 580 steps/day, is anchored to standardized measures of motor symptoms and
mobility. The second level, of around 1200 steps/day, is based on clinical and health-related
variables. Finally, the third level, of around 1590 steps/day, is anchored on disease-related
PROs.

Globally, the MCID values ranged from 581 to 1592 steps/day, representing 10%‐27% of
the average in our study population. We used the method used by Motl and colleagues
(Motl et al., 2013), which offers the advantage of delineating distinct levels of clinically
meaningful changes in real-world walking behavior for people with PD. These 3 thresholds
provide a versatile framework for assessing the impact of clinical interventions in people
with PD, depending on their specific goals and expected outcomes. Furthermore, the MCID
estimates for avDS can be used either independently or in conjunction with other MCIDs,
as presented in this manuscript for clinical assessment tools, to offer a more comprehensive
evaluation of clinically meaningful changes in individuals with PD.

Our results suggest that a value of around 580 steps/day might reflect the smallest clin-
ically meaningful change in avDS when measured by a consumer smartwatch and should
be considered when designing a study including interventions focused on mobility or motor
condition improvement. Differently, when global disease and health status are the main
outcomes, our results showed that a larger value of around 1200 steps/day might be con-
sidered to define a clinically meaningful change. In the last decades, a growing importance
has been attributed to PROs, such as patient-reported scales, quality of life questionnaires,
etc, as vital indicators of people perception of their own condition (Martinez-Martin et
al., 2008). PROs are often central outcomes in patients’ perspectives and might capture
some aspects that cannot be evaluated through objective measurements. The use of these
outcomes is encouraged to guide research and clinical practice in the context of a patient-
centered model of care and several PROs were included in a recent consensus on outcome
measures for PD (de Roos et al., 2017). To this end, in this paper, we calculated that
a change of around 1590 steps/day might be considered to define a clinically meaningful
intervention when patients’ self-perception is the main outcome.

It is also vital to consider the feasibility of achieving changes in avDS of the magnitudes
identified in this study. Previous research has explored interventions in people with PD that
use daily steps as an outcome measure (Ellis et al., 2019; Handlery et al., 2021). In a study
by Handlery and colleagues (Handlery et al., 2021), people with PD who initially took fewer
than 4200 steps per day managed to increase their daily step count by approximately 1250
steps/day 6 months after participating in high-intensity treadmill exercises (Handlery et al.,
2021). Similarly, another randomized controlled trial by Ellis and colleagues (Ellis et al.,
2019) involving 44 people with PD found that participants who initially averaged fewer than
7500 steps per day increased their avDS by about 763 steps/day over a year, following an
mobile health–supported exercise program. These findings suggest that achieving changes
comparable with the MCID values identified in our study is feasible through interventions
aimed at promoting physical activity.

Nevertheless, the capability of consumer devices to accurately detect changes of the mag-
nitude reported here is crucial for their clinical utility. In a recent study of ours, we found
that for a monitoring duration of at least 4 days, the MDC for the Garmin Vivosmart 4
ranged between 1198 and 1524 steps/day, averaging at 1366 steps/day (Bianchini et al.,
2023). This MDC value is higher than the smaller MCID we calculated, indicating that
any observed change exceeding this threshold is not only beyond the realm of measurement
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error but also clinically significant. However, this also implies that the device might not be
sensitive enough to consistently detect subtler yet clinically meaningful changes in avDS,
as indicated by the lower MCID limit of approximately 580 steps/day. Consequently, while
the Garmin Vivosmart 4 can be effective in measuring significant differences in avDS in
people with PD, for smaller anticipated changes, other instruments with higher reliability
need to be considered. Future research should therefore investigate the performance of var-
ious consumer smartwatches and other devices such as smart socks, insoles, etc, and their
applicability across different neurological conditions to validate, refine, and possibly extend
our findings.

Limitations
We recognize certain limitations in our study. First, the people with PD included in our
study displayed relatively high levels of physical capacity, as evidenced by a median SPPB
score of 10 (9-12), and adequate cognitive functions, due to our exclusion of participants
with a MoCA score below 21. In addition, those with more advanced disease stages or
requiring walking aids were not part of our study group. This selection criteria potentially
limits the generalizability of our findings to only mild-to-moderate people with PD. Indeed,
in a population of individuals with worse cognitive and motor conditions, we might expect
lower accuracy and reliability of avDS estimate by smartwatches and less steps/day due
to greater walking impairments (Cohen & Verghese, 2019; Hobert et al., 2019; Rosenfeldt
et al., 2024). Therefore, higher absolute and relative MCID values as well as different an-
chors combinations could be observed. Nevertheless, the sample in our study can be seen
as representative of the typical target demographic for interventions using consumer-grade
wearable technology. In fact, including people with PD with a disease stage greater than 3,
those using walking aids, or with more severe cognitive impairments, poses significant chal-
lenges in the use of consumer technology and was beyond our study’s scope. Eventually, the
evaluation of people using walking aids with commercial out-of-the-shelf devices, without
more advanced data processing, might not even be feasible due to the potential inadequate
accuracy of smartwatch for measuring daily steps among this patient population, whose
mobility characteristics differ substantially from those of individuals with physiological am-
bulation (García-Bustillo et al., 2022). Future research incorporating participants with
PD with lower functional scores, increased disease severity, and more pronounced cognitive
impairments would be valuable.

In addition, while we incorporated a range of general and disease-specific measurements,
other factors that might affect daily life mobility, such as fear of falling, frontal executive
cognitive dysfunction, and objectively measured gait parameters (eg, gait speed, cadence,
and step length), were not examined. Furthermore, specific subdomains of adopted mea-
surement tools could be further explored (eg, walking speed or balance subitems of SPPB
and PIGD subscore of MDS-UPDRS part III). Further studies exploring the relationship
between these factors and smartwatch-recordable parameters are recommended to provide
a more comprehensive understanding of mobility in people with PD.

In addition, we did not extract the raw data from the smartwatches, but used the infor-
mation reported by the device’s dashboard. While acknowledging the technical limitations
of this approach, we designed the study to mimic as closely as possible the actual use of
the device in a real-world context and to use parameters as similar as possible to those
that a general user would have access to. Finally, in this work, we used an anchor-based
cross-sectional method to define different levels MCID as presented by Motl et al (Motl
et al., 2013). However, other anchor-based methods are available. In particular, a widely
used method consists in the longitudinal calculation of MCID following an intervention
(Byrom et al., 2020; Sedaghat, 2019). However, while this latter method could allow to
draw more sound conclusions, it must be considered that it might be dependent on the
type of interventions used, thus hampering the generalizability. Furthermore, previous ev-
idence highlighted the sample-specificity of MCID estimates (particularly for distribution-
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based methods) (Wright et al., 2012) and the dependency on the baseline scores of the
enrolled population (Wang et al., 2011). This further stresses the importance of conduct-
ing future longitudinal, multicenter, studies in a free-living context including independent
cohorts of people with PD with different clinical baseline conditions, from different clini-
cal centers—and even different countries—and using different evaluation tools to confirm
and expand the results hereby presented. In addition, since different methods to calculate
MCID could lead to different results (Franceschini et al., 2023), using different techniques
and comparing them will be important to provide the best scientific evidence on this topic.
Nevertheless, we considered it relevant to provide researchers with a first indication of MCID
for avDS as measured by a consumer smartwatch in order to build a framework to interpret
findings in studies incorporating this outcome measure. In fact, researchers designing a
study (eg, a clinical trial that aims at assessing the effectiveness of an intervention specif-
ically designed to increase physical activity in PD) and incorporating smartwatch-based
avDS as an outcome measure of physical activity will be able to define end points that are
clinically relevant, beyond statistical significance. Furthermore, based on the other included
endpoints (ie, mobility, clinical indicators, or PROs), investigators will be able to select the
more appropriate MCID level.

Conclusions
We reported 3 levels of MCID for avDS measured through Garmin Vivosmart 4, for 5
consecutive days, 1 of approximately 580 steps/day (or about 10% of our population’s
average) anchored to standardized measures of motor symptoms and mobility. A second, of
around 1200 steps/day (or about 20% of the mean in our population), anchored to clinical
and health-related variables. Finally, a third, or around 1590 steps/day (or about 27%
of the mean in our population) anchored to disease-related PROs. Considering that the
previously reported MCD for Garmin Vivosmart 4 was 1366 steps/day, this indicate that
any observed change exceeding this threshold is not only beyond the realm of measurement
error but also clinically meaningful. Furthermore, based on previous studies, we could
suppose that achieving changes comparable with the smaller MCID identified in our study
might be feasible following interventions aimed at promoting physical activity in people with
PD. These findings, together with existing evidence for reliability and validity on consumer
smartwatches, could be relevant for designing future clinical trials involving avDS as an
outcome measure of real-world walking behavior in PD, and evaluating the effectiveness of
intervention promoting free-living walking.
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Abstract
Background: Wearable technologies enable continuous monitoring of walking behavior in people with
Parkinson’s disease (PwPD). While in-clinic assessments quantify walking capacity, wearable devices
capture walking performance in real-life conditions. However, it remains unclear to what extent
supervised mobility metrics explain free-living walking behavior in PwPD. Objective: To investigate
the relationship between in-clinic mobility capacity and real-world walking performance in PwPD,
using a Bayesian Model Averaging (BMA) framework. Methods: We analyzed cross-sectional data
from 113 mild-to-moderate PwPD, with a disease stage <4, without cognitive impairment and able
to walk unaided, recruited at a university hospital. Participants underwent three supervised tasks
while wearing an inertial sensor: forward walking (20 m), instrumented Timed Up and Go (iTUG),
and 3-m backward walking test. Twelve gait and turning parameters were extracted, screened for
collinearity, and reduced via stepwise Akaike Information Criterion selection. Average daily steps
(AvDS), collected with a Garmin Vivosmart 4 over five consecutive days, were used as the measure of
real-world walking performance. BMA regression models were computed with AvDS as the dependent
variable. Posterior inclusion probabilities, credible intervals, model-averaged R², and predictive
R² were calculated. Results: Participants (mean age 68.8±8.6 years; 32% female; median Hoehn
& Yahr 2 (2-2.5)) walked an average of 5800±2978 steps/day. After collinearity screening, four
supervised metrics (cadence, stride length normalized to height, swing phase duration, and iTUG
peak angular velocity) were retained in BMA. All showed positive associations with AvDS, with
stride length emerging as the strongest determinant. The final BMA model explained 23.6% of AvDS
variance, with a predictive R² of 26.7%. The cumulative posterior probability of the top five models
was 57.8%, reflecting residual model uncertainty. Conclusions: In PwPD, clinic-based capacity
explain only a limited portion of walking performance, even when incorporating multiple tasks.
Real-world walking is likely influenced by additional determinants, including non-motor symptoms,
motor fluctuations, motivation, cognition, and environmental barriers, not captured by standard
supervised tasks. These results highlight the need for integrative assessment strategies that combine
wearable-based performance monitoring with contextual and psychosocial factors. Bridging the
capacity–performance gap may improve clinical evaluation, guide outcome selection in trials, and
inform the design of more personalized rehabilitation interventions in PD.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by motor
symptoms including bradykinesia, rigidity, tremor, and postural instability (Poewe et al.,
2017). These often manifest as progressive gait disturbances, such as shuffling steps, reduced
step length, diminished arm swing, and freezing of gait, which are common and disabling
features of PD (Mirelman et al., 2019). Such mobility deficits substantially compromise
functional independence and quality of life in people with PD (PwPD) and markedly in-
crease the risk of falls and related injuries (Fasano et al., 2017; Mirelman et al., 2019).
Effective assessment of mobility in PD is therefore critical, both for monitoring disease
progression and for guiding interventions aimed at improving safety and daily function-
ing.

Advances in wearable sensor technology have made it possible to quantify mobility objec-
tively in both controlled clinical settings and uncontrolled real-world environments (Moreau
et al., 2023). Therefore, wearable devices have the potential to collect information regarding
either capacity (i.e., the individual’s ability to execute a task under supervised conditions)
or performance (i.e., the execution of tasks in daily life) or both, depending on their context
of use (Maetzler et al., 2013, 2021). Importantly, consumer wearable devices are now widely
available and easy to use, facilitating ambulatory, scalable monitoring (Bassett et al., 2017;
Moreau et al., 2023; Peters et al., 2021). This creates an opportunity to compare traditional
clinical mobility metrics to real-world outcomes in PD.

In PD, to the best of our knowledge, only few published articles have investigated this
aspect (Atrsaei, Corrà, et al., 2021; Corrà et al., 2021; Del Din et al., 2016; Toosizadeh
et al., 2015; Zajac et al., 2022). Toosizaseh et al. reported that corresponding supervised
and unsupervised mobility parameters (i.e., gait speed, duration of sit-to-stand and stand-
to-sit transitions) showed no association in 15 PwPD (Toosizadeh et al., 2015). Three other
studies showed that free-living data showed low to moderate correlations with laboratory
parameters in PwPD (Atrsaei, Corrà, et al., 2021; Corrà et al., 2021; Del Din et al., 2016).
Finally, a recent study reported that standard gait tests (6-minute walking test and 10-
meter walk) explained only 7–13% of the variance in PwPD daily step count (Zajac et al.,
2022).

Indeed, mobility itself is a multidimensional construct. Most PD studies to date have fo-
cused on forward walking (FW) under supervised controlled conditions (Atrsaei, Corrà, et
al., 2021; Corrà et al., 2021; Del Din et al., 2016; Toosizadeh et al., 2015; Zajac et al., 2022).
However, everyday mobility entails much more than FW. Indeed, standing up from a chair,
walking backward and turning are component of everyday mobility. PwPD commonly expe-
rience major difficulties with turning, negotiating direction changes, transitioning between
postures (such as rising from a chair), and backward walking (BW), even in early disease
stages (Bianchini, Warmerdam, et al., 2023; Hackney & Earhart, 2009; Mancini et al.,
2015; Milane et al., 2023; Stack & Ashburn, 2008). These complex motor tasks are critical
components of functional mobility and are particularly sensitive to PD deficits. However,
they are not routinely captured by the simple, and often single, straight-walking tests used
in many clinical assessments.

In terms of performance, average daily steps (AvDS) has emerged as a simple yet powerful
indicator of unsupervised mobility. Daily step count is easy to collect continuously via
wearable activity monitors and has high ecological validity as a measure of habitual ambu-
latory activity (Bassett et al., 2017). Though it does not capture detailed gait features, a
lower daily step count is broadly associated with worse health outcomes and greater mobil-
ity limitation. Previous studies, indeed, have linked step count to general mortality (Inoue
et al., 2023; Lee et al., 2019; Paluch et al., 2022) and the incidence of various medical con-
ditions, including cancer (Del Pozo Cruz, Ahmadi, et al., 2022), cardiovascular disease (Del
Pozo Cruz, Ahmadi, et al., 2022), depression (Bizzozero-Peroni et al., 2024), and dementia
(Del Pozo Cruz, Ahmadi, et al., 2022) in elderly.
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In PD, research has shown an association between AvDS and disease severity (Skidmore et
al., 2008), as well as physical activity levels (Mantri et al., 2019), underlining the potential
usefulness of this metric for the management of PwPD.

Despite these advances, to the best of our knowledge, no study has yet explored how a
comprehensive panel of supervised mobility tasks, including FW, BW and turning, relates to
free-living walking in PD. Previous investigations have focused on limited subsets of capacity
metrics derived in the vast majority from FW, such as FW speed and other spatiotemporal
parameters (Atrsaei, Corrà, et al., 2021; Corrà et al., 2021; Del Din et al., 2016; Toosizadeh
et al., 2015; Zajac et al., 2022) or endurance (Zajac et al., 2022) and therefore cannot
determine whether other mobility types offer additional explanatory power. Clarifying these
relationships is crucial for designing clinic assessments that reflect real-world challenges
and for tailoring rehabilitation to the capacity factors most strongly linked to everyday
walking. Therefore, the aim of this study was to investigate the relationship between
multiple walking capacity metrics, including FW, BW and turning, and real-world walking
performance in a cohort of mild-to-moderate PwPD. We could hypothesize that, expanding
the range of walking capacity metrics, purposely chosen to encompass various aspects of
everyday mobility, a larger portion of real-world mobility performance variability could be
explained.

Materials and Methods
Study design and ethics
This was an analysis conducted on a cross-sectional dataset of mild-to-moderate PwPD
collected to validate wearable-based measures and investigate the interaction between mo-
bility, motor and non-motor symptoms in PwPD. Approval was granted by the local Ethical
Committee of Sapienza, University of Rome (Ref. 0372/2022). This study followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) report-
ing guidelines. This study was conducted in accordance with the ethical standards set forth
in the Declaration of Helsinki of 1964 and subsequent amendments. Data collection and pro-
cessing were carried out in compliance with current European data protection regulations.
All data were deidentified. Participants did not receive any form of compensation.

Population
Participants were consecutively recruited from the Movement Disorders Centre at Sant’An-
drea University Hospital (A.O.U. Sant’Andrea) in Rome between February 2023 and May
2024. Inclusion criteria included: (i) diagnosis of idiopathic Parkinson’s disease according
to the MDS criteria (Postuma et al., 2015); (ii) age 18 years or older; (iii) disease stage <
4 according to the modified Hoehn and Yahr scale (mHY) (“severe disability; still able to
walk or stand unassisted”) (Goetz et al., 2004); (iv) ability to perform the experimental
procedure; and (v) availability of data regarding supervised mobility parameters and AvDS.
Exclusion criteria were: (i) severe cognitive impairment as defined by a Montreal Cognitive
Assessment (MoCA) score < 18 (Baek et al., 2024); and (ii) orthopedic, rheumatologic, or
systemic conditions affecting mobility as judged by the assessor.

Experimental Procedure
Participants meeting the inclusion and exclusion criteria were evaluated during their regular
follow-up visits at the Neurology clinics of A.O.U. Sant’Andrea in Rome. All evaluations
were performed in ON pharmacological state. Demographic (age, sex), anthropometric
(body weight, boy height, body mass index [BMI]) and clinical data (disease duration,
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levodopa equivalent daily dose [LEDD], mHY) were collected. The Movement Disorder
Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) parts III (Goetz et al.,
2008) was used to assess motor symptoms severity. The MoCA (Nasreddine et al., 2005)
was used to evaluate global cognition. The MoCA is an extensively used screening tool to
assess global cognition and the presence of cognitive impairment. The score ranges from 0
to 30 and a lower score indicates worse cognitive performance. Freezing od gait (FOG) was
assessed using the New Freezing of Gait Questionnaire (NFOG-Q) (Nieuwboer et al., 2009).
A score ≥1 at item 1 of the questionnaire was used to define the presence of FOG.

To collect data regarding capacity, participants were asked to perform two supervised mo-
bility tasks while wearing a lower-back mounted research-grade inertial device (BTS G-
WALK, BTS Engineering Inc., Milan) (Vítečková et al., 2020): (i) a 20-meter FW task; (ii)
an instrumented Timed Up and Go (iTUG) (Ortega-Bastidas et al., 2023). Additionally,
a 3-meter Backward Walk Test (3MBWT) was performed according with previous valida-
tion studies (Barta et al., 2025; Kocer et al., 2023). These three tasks were selected to
include various mobility types in the supervised assessment, including FW, BW, turning
and postural transitions. From the FW, spatiotemporal gait parameters were measured,
including FW speed (m/s), cadence (steps/min), stride length normalized to height (%),
cycle duration (s), stance and swing phases duration expressed as % of gait cycle. These
were classified in parameters of pace (FW speed, cadence and stride length) and rhythm
(cycle duration, stance and swing) according to the framework proposed by Lord et al.
(Lord, Godfrey, et al., 2013; Mancini et al., 2025). For the iTUG, total iTUG duration (s)
, mean and peak angular velocity (°/s) (MAV and PAV, respectively) of the intermediate
180° turn as well as duration of the turning (s) were collected. Variables of iTUG were
divided in turning-related parameters (turning duration, MAV and PAV) and global mo-
bility (iTUG duration). For the 3MBWT, PwPD performed 3 trials. The average of the
time (s) to complete each trial was collected (Kocer et al., 2023) and BW speed (m/s) was
computed.

To collect data regarding performance, participants were then asked to wear the Garmin
Vivosmart 4 smartwatch (Garmin, Olathe, KS, USA), configured according to the manu-
facturer’s specifications by indicating the users’ age, height, weight, and the wrist on which
the smartwatch was worn (i.e., left or right), on the wrist of the less affected side, in line
with previous research findings (Bianchini, Rinaldi, et al., 2025; Bianchini, Alborghetti,
et al., 2025; Bianchini, Galli, et al., 2023; Bianchini et al., 2022) for 5 consecutive days.
We choose a 5-day period since we demonstrated previously that a minimum of 4 days of
monitoring is needed to reliably estimate daily step count in PwPD (Bianchini, Galli, et al.,
2023) and that 5 days of monitoring led to acceptable reliability regardless of PD severity,
stage and phenotype (Bianchini, Rinaldi, et al., 2025). Moreover, in a proof-of-concept
experiment, we recently demonstrated that Garmin Vivosmart 4 was valid and decently
accurate in estimating avDS in PD (Bianchini, Rinaldi, et al., 2025).

Participants were instructed to wear the smartwatch all time during day and night and
remove it only when involved in water activities (e.g., bathing, showering, swimming, etc.).
Participants were asked to perform daily activities as usual. No additional reminder or
instructions were provided to participants during the monitoring period and participants
could access information on the smartwatch screen, including the total number of steps,
heart rate and sleep time. The device did not provide instructions, alerts or other messages
to participants. The total daily steps recorded were extracted, and the average daily steps
(AvDS) were calculated (Bianchini, Galli, et al., 2023). Compliance was assessed based
on the participants’ dashboard data. We could assess that the device was worn through
heart rate and activity data. We considered all recording days with ≥80% wear time while
awake to be valid. We estimated the awake time as 24 hours minus the total sleep time
as indicated by the device (Bianchini, Rinaldi, et al., 2025). Experimental procedure is
summarized in Figure 8.1.
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Figure 8.1. Schematic representation of study experimental procedure and outcome mea-
sures. 3MBWT: 3-meter backward walking test; AvDS: average daily steps; BMI: body
mass index; BW: backward walking; FOG: Freezing of gait; FW: forward walking; iTUG:
instrumented Timed Up and Go; LEDD: Levodopa equivalent daily dose; MAV: Mean angu-
lar velocity; MDS-UPDRS: Movement Disorder Society Unified Parkinson’s disease rating
scale; mHY: Modified Hoehn and Yahr stage; MoCA: Montreal cognitive assessment; PAV:
Peak angular velocity; WO: Wearing-off.

Statistical analyses

Statistical analyses were performed using JASP (version 0.19.3.0; JASP Team, University
of Amsterdam, The Nederland) and R software (version 4.4.5®) for Windows. Descriptive
statistics were calculated for all variables under study. Continuous variables were reported
as mean (SD) or median (Q1-Q3), and categorical variables as frequency and percentage
(N (%)). To assess which supervised mobility parameters (capacity) were associated with
AvDS (performance), a Bayesian Model Averaging (BMA) analysis for linear regression
was conducted, with AvDS as the dependent variable and capacity metrics as independent
variables. A preliminary selection of covariates was performed by assessing multicollinear-
ity using the Variance Inflation Factor (VIF), excluding those with VIF values exceeding
2.5. An initial stepwise variable selection approach based on Akaike Information Criterion
(AIC) was then applied using the stepAIC() function from the MASS package in R (version
7.3.64) (Venables & Ripley, 2002), to further reduce dimensionality and identify the most
relevant covariates. This procedure used bidirectional elimination, iteratively adding or
removing variables to minimize the AIC. BMA was then applied to the subset of selected
covariates using the bic.glm() function from the BMA package in R (version 3.18.20). For
each covariate, we computed the posterior inclusion probability (P[β≠ 0]), the posterior
coefficient expected value (pEV), the posterior coefficient standard deviation (pSD) and
the 95% credible intervals (CrI, calculated as pEV ± 1.96*pSD). Covariates with a pos-
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terior inclusion probability ≥10% were considered determinant factors of AvDS. We also
computed the posterior probability (PP) for each of the top 5 BMA models, along with
their cumulative posterior probability (CPP). Finally, a model-averaged coefficient of de-
termination (R2) was calculated by weighting each model’s R2 by its posterior probability.
A predictive R2 was also computed to evaluate the model’s generalizability.

Results
Overview
A total of 113 mild-to-moderate PwPD who met the pre-specified inclusion and exclusion
criteria were included in the study. The demographic, anthropometric and clinical features
are summarized in Table 8.1.

Table 8.1. Demographic, anthropometric and clinical characteristics of the enrolled
population.

Variable PwPD (N=113)

Age (years) 68.8 (8.6)
Sex (F) 36 (32%)
Body height (cm) 172 (9)
Body weight (kg) 76.1 (13.1)
BMI (m/kg2) 25.7 (3.4)
Disease duration (years) 5.9 (3.9)
LEDD (mg) 523 (273)
mHY 2 (2–2.5)
MDS-UPDRS part III 25 (21–32)
MoCA 26 (25–28)
WO 35 (31%)
FOG 13 (12%)
Phenotype

TD 35 (31%)
PIGD 68 (60%)
Indeterminate 10 (9%)

BMI: Body mass index; LEDD: Levodopa equivalent daily dose; MDS-UPDRS: Movement
Disorder Society Unified Parkinson’s Disease Rating Scale; mHY: Modified Hoehn and Yahr
stage; MoCA: Montreal Cognitive Assessment; PwPD: people with Parkinson’s disease; WO:
Wearing-off; FOG: Freezing of gait; TD: Tremor-dominant; PIGD: Postural instability and
gait disorder.

The summary of the twelve mobility variables in our population is shown in Table 8.2.

108



Chapter 8

Table 8.2. Mobility parameters in the enrolled population.

Variable PwPD (N=113)

AvDS (steps/day) 5800 (2978)
FW speed (m/s) 1.19 (0.22)
Cadence (steps/min) 112.3 (8.2)
Stride length% (%height) 74.3 (10.9)
Stance (%cycle) 61.1 (2.2)
Swing (%cycle) 38.9 (2.2)
Cycle duration (s) 1.09 (0.08)
iTUG duration (s) 11.8 (3.8)
Turn duration (s) 2.66 (0.96)
MAV (°/s) 71.0 (17.8)
PAV (°/s) 141.3 (40.6)
BW speed (m/s) 0.60 (0.22)

AvDS: average daily steps; BW: backward walking; FW: forward walking; iTUG: instrumented
timed-up-and-go; MAV: mean angular velocity; PAV: peak angular velocity; PwPD: people
with Parkinson disease.

Bayesian Model Averaging
Of the eleven mobility covariates initially considered (FW speed, cadence, stride length,
stance, swing, cycle duration, iTUG duration, turn duration, MAV, PAV, BW speed), five
were excluded due to collinearity (FW speed, stance, cycle duration, iTUG duration, MAV).
The subsequent stepwise selection procedure identified four covariates to be included in the
BMA analysis: cadence, stride length, swing and PAV. All the four above-mentioned co-
variates were identified as determinants of AvDS. Each of these four variables demonstrated
a positive association with AvDS, indicating that higher values were associated with bet-
ter walking performance. Among them, stride length percentage emerged as the strongest
determinant, followed by PAV, swing, and cadence (Figure 2). The final BMA model ex-
plained 23.6% of the variance of AvDS. The CPP of the top 5 BMA models (out of 12) was
57.8%, and the model-averaged predictive R2, reflecting the models’ ability to generalize to
new data, was 26.7%. Table 8.3 summarizes the overall characteristics of the final and top
5 BMA models whereas Table 8.4 presents the features of the 4 included covariates.
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Table 8.3. Overall BMA results and features of the top 5 BMA models (M1-M5).

Variable M1 M2 M3 M4 M5

(Intercept) -2579.6 -9026.6 -9591.1 -9819.0 -3127.3
Cadence (steps/min) 65.50
Stride length% (%height) 76.38 61.73 111.26 120.22
Swing (%cycle) 279.27 209.75
PAV (°/s) 19.17 27.99 18.70

BIC -405.16 -403.91 -403.59 -403.58 -403.53
PP 0.200 0.107 0.092 0.091 0.089
CPP (top 5 models) 0.578
BMA R2 0.236
Predictive R2 0.267

BMA: Bayesian Model Averaging; BIC: Bayesian information criterion; PAV: peak angular
velocity; PP: posterior probability; CPP: cumulative posterior probability.

Table 8.4. BMA results for the included coefficients.

Variable P[β≠ 0] (%) pEV pSD CrI LB CrI UP

(Intercept) 100.00 -8285.3 6710.0 -21436.9 4866.3
Cadence (steps/min) 41.10 25.33 36.24 -45.70 96.35
Stride length% (%height) 73.10 62.85 47.66 -30.57 156.27
Swing (%cycle) 45.10 113.12 148.80 -178.52 404.76
PAV (°/s) 70.30 15.36 12.40 -8.94 39.66

BMA: Bayesian Model Averaging; CrI LB: credible interval lower bound; CrI LB: credible
interval upper bound; P[β≠ 0]: posterior probability to be non-zero (%); PAV: peak angular
velocity; pEV: posterior coefficient expected value; pSD: posterior coefficient standard devia-
tion (from model averaging).

Details regarding the posterior inclusion probability (P[β≠ 0]) for each of the four determi-
nants included in the BMA as well as the PP for each of the twelve models are shown in
Figure 8.2.
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Figure 8.2. Features of models and predictors included in the BMA. Bottom left: heatmap
showing the absolute normalized importance for each feature (columns) in all of the 12
models (rows). The absolute normalized importance of each feature is calculated by taking
the absolute value of a feature’s maximum likelihood estimates (MLE) of its coefficient in a
given model and dividing it by the sum of the absolute MLE values of all feature coefficients
in that model. This yields a proportion between 0 and 1, indicating the contribution of
each feature relative to the others within the same model based on its fitted coefficients,
rather than integrating over uncertainty. The higher the absolute normalized importance,
the more influential the feature is. Bottom right: barplot showing the posterior probability
for each model. Top: barplot displaying the posterior inclusion probability of each of the
four features included in the BMA (i.e., the sum of the posterior probabilities of all models
that include that feature).

Discussion
This was an analysis conducted on a cross-sectional dataset of mild-to-moderate PwPD to
test whether in-clinic walking capacity predicts real-world walking performance in mild-to-
moderate PD. We found that capacity only explained around 20–30% of the variance in daily
step count, confirming a considerable capacity/performance gap even when considering a
wider range of supervised mobility tasks including FW, BW and turning.

We found that the best model accounted for roughly one quarter of AvDS variability (R2 =
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23.6%). Our results extend prior observations of a capacity–performance discrepancy in PD.
Zajac et al. reported that standard gait tests (6-minute walk and 10-meter walk) explained
only 7–13% of the variance in PD patients’ step count (Zajac et al., 2022). Toosizaseh
and collaborators also reported that corresponding supervised and unsupervised mobility
parameters (i.e., gait speed, duration of sit-to-stand and stand-to-sit transitions) showed
no association in PwPD (Toosizadeh et al., 2015). Finally, three other studies showed
that real-world walking performance data, including spatiotemporal gait parameters and
spontaneous physical activity metrics, showed low to moderate correlations with laboratory-
based gait spatiotemporal parameters in PwPD (Atrsaei, Corrà, et al., 2021; Corrà et al.,
2021; Del Din et al., 2016). Although the population is different, our findings are also
comparable to those observed in other neurological disorders (Danks et al., 2016; Mate &
Mayo, 2020; Stellmann et al., 2015). In multiple sclerosis, previous studies reported that
laboratory-based walk tests did not reliably correspond to the amount of walking in real
world conditions (Mate & Mayo, 2020; Stellmann et al., 2015). Similarly, in stroke patients,
capacity only explained around 35% of performance variance (Danks et al., 2016). Taken
together, these results underscore that, even including different supervised mobility tasks
(i.e., FW, BW, and turning), capacity predicts only a fraction of walking performance.
Moreover, the slight increase from model R2 to predictive R2 shows that the covariates
retain similar explanatory power in unseen data. While underscoring a limited over-fitting,
these findings indicate that, practically, clinicians can expect capacity measures to explain
about 25% of step-count variance in a comparable PD cohort.

When considering the CPP, the five highest-probability models together held only 57.8%
of the total posterior probability. This indicates that single model uncertainty remains
important and relying on just the top/best model (PP = 20.0%) would ignore more than
half of the information. This warns against over-interpreting any one model and justifies
the BMA approach, which averages across the full model set and yields effect estimates
that are less sensitive to arbitrary variable inclusion. Globally, these findings also suggest
that, in PD, factors not captured by capacity tests, even including more complex mobility
tasks, dominate real-world performance, likely accounting for over 70% of AvDS variabil-
ity.

To this regards, the wide spectrum on non-motor symptoms (NMS) in PD should be con-
sidered. NMS in PD include mood disturbances, anxiety, autonomic dysfunction, sleep
problems, fatigue, cognitive impairment, urinary and gastrointestinal problems (Schapira
et al., 2017). These could fluctuate during the day and significantly impact mobility per-
formance. Indeed, apathy and depression, which are prevalent in PD, negatively impact
walking capacity in these patients (Lord, Galna, et al., 2013). Fatigue is another critical
factor and a common PD symptom. Previous studies indicated that PwPD with higher
fatigue tend to be more sedentary and have worse functional mobility in daily life (Gar-
ber & Friedman, 2003). Moreover, recent evidence showed that unsupervised mobility was
associated with fatigue whereas supervised mobility did not show a significant correlation
(Pilotto et al., 2023). This further highlights how capacity and performance could be af-
fected differently by NMS in PD. Anxiety and fear of falling may also cause individuals to
avoid certain activities or walking opportunities. Indeed, fear of falling can negatively im-
pact turning behaviour in a different fashion between in clinic and at home (Haertner et al.,
2018). Furthermore, a previous study reported that PwPD with fear of falling showed a
reduced turning velocity during the stand-to-sit phase of TUG but also showed a tendency
toward lower gait speed at home and a lower amount of walking bouts (Atrsaei, Hansen,
et al., 2021). Finally, executive function and attentional capacity might limit multitasking
during everyday walking, an occurrence extremely common in daily mobility tasks, fur-
ther reducing real-world mobility in individuals with cognitive impairment, even if their
single-task gait in the clinic appears acceptable (Salazar et al., 2017).

We must also consider that PD symptoms fluctuate during the day. Usually, when assessing
capacity, only a single condition is studied (i.e., ON or OFF) therefore we do not capture
the entirety of the status that an individuals with PD could experiment during the day,

112



Chapter 8

particularly in the intermediate and advanced stages of the disease. In our study, we only
assessed ON status during capacity evaluation. Moreover, 31 (35%) of our participants
resulted to have a clinically relevant WO as indicated by a score at WOQ-19 ≥ 2. Indeed,
a previous study from Corrà and collaborators showed that capacity metrics measured in
ON or OFF states showed associations with specific component of real-world performance
(Corrà et al., 2021). Specifically, ON assessments in the lab showed moderate-to-high
correlations with faster gait speeds in unsupervised environment (linked to longer walking
bouts) whereas OFF gait in the lab showed moderate correlation with slow gait speeds at
home (linked to shorter walking bouts) (Corrà et al., 2021).

Beyond disease-related factors, lack of control of the home environment (e.g., uneven ter-
rain, stairs, time constraints, weather conditions, social support, transport, walkability of
the surroundings, season of the year, and lack of assistive devices or encouragement, etc.)
further modulate opportunities to walk (Roussos et al., 2022). As previous work noted, pa-
tients navigate obstacles and distractions at home that are absent in the clinic, contributing
to slower and more variable gait in daily life (Warmerdam et al., 2020). The International
Classification of Functioning framework groups these influences under “personal” and “en-
vironmental” factors (which can be included in the broader concept of exposome Ibanez et
al., 2024; Li et al., 2024), distinct from body-function capacity (Organization, 2002). Their
omission likely accounts for a large share of the residual unexplained variance of AvDS. In
stroke, for instance, adding balance confidence to capacity tests boosts step-prediction by
around 15% (Danks et al., 2016); similar gains are plausible in PD once personal and envi-
ronmental variables are included. However, these are challenging to measure and most of the
technology available to collect performance data in unsupervised conditions cannot provide
contextual information, particularly inertial motion units. To this regards, a great effort
has been put in the last years to integrate these wearables with other sensors to improve
contextual data collection (e.g., GPS, barometers, thermometers, infrared signals, etc.).
From a clinical point of view, our results encourage a more global approach to evaluating
and promoting mobility in PD. The observation that standard mobility tests performed un-
der supervised, controlled setting, explain only a small fraction of daily walking behaviour
means that clinicians should not rely solely on those tests to infer how active or indepen-
dent a patient is in their home environment. Device-based activity monitoring (e.g., with
wearable devices or smartphone apps) can provide complementary information, revealing a
patient’s actual performance and day-to-day variability. Moreover, incorporating data re-
garding personal and environmental elements could further improve the ability to identify
why a patient with adequate capacity remains sedentary. Our results could be also relevant
to define endpoints to evaluate interventions in PD. In fact, an improvement of capacity not
necessarily corresponds to an improvement in performance and interventions purely focused
on the former may not automatically yield gains in the latter unless barriers to real-world
activity are concurrently addressed. Indeed, a previous study reported that in a large co-
hort (N=156) of individuals with PD or post-stroke undergoing outpatient rehabilitation,
around 60% improved in capacity but did not concurrently improved in performance and
only around 20% of participants improved in both domains. This underscores the issue of
capacity-performance gap in clinical practice and advocates for clinicians to address both
domains when evaluating the effectiveness of interventions (Lang et al., 2023).

Limitations

We acknowledge several limitations in this study. Firstly, its cross-sectional design prevents
us from inferring causal relationships. Moreover, the sample included only individuals in
the mild-to-moderate stages of PD, excluding those with more severe cognitive or motor
impairments. As a result, the generalizability of our findings to later disease stages is
limited, and future research involving broader disease severity is warranted. The mobility
assessment was also limited: supervised mobility was measured using spatiotemporal gait
and turning metrics, while unsupervised mobility relied solely on AvDS. Incorporating a
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more comprehensive range of mobility indicators, especially under real-world conditions,
could enhance our understanding of ecological mobility. In recent years, international ini-
tiatives like Mobilise-D Consortium (Micó-Amigo et al., 2023) have focused on validating
digital mobility outcomes captured in free-living settings. Therefore, evaluating comparable
gait metrics (e.g., gait speed, step length) across both supervised and unsupervised condi-
tions may yield important insights into their interrelation. Allowing participants to view
their smartwatch data may have influenced their activity behavior during monitoring. In-
deed, prior research has shown that access to activity tracker feedback can promote higher
physical activity levels (Ferguson et al., 2022). We acknowledged this potential source of
systematic bias, as also done in previous work by our group (Bianchini, Alborghetti, et al.,
2025), but considered it acceptable since our objective was to replicate real-world conditions
as closely as possible. Preventing data access would not have reflected typical everyday use.
The adoption of consumer-grade smartwatches also raises concerns related to data security,
privacy, and the availability of raw data. In our study, all procedures strictly followed
the manufacturer’s instructions, ensuring compliance with European Union data protection
regulations. Because the device’s proprietary algorithm is not publicly disclosed, we could
not evaluate its possible influence on the outcomes. The Garmin Vivosmart 4 requires
users to provide basic demographic and anthropometric information (age, weight, height).
However, how these parameters are incorporated into the device’s calculations remains un-
clear. Moreover, raw data from Garmin devices are not accessible through the standard
user interface, limiting opportunities for advanced or standardized analytical processing.
This limitation, however, was outside the scope of the present work, since our primary aim
was to test smartwatches under conditions resembling their everyday application.

Despite these limitations, our study presents notable strengths. One is the broad range of
supervised mobility tasks assessed, including FW, BW, turning and postural transitions,
going beyond prior studies focused solely on linear FW (Atrsaei, Corrà, et al., 2021; Corrà
et al., 2021; Zajac et al., 2022). Another key strength lies in our statistical approach.
Unlike traditional multivariable regression, BMA accounts for model uncertainty by inte-
grating across multiple plausible models, each weighted by its posterior probability. This
strategy minimizes overfitting and yields more reliable estimates of variable importance.
Furthermore, BMA facilitates the evaluation of the evidence supporting the inclusion of
each predictor, offering a more refined interpretation. Lastly, our findings emphasize the
value of integrating both supervised and unsupervised mobility assessments to achieve a
comprehensive evaluation of PwPD.

Conclusions
In conclusion, this study demonstrates that even an extensive, in-clinic, supervised mobility
evaluation explains only a limited portion of the variability in how much PwPD walk in
their daily lives. This result highlights how real-world mobility is driven by more than
just physical capacity and suggest that personal and environmental factors play a crucial
role. Closing this capacity/performance gap will require broadening our perspective beyond
the lab, addressing the personal and contextual determinants that ultimately determine
everyday functional mobility in PD. As a whole, the present findings could be relevant
to guide PwPD assessment, select outcome measures for future studies and help selecting
relevant endpoints for rehabilitation programs in PD to meaningful improve patients’ daily
lives.
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Abstract
The co-existence of cognitive and mobility impairments is frequent in people with Parkin-
son’s disease (PwPD). Cognitive functions are associated with different types of supervised
mobility, but much less is known about unsupervised mobility. Mild-to-moderate PwPD,
without severe cognitive impairment and not using walking aids, performed three hospital-
based supervised mobility tasks: forward walking, instrumented timed-up-and-go (iTUG)
with a lower-back-mounted inertial sensor and a 3-meter backward walking test. Forward
walking speed (FWS), backward walking speed (BWS) and mean angular velocity (MAV) of
the 180° turn during iTUG were calculated. Unsupervised mobility was monitored through
average daily steps (AvDS) measured over 5 days by means of a commercial smartwatch
(Garmin Vivosmart 4) in free-living conditions. Cognitive performance was evaluated us-
ing the Montreal Cognitive Assessment (MoCA) and the Word-Color Stroop Test (WCST).
Multivariate linear regression models with backward elimination method were used to eval-
uate how much variance of each mobility measure was explained by cognitive functions and
the effect of other clinical and demographic variables. A total of 105 PwPD were recruited.
Regarding supervised mobility, multivariate regressions revealed that cognitive functions ex-
plained 12.3% (P<0.001), 12.4% (P<0.001) and 15.0% (P<0.001) variance of FWS, MAV
and BWS, respectively. For unsupervised mobility, cognitive functions explained only 5.5%
(P=0.009) of AvDS variance. WCST was included in all regression models and was a sig-
nificant predictor of all mobility parameters, either supervised or unsupervised. MoCA
was included only in the model for supervised BWS and was not a significant predictor.
When considering clinical and demographic variables, neither MoCA nor WCST remained
significant predictors. Our findings support the role of executive functions in PwPD mobil-
ity. Cognition impacted supervised mobility more than unsupervised, likely due to the role
of individual and environmental factors. These findings suggest that a comprehensive ap-
proach to PD should include cognitive assessments alongside traditional motor evaluation.
Mobility evaluation in PwPD should be performed in both supervised and unsupervised
conditions.

121



Chapter 9

Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that primarily mani-
fests with motor symptoms such as bradykinesia, rigidity, and tremor (Poewe et al., 2017).
Among motor manifestations of the disease, impaired gait and functional mobility are not
uncommon, particularly with disease progression, and have a profound impact on quality
of life (Mirelman et al., 2019).

Gait and functional mobility can be measured through various standardized tests in the
clinical setting. However, a growing body of evidence showed that what can be seen during
clinical evaluation does not closely reflects real-world mobility. Indeed, in-hospital mobility
parameters of people with PD (PwPD) correlate only partially with those obtained in real-
world setting environment (Giannouli et al., 2016; Lang et al., 2023; Zajac et al., 2022).
Indeed, assessments in supervised setting are usually triggered by a command and done
in an isolated, standardized setting with limited ecological validity. In response to these
challenges, during recent years it has been a growing interest in mobile health technologies
for evaluating unsupervised mobility of people with movement disorders, including PD
(Bianchini & Maetzler, 2023). Indeed, inertial motion units integrated into these devices
allow the collection of various mobility parameters, such as daily step count in free-living,
unsupervised conditions. Although this parameter does not provide detailed insights of
subtle gait disorders, a reduced number of daily steps is associated with risk of overall
mortality (Paluch et al., 2022) and various health conditions such as cancer, cardiovascular
diseases, and dementia (Del Pozo Cruz, Ahmadi, et al., 2022; Del Pozo Cruz, Ahmadi,
et al., 2022). Previous studies have also demonstrated an inverse correlation between the
number of daily steps and disease severity in PwPD (Handlery et al., 2021; Skidmore et al.,
2008).

Besides classical PD motor manifestations, non-motor symptoms are increasingly recognized
as key features of the disease. Among these, cognitive dysfunction significantly impact qual-
ity of life in PwPD (Schapira et al., 2017). It encompasses deficits across various domains,
including executive functions, attention, memory, and visuospatial abilities (Aarsland et al.,
2021). Previous evidence reported an association between cognition, in particular executive
and visuospatial functions, and different types of supervised gait and mobility tasks such
as forward and backward walking and turning (Amboni et al., 2013; Correno et al., 2022;
Mancini et al., 2015; Mirelman et al., 2014; Yogev-Seligmann et al., 2008). Indeed, mobil-
ity impairments in PD are not merely a consequence of motor symptoms and are closely
linked to cognitive decline (Amboni et al., 2018; Morris, Martini, Smulders, et al., 2019).
Executive functions (involving planning, decision-making, and task-switching abilities) play
a crucial role in coordination and execution of complex motor tasks such as walking, es-
pecially under dual-task conditions and when more complex forms of gait are performed
(e.g., turning, sideways and backward walking, etc.) (Gan et al., 2023; Maidan et al., 2017;
Salazar et al., 2017). Previous studies have shown that PwPD who experience difficulties
in executive functions are more prone to gait disturbances, such as freezing of gait (FOG)
(Mc Ardle et al., 2022), and are at a higher risk of falls (Kataoka & Ueno, 2015).

This relationship suggests an interplay between cognitive and motor dysfunctions in PD,
potentially sharing underlying neuropathological mechanisms. However, the association
between cognitive functions and mobility was explored in a supervised setting (Gan et al.,
2023; Maidan et al., 2017; Salazar et al., 2017) and very few evidence are available on
unsupervised mobility (Mc Ardle et al., 2022).

To our knowledge no studies have investigated the contribution of cognition to both su-
pervised and unsupervised mobility in PwPD. Indeed, previous studies have evaluated the
association between cognitive function and each mobility state separately. Therefore, this
study aimed to investigate the association between cognitive functions and both supervised
and unsupervised mobility and the contribution of cognition to mobility in PwPD.
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Material and Methods
Study design and ethics
This was a cross-sectional study aimed at investigating the association between cognitive
functions, and both supervised and unsupervised mobility in PwPD. Participants meeting
the inclusion and exclusion criteria were evaluated during their regular follow-up visits at
the Neurology clinics of A.O.U. Sant’Andrea in Rome. Approval was granted by the local
Ethical Committee of Sapienza, University of Rome (Ref. 0372/2022). This study was
conducted in accordance with the ethical standards set forth in the Declaration of Helsinki
of 1964 and subsequent amendments. Data collection and processing were carried out in
compliance with current European data protection regulations.

Population
Participants were consecutively recruited from the Movement Disorders Centre at Sant’An-
drea University Hospital (A.O.U. Sant’Andrea) in Rome between February 2023 and May
2024, in accordance to the following inclusion criteria: (i) diagnosis of idiopathic Parkinson’s
disease according to the Movement Disorders Society (MDS) criteria (Postuma et al., 2015);
(ii) age 18 years or older; (iii) disease stage < 4 according to the modified Hoeh and Yahr
scale (mHY) (“severe disability; still able to walk or stand unassisted”) (Goetz et al., 2004);
(v) ability to perform the experimental procedure. Exclusion criteria were defined as: (i)
severe cognitive impairment as defined by a Montreal Cognitive Assessment (MoCA) score
< 18 (Baek et al., 2024); (ii) orthopaedic, rheumatologic, or systemic conditions affecting
mobility as judged by the assessor.

Experimental Procedure
This was a cross-sectional study aimed at investigating the association between cognitive
functions, and both supervised and unsupervised mobility in PwPD. Participants meeting
the inclusion and exclusion criteria were evaluated during their regular follow-up visits at
the Neurology clinics of A.O.U. Sant’Andrea in Rome. Anthropometric (weight, height,
BMI) and clinical-demographic data (age, sex, disease duration, levodopa equivalent daily
dose [LEDD], mHY) were collected. Participants were evaluated through the following
clinical scales: Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) part III (MDS-UPDRS-III) (Goetz et al., 2008) was used to assess motor symp-
toms severity, Montreal cognitive assessment (MoCA) (Nasreddine et al., 2005) was used
to evaluate global cognition. The time to complete the interference part of the word-color
Stroop test (WCST) in seconds was used to evaluate executive functions (Scarpina & Tagini,
2017). Subsequently, participants were invited to perform two supervised mobility tasks
while wearing a lower-back mounted research-grade inertial device for mobility analysis
(BTS G-WALK, BTS Engineering Inc., Milan) (Vítečková et al., 2020): (i) a 20-meters
Walking Test; and (ii) an instrumented Timed Up and Go (TUG) (Ortega-Bastidas et al.,
2023). From these tasks, the following variables were computed in order to facilitate the
comparison between the 2 supervised mobility tasks: forward walking speed (m/s) (FWS);
mean angular velocity (°/s) (MAV) of the intermediate 180-degree turn during the TUG.
Additionally, a 3-meter Backward Walk Test (3MBWT) was performed according with pre-
vious validation studies (Barta et al., 2025; Kocer et al., 2023). PwPD were instructed to
walk backward along a 3-meter walkway as quickly as possible while maintaining safety.
An assessor followed each participant to ensure safety throughout the task. The test was
repeated three times, and the completion time for each trial was recorded using a stopwatch.
Backward walking speed (m/s) (BWS, m/s) was then calculated by dividing the distance (3
m) by the completion time, in order to harmonize it with other speed and velocity metrics.
The average of the three trials was used for analysis. Garmin Vivosmart 4 smartwatch
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(Garmin, Olathe, KS, USA, configured according to the manufacturer’s specifications) by
indicating the users’ age, height, weight, was then worn on the wrist of the less affected
side (i.e., left or right) (Bianchini et al., 2022) for 5 consecutive days, in line with previous
findings showing that a minimum of 4 days of monitoring is needed to reliably estimate
daily step count in PwPD (Bianchini et al., 2023). Participants were instructed to wear
the smartwatch all time during day and night and remove it only when involved in wa-
ter activities (e.g., bathing, showering, swimming, etc.). Participants were also asked to
perform daily activities as usual. No additional reminder or instructions were provided to
participants. During the monitoring period, participants could access information on the
smartwatch screen, including the total number of steps, heart rate and sleep time. The
device did not provide instructions, alerts or other messages to participants. The total
daily steps recorded were extracted, and the average daily steps (AvDS) were computed
(Bianchini, Rinaldi, et al., 2025; Bianchini et al., 2023). Compliance was assessed based on
the participants’ dashboard data. We could assess that the device was worn through heart
rate and activity data. We considered all recording days with ≥ 80% wear time while awake
to be valid. We estimated the awake time as 24 hours minus the total sleep time as indi-
cated by the device (Bianchini, Rinaldi, et al., 2025; Bianchini et al., 2023). Experimental
procedure is summarized in fig. 9.1.

Figure 9.1. Schematic representation of study experimental procedure. 3MBWT: 3-meter
backward walking test; AvDS: average daily steps; FW: forward walking; MoCA: Montreal
Cognitive Assessment; TUG: Timed Up and Go; WCST: Word-Color Stroop test.

Statistical analyses
Statistical analyses were performed using JASP v0.18.3.0 (JASP Team, University of Ams-
terdam, The Netherlands), R v4.0.3, and R Studio v2023.12.0+369 for Windows (R Founda-
tion for Statistical Computing, Vienna, Austria). Descriptive statistics were calculated for
the considered variables and the normality was assessed by inspecting histograms and resid-
ual plots. Pearson’s test was used to evaluate correlations between cognitive test scores and
supervised and unsupervised mobility parameters. The cut-off points used for interpreting
correlation coefficient values were as follows (Akoglu, 2018): < 0.1: negligible; 0.1-0.2: very
weak; 0.2-0.4: weak; 0.4-0.7: moderate; 0.7-0.9: strong; > 0.9: very strong. Subsequently,
to evaluate how much variance in supervised and unsupervised mobility parameters was
explained by participants’ cognitive performance, four separate multivariate linear regres-
sion models were constructed, with mobility-related variables as dependent variables and
cognitive test scores as independent variables. A backward elimination method was used
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to determine which independent variables were significant predictors of the model, with
the elimination threshold set at p ≥ 0.1. The adjusted R² value was calculated for each
resulting model. Finally, we performed four additional multivariable analyses with back-
ward elimination, including age, sex, disease duration, LEDD, and MDS-UPDRS III to
account for other potentially relevant predictors of mobility in PD. For each model, the
presence of influential points was assessed using Cook’s distance, with values > 1 consid-
ered influential. For all analyses, the significance threshold was set at alpha < 0.05. All
data are reported as mean ± SD or median (Q1-Q3) for numerical variables and N (%) for
categorical variables.

Results
Overview

A total of 105 PwPD who met the pre-specified inclusion and exclusion criteria were en-
rolled in the study. All participants were monitored through Garmin Vivosmart 4 at home
for a period of 5 consecutive days. No participants or days were excluded based on the
prespecified compliance criteria. The demographic, anthropometric, clinical and mobility
features in supervised and unsupervised conditions are summarized in table 9.1.

Table 9.1. Demographic, anthropometric, clinical and mobility features of the study
population.

PwPD (N=105)

Age (years) 68.2 ± 8.7
Gender (female) 34 (32%)
Height (cm) 171 ± 8.7
Weight (kg) 76.0 ± 13.2
BMI 25.8 ± 3.4
Disease duration (years) 5.6 ± 3.8
LEDD (mg) 501 ± 237
mHY 2 (2-2.5)
MDS-UPDRS-III 26 (21-32)
MoCA 26 (25-28)
WCST (s) 41.6 ± 16.1

Supervised mobility parameters

FWS (m/s) 1.19 ± 0.22
BWS (m/s) 0.60 ± 0.22
MAV (deg/s) 70.9 ± 17.9

Unsupervised mobility parameters

AvDS (steps/day) 5979 ± 3037

AvDS: average daily steps; BWS: backward walking speed; FWS: forward walking speed;
LEDD: levodopa equivalent daily dose; MAV: mean angular velocity; MDS-UPDRS-III: Move-
ment Disorder Society Unified Parkinson’s Disease Rating Scale part III; mHY: modified
Hoehn and Yahr scale; MoCA: Montreal Cognitive Assessment; WCST: Word-Color Stroop
test.
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Correlations

Supervised mobility

Pearson’s correlation test revealed a weak negative correlation between the WCST comple-
tion time and FWS (R = -0.362; p < 0.001), MAV (R = -0.364; p < 0.001), and BWS (R
= -0.379; p < 0.001). There was also a weak positive correlation between the MoCA score
and FWS (R = 0.316; p = 0.001), MAV (R = 0.306; p = 0.002), and BWS (R = 0.328; p
< 0.001).

Unsupervised mobility

Pearson’s correlation test revealed a weak negative correlation between the WCST com-
pletion time and AvDS (R = -0.254; p = 0.009). There was no significant correlation
between the MoCA score and AvDS (R = 0.114; p = 0.247). Correlations are summarized
in fig. 9.2.

Figure 9.2. Heatmap showing correlations between variables. A color gradient was used to
indicate the strength of positive (red) and negative (blue) associations. Pearson’s correlation
coefficient for each pair of variables is reported in each square. Significance of correlation
is marked with asterisk as follows: * = P<0.05; ** = P<0.01; *** = P<0.001. AvDS:
average daily steps; BWS: backward walking speed; FWS: forward walking speed; MAV:
mean angular velocity; MoCA: Montreal Cognitive Assessment; WCST: Word-Color Stroop
test.
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Linear Regression Analysis

Supervised mobility
For FWS, the linear regression model following backward elimination method, identified
only the WCST completion time as a statistically significant predictor (t = -3.947; p <
0.001). The final regression model was statistically significant (F = 15.581; adjR2 = 0.123;
p < 0.001) (fig. 9.3A). For MAV during the TUG, the linear regression model also identified
the WCST completion time as the only statistically significant predictor after backward
elimination (t = -3.967; p < 0.001). The final regression model was statistically significant
(F = 15.738; adjR2 = 0.124; p < 0.001) (fig. 9.3B). For BWS, the linear regression model
included both WCST completion time (t = -2.682; p = 0.009) and MoCA score (t = 1.663;
p = 0.099) as predictors for the overall model but only WCST completion time reached the
significance. The final regression model was statistically significant (F = 10.168; adjR2 =
0.150; p < 0.001) (fig. 9.3C). Since the p-value of MoCA in the final model was very close
to the threshold for inclusion, we also assessed the model without this variable. This model
was statistically significant (F = 17.273; R2 = 0.144; p < 0.001; WCST t = -4.156; p <
0.001). No influential points (Cook’s distance > 1) were found in the models.

Unsupervised mobility
For AvDS, the linear regression model, after backward elimination, identified only the
WCST completion time as a statistically significant predictor (t = -2.660; p = 0.009).
The final regression model was statistically significant (F = 7.077; R2 = 0.055; p = 0.009)
(fig. 9.3D). No influential points (Cook’s distance > 1) were found in the models.

Unsupervised mobility
For FWS, age, sex, MDS-UPDRS-III and LEDD were included in the regression model and
all variables but LEDD were significant predictors. For MAV, WCST, MDS-UPDRS-III,
sex, MoCA and LEDD were included in the regression model and only MDS-UPDRS-III
was a significant predictor. For BWS, age, disease duration, MDS-UPDRS-III, sex and
LEDD were included in the regression model and were a significant predictor. Finally, for
AvDS, age, MDS-UPDRS-III, sex and LEDD were included in the regression model and
all variables but sex were significant predictors. No influential points (Cook’s distance >
1) were found in the models. Details of the multivariable regression models are shown in
Table 2.
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Discussion
This study aimed to explore the association between cognitive functions and both supervised
and unsupervised mobility and the contribution of cognition to mobility in PwPD. Our
findings revealed significant associations between cognition, particularly executive functions,
and mobility in supervised and unsupervised conditions, emphasizing the role of cognitive
processes in maintaining mobility in PwPD. However, when considering other clinical and
demographics metrics, cognitive predictors lost their significance.

Cognitive Functions and Supervised Mobility
Our results indicate that executive functions, as measured by the WCST, are a signifi-
cant predictor of supervised mobility. Specifically, FWS, BWS and MAV were significantly
associated with WCST performance. The WCST requires the prefrontal cortex to sup-
press automatic responses and engage in cognitive flexibility (Scarpina & Tagini, 2017).
The frontal cortex and, particularly, the prefrontal areas, are heavily involved in planning,
initiation, and execution of complex motor tasks, including walking (Corti et al., 2017).
Imaging studies have shown activation of these areas during gait, supporting the notion
that executive dysfunction can directly impact motor performance (Kotegawa & Teramoto,
2022; Maidan et al., 2017; Nóbrega-Sousa et al., 2020).

Impairments in these executive functions can lead to difficulties in adapting to changing
environmental demands, which is essential for safe and efficient mobility. Our finding aligns
with existing literature that highlights the critical role of frontal-executive functions in gait
and motor control in both healthy elderly and PwPD (Amboni et al., 2013; Yogev-Seligmann
et al., 2008). Previous studies in PwPD, indeed, highlighted how executive functions are
linked to deterioration in spatiotemporal gait parameters, in particular regarding the do-
mains of pace and rhythms (Amboni et al., 2018; Morris, Martini, Smulders, et al., 2019).
Furthermore, executive functions have been associated with different types of mobility such
as turning (Maidan et al., 2017) and backward walking (Peterson & Horak, 2016).

The association between gait and cognitive dysfunction could point toward a shared neu-
rodegenerative basis. In particular, the basal ganglia are implicated in gait control and
cognitive processes, particularly those related to executive functions. Thus, the degenera-
tion of dopaminergic neurons in the substantia nigra, could disrupt the circuitry between
basal ganglia and prefrontal cortex, leading to both motor and cognitive deficits (Peterson &
Horak, 2016). This disruption could contribute to difficulties in initiating and maintaining
gait in PwPD, particularly under conditions requiring cognitive engagement, such as navi-
gating obstacles or multitasking (Nwogo et al., 2022). Furthermore, the interaction between
cognitive decline and mobility in PD could be influenced by non-dopaminergic systems such
as cholinergic (Morris, Martini, Madhyastha, et al., 2019), noradrenergic (Tosserams et al.,
2023), GABA and glutamatergic neurotransmission dysfunction (O’Gorman Tuura et al.,
2018). The complexity of these interactions underscores the need for comprehensive man-
agement strategies that address both cognitive and motor aspects of the disease.

Interestingly, in our study, global cognitive functions, as assessed by the MoCA, were in-
cluded in the linear regression model only for BWS test, although with minimal contribu-
tion, and not for FWS or MAV and a slightly higher portion of variance was explained by
cognition for BWS compared to FWS and MAV (15% vs 12.3% vs 12.4%, respectively).
This result may suggest that backward walking, a more complex and less practiced mo-
tor task, places greater cognitive demands on PwPD (Koçer et al., 2023). The increased
difficulty of the task, which lacks visual cues and requires higher levels of proprioceptive
integration and motor planning, could explain the stronger association with global cogni-
tive function (Correno et al., 2022). This finding underscores the importance of including
varied mobility tasks in clinical assessments to capture the full spectrum of motor-cognitive
interactions in PD.
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Figure 9.3. Linear regression models and scatterplot of paired independent and dependent
variables. Panel A: Linear regression model for FWS. Panel B: Linear regression model for
MAV. Panel C: Linear regression model for BWS. Panel D: Linear regression model for
AvDS. For each graph, a linear regression line was added. The shaded area indicates the
95% confidence interval. Adjusted R2, p-values and regression equations of each model after
backward elimination were added above each variable pair. T-statistics and p-value was
also added on top of each significant predictor. NS was added for non-significant predictors.
AvDS: average daily steps; BWS: backward walking speed; FWS: forward walking speed;
MAV: mean angular velocity; MoCA: Montreal Cognitive Assessment; WCST: Word-Color
Stroop test.
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Cognitive Functions and Unsupervised Mobility
Differently from supervised mobility, unsupervised mobility, as measured by AvDS, dis-
played a weaker correlation with cognition. In fact, WCST performance explained only
a modest proportion of the variance (5.5%) of AvDS. This might depend on the mobility
measure adopted. Indeed, a very recent study by Burgos and colleagues (Burgos et al.,
2025) reported that executive and visuospatial domains of cognition are associated with
spatiotemporal gait parameters such as gait speed, stride length, and double support time
in real-world conditions. Daily step count represents a global measure of mobility and phys-
ical activity, providing an estimate of how much an individual walks on average throughout
the day. However, this measure does not capture subtle and detailed gait features or pa-
rameters. The development of validated real-world gait measures is currently a hot research
topic, and several international consortia are actively working toward this goal (Micó-Amigo
et al., 2023). To date, however, these efforts rely mainly on research-grade devices, thus
limiting the advantages of commercial wearables in terms of scalability, accessibility, and
ease of use. Nevertheless, previous studies underlined the association between daily steps
and cognition in older adults (S.-T. Chen et al., 2020) and in different populations of people
with neuropsychiatric disorders (L.-J. Chen et al., 2022; Ito et al., 2021). Our findings are
in line with those of Mc Ardle and colleagues (Mc Ardle et al., 2022), reporting that frontal
executive functions, as measured by the verbal fluency task, were a significant predictor of
daily step count, measured by a research-grade, lower-back mounted, triaxial accelerometer
for 7 days, in a population of 64 mild-to-moderate PwPD. We validate these findings in
a larger PwPD population (n=105), using a consumer-grade instrument to collect AvDS.
Moreover, we recently reported that the minimal clinically important difference (MCID) for
AvDS, measured with the Garmin Vivosmart 4 in PwPD, was 1200 steps/day for clinical-
related measures (Bianchini, Alborghetti, et al., 2025). Based on the present regression
results, each 1-second change in the WCST interference part corresponds to a variation of
48 steps. Thus, a change of approximately 25 seconds would be required to reach a clinically
meaningful difference in AvDS. Notably, this value falls within the reported MCID range
for WCST interference in older adults at risk of falls (11.5 to 26.0 seconds) (Jehu et al.,
2022), which provides additional clinical relevance to our findings.

The weaker association between cognition and unsupervised mobility could also reflect
the influence of environmental, contextual and individual factors that affect free-living
movements but are not captured in a controlled laboratory setting (Domingues et al., 2024).
Indeed, previous evidence highlighted the discrepancy between capacity (what an individual
can do) and performance (what an individual does do) (Giannouli et al., 2016; Lang et al.,
2023; Zajac et al., 2022). In the real world, mobility is often influenced by a multitude of
factors beyond cognitive ability, such as environmental barriers, weather, work and socio-
economic status, motivation, pain, fatigue, and physical health conditions (Suri et al., 2022).
Thus, while cognitive functions are crucial for specific, controlled motor tasks, their influence
on everyday mobility might be modulated and dampened by other external factors.

Multivariable regression
We found that after including clinical and demographic covariates (age, sex, disease du-
ration, LEDD, and MDS-UPDRS III), WCST and MoCA were no longer retained in the
regression models for FWS, BWS, and AvDS after backward elimination. Cognitive vari-
ables entered the regression model for MAV but did not emerge as significant predictors.
The predominant effect of age is expected, given its well-established contribution to mobil-
ity and gait, with numerous studies demonstrating the impact of ageing on walking in both
healthy adults (Schimpl et al., 2011) and PwPD (Zhou et al., 2023). This is also consistent
with the recognized predictive value of gait speed for mortality in older adults (Studenski
et al., 2011) and in healthy ageing in general (Furrer & Handschin, 2025). The strong and
consistent predictive role of the MDS-UPDRS part III is likewise unsurprising, as gait and
mobility are motor functions, and this aligns with previous findings (Allali et al., 2014;

131



Chapter 9

Mirelman et al., 2019; Shearin et al., 2021). Similarly, the impact of disease duration is in
line with its close association with neurodegeneration (Kordower et al., 2013) and disease
severity (Holden et al., 2017), in this progressive disorder. The effect of LEDD also reflects
prior evidence showing its influence on gait parameters deterioration over time (Wilson
et al., 2020). While dopaminergic therapy remains the cornerstone of PD management
(Poewe et al., 2017), the response to treatment of gait and mobility disturbances, as well
as other axial symptoms, may hinder in advanced stages (Imbalzano et al., 2023). Never-
theless, walking parameters often retain some responsiveness to pharmacological treatment
(Mirelman et al., 2019). Finally, sex differences in mobility outcomes have been reported in
PwPD (Dallaire et al., 2024; Porta et al., 2019). This may explain why sex was a significant
predictor of FWS and BWS in our models. In summary, our multivariable analysis indicates
that although global and executive functions can affect mobility in PwPD, their influence
is outweighed by stronger determinants such as clinical and demographic variables.

Implications for Clinical Practice
The association between executive dysfunction and impaired supervised mobility under-
scores the importance of incorporating cognitive rehabilitation strategies into PD manage-
ment. Interventions targeting inhibitory control and selective attention may have the poten-
tial to improve motor performance and reduce risk of falls (Michels et al., 2022; Mirelman
et al., 2011). Previous studies underlined the positive effect of training cognitive and mo-
tor functions together (motor-cognitive dual-task) on both supervised gait and cognitive
abilities in PwPD (San Martín Valenzuela et al., 2020; Strouwen et al., 2017). Moreover,
previous evidence demonstrated that cognitive training alone could lead to an improvement
in motor symptoms (Michels et al., 2022) and vice versa (da Silva et al., 2018). Moreover,
the significant association between global cognitive function and BWS emphasizes the value
of including diverse mobility assessments in clinical evaluations. Backward walking tests
might indeed serve as an indicator of both motor and cognitive impairments, facilitating
early identification of people at higher risk of mobility decline (Correno et al., 2022; Hack-
ney & Earhart, 2009). Additionally, Shen and Mak (Shen & Mak, 2012) reported that step
training including backward training improved balance and mobility in PwPD, supporting
the inclusion of such tasks in rehabilitation programs. Nevertheless, the modest correlation
between cognitive function and unsupervised mobility, as well as the predominant role of
clinical and demographic parameters in the multivariable analysis, highlights the need for
comprehensive, multidimensional assessments that consider both cognitive, individual and
environmental factors when planning interventions for PwPD.

Limitations and Future Directions
Despite the novel insights provided by this study, several limitations must be acknowledged.
First, the cross-sectional design limits our ability to infer causality between cognitive func-
tions and mobility outcomes. Longitudinal studies are needed to determine whether cog-
nitive decline precedes or follows mobility impairments in PD and clarify this association.
Additionally, while we focused on executive functions, other cognitive domains, such as
visuospatial abilities, might also play a critical role in mobility (Amboni et al., 2013) and
are commonly altered in PwPD (Aarsland et al., 2021). These should be explored in future
research. We also included only PwPD with MoCA ≥ 18. While this is a lower thresh-
old, compared with other proposed MoCA cut-offs reported in literature, yet we did not
investigate the entire spectrum of cognitive impairment in PD. Therefore, we could not
draw information regarding the relationship between mobility and cognition in PwPD with
severe cognitive impairment. Indeed, it is likely that in more advanced stages of the disease,
severe cognitive deficits and dementia could have a detrimental effect on mobility, as re-
ported previously (Bovonsunthonchai et al., 2022). However, we decided to focus on the PD
population with sufficiently preserved cognitive functions and most likely to use consumer-
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grade wearable devices. We only considered AvDS as unsupervised mobility parameter, in
line with previous research (Zajac et al., 2022). A growing body of evidence highlighted
the possibility of collecting, measuring and monitoring gait parameters in free-living real
world settings (Kirk et al., 2024; Pilotto et al., 2023) and several international consortia
are working on validating and refining this possibility (Hinchliffe et al., 2024; Micó-Amigo
et al., 2023). Future studies are warranted to include more detailed analysis of real-world
mobility in order to more accurately assess the association with cognition. Finally, the use
of consumer-grade smartwatch for unsupervised mobility data collection may have reduced
the accuracy and reliability in AvDS collection, particularly in people with more severe PD
or those exhibiting tremor and dyskinesias. However, previous studies from ours and other
groups highlighted the accuracy and reliability of AvDS estimation in mild-to-moderate
PwPD (Bianchini, Rinaldi, et al., 2025; Bianchini et al., 2022, 2023; Ginis et al., 2023).
In addition, because the device algorithm is not publicly available, we could not assess its
potential impact on our results. For example, the Garmin Vivosmart 4 requires users to
input age, weight, and height into their profile, and we followed these instructions to ensure
that smartwatch use reflected typical real-world conditions. However, whether and how
the device incorporates this information into its calculations remains unknown, as the algo-
rithm is proprietary. Nevertheless, the use of commercially available device could facilitate
the capillarity collection of mobility measures in clinical practice, thus providing valuable
insight in PwPD conditions in free-living, real-world settings. The possibility for partic-
ipants to access their smartwatch data may have influenced their physical activity levels
during the monitoring period. Previous studies, indeed, have reported that activity track-
ers can increase physical activity (Ferguson et al., 2022). However, we acknowledge this
potential systematic bias in our study, as done in previous work from our group (Bianchini,
Alborghetti, et al., 2025), as our aim was to implement smartwatch in a way that closely
reflected real-world conditions and use. Restricting access to the data, indeed, would have
deviated from typical usage by the general population. Finally, the use of consumer-grade
smartwatches raises additional concerns, particularly regarding data security, privacy, and
access to raw data. It should be noted, however, that the use of the device in our study
adhered to the manufacturer’s instructions, and data storage and processing were there-
fore compliant with European Union regulations. A further limitation lies in the fact that
raw data from Garmin devices are not accessible or downloadable through the user dash-
board, which may restrict the development of more advanced and standardized analytical
pipelines. Nonetheless, this was beyond the scope of our study, as our aim was to employ
the smartwatches in a way that closely reflected their common use in daily life.

Conclusions
Our findings highlight the role of executive functions in mobility among PwPD, particu-
larly during more complex motor tasks such as backward walking. While cognitive functions
significantly influence supervised mobility, their impact on unsupervised, real-world mobil-
ity appears less pronounced, likely reflecting the interplay of environmental and individual
factors. Moreover, although global and executive functions can affect mobility, their contri-
bution is outweighed by stronger determinants such as clinical and demographic variables.
These results suggest that comprehensive PD management should integrate cognitive assess-
ments alongside motor evaluations, emphasizing interventions that address both cognitive
and environmental barriers to improve patient outcomes. Future research should further
explore the interplay between cognition, mobility, and other non-motor symptoms in PD
through longitudinal designs and advanced monitoring technologies, to better capture the
multifaceted challenges faced by PwPD.
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Abstract
Mobility impairment in Parkinson’s disease (PD) arises from both motor symptoms (MS)
and non-motor symptoms (NMS). While supervised mobility assessments capture capacity,
wearable devices now allow evaluation of unsupervised real-world performance. The relative
contributions of MS and NMS across these domains remain unclear.

We conducted a cross-sectional study including 105 mild-to-moderate PD individuals. Par-
ticipants underwent standardized supervised assessments of forward walking (FW), back-
ward walking (BW), and turning, as well as free-living monitoring with a consumer smart-
watch to collect average daily steps (AvDS) for 5 consecutive days. MS burden was quanti-
fied using MDS-UPDRS subscores, and NMS were assessed with validated scales of cogni-
tion, mood, sleep, and fatigue. Robust multivariable linear regression was used to evaluate
the variance explained by MS, NMS, and their combination.

MS and NMS explained a modest proportion of mobility variance, with stronger effects
on capacity than performance. Complex tasks (BW, turning) were more strongly associ-
ated with symptoms than FW. TD and PIGD were the main MS predictors of supervised
mobility, while AR predicted AvDS. Among NMS, executive dysfunction and fatigue were
determinants of capacity, whereas executive dysfunction also predicted AvDS. Depression
and sleep disturbances influenced mobility only in NMS-only models.

Mobility in PD reflects an interplay of motor and non-motor determinants. While MS
remain key drivers, NMS, particularly executive dysfunction and fatigue, exert a significant
impact. These findings highlight the importance of multidimensional mobility assessment
and suggest that addressing both MS and NMS may optimize interventions to preserve
independence in PD.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the
combination of motor symptoms (MS), such as bradykinesia, rigidity, tremor, and postural
instability, and a wide spectrum of non-motor symptoms (NMS), including sleep distur-
bances, fatigue, depression, cognitive impairment, autonomic dysfunction, and pain, among
others (Poewe et al., 2017; Schapira et al., 2017). While MS have traditionally been con-
sidered as the clinical hallmark of PD and remain central to its diagnosis and monitoring,
NMS are now recognized as highly prevalent, often preceding the onset of motor manifes-
tations, and contributing substantially to disability and reduced quality of life (Schapira
et al., 2017). Importantly, the burden of NMS frequently exceeds that of MS as the disease
progresses, highlighting the need to address both dimensions for comprehensive patient care
(Barone et al., 2009). Mobility impairments are among the most disabling features of PD.
Gait disturbances, reduced walking speed, shuffling steps, turning difficulties, and freezing
of gait severely compromise independence and increase the risk of falls and institutional-
ization (Fasano et al., 2017; Hackney & Earhart, 2009; Mirelman et al., 2019). Tradition-
ally, mobility has been assessed in clinical or laboratory settings, where patients perform
standardized tasks under supervision. These supervised assessments provide measures of
capacity, that is, the ability to execute a motor task under controlled conditions. However,
with the advent of wearable technologies, it has become possible to quantify mobility also
in free-living environments, reflecting performance, or what patients actually do in their
daily lives (Maetzler et al., 2021). The distinction between capacity and performance is
increasingly emphasized, as it is now evident that the two domains capture complementary
but not interchangeable aspects of mobility (Atrsaei et al., 2021; Giannouli et al., 2016;
Zajac et al., 2022). Indeed, performance could be modulated by a broader set of factors
such as personal, psychosocial, or environmental factors (Organization, 2002; Roussos et al.,
2022). When considering performance, average daily steps (AvDS) have gained attention
as a simple yet powerful marker of unsupervised mobility. This metric can be obtained
continuously and unobtrusively using wearable activity monitors, providing an estimate of
habitual ambulatory activity in daily life (Bassett et al., 2017). While step count does not
capture specific gait characteristics, lower AvDS values consistently reflect greater mobility
limitations and poorer health outcomes. In older adults, reduced daily steps have been asso-
ciated with higher all-cause mortality, as highlighted in a recent meta-analysis (Ding et al.,
2025), as well as an increased risk of chronic conditions including cancer and cardiovascular
disease (Del Pozo Cruz, Ahmadi, et al., 2022), depression (Bizzozero-Peroni et al., 2024),
and dementia (Del Pozo Cruz, Ahmadi, et al., 2022). In the context of PD, lower step
counts have been linked to more severe motor impairment and reduced levels of habitual
physical activity (Christiansen et al., 2017; Nagaki et al., 2022), supporting the potential
of AvDS as a clinically meaningful outcome measure (Bianchini, Alborghetti, et al., 2025)
for disease monitoring and management. A growing body of literature has investigated the
impact of both MS and NMS on mobility in PD. MS, particularly axial features such as
postural instability and gait disorders (PIGD), are strongly associated with poor mobility
outcomes, including impaired turning and backward walking, as well as reduced physical
activity in daily life (Bryant et al., 2018; Herman et al., 2014; Pongmala et al., 2025).
Similarly, NMS such as cognitive dysfunction, sleep problems, depression, and fatigue have
emerged as independent contributors to mobility decline (Burgos et al., 2025; Lord, Galna,
Coleman, et al., 2013; Pilotto et al., 2023; Yogev-Seligmann et al., 2008). Executive dys-
function is particularly relevant, as it impairs dual-tasking and planning during walking,
and has been linked to falls and mobility impairment in terms of forward walking (FW),
turning and backward walking (BW) (Burgos et al., 2025; Mancini et al., 2016; Yogev-
Seligmann et al., 2008). Fatigue also exacerbates gait impairment and may reduce habitual
activity levels (Garber & Friedman, 2003; Pilotto et al., 2023). Depression and apathy
further contribute by limiting motivation and physical engagement, leading to sedentary
behavior and impaired gait (Lord, Galna, Coleman, et al., 2013; Still et al., 2024). Despite
these insights, most studies have either focused on single symptom domains (Burgos et al.,
2025; Pilotto et al., 2023), restricted the assessment to supervised mobility (Lord, Galna,
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Coleman, et al., 2013), often encompassing only straight FW (Dragašević-Mišković et al.,
2021) and neglecting more complex tasks and real-world performance. Consequently, the
relationship between MS, NMS, and mobility across multiple domains remains incompletely
understood. In particular, it is still unclear to what extent NMS burden explains variance in
complex supervised tasks (e.g., turning, BW) and unsupervised performance measures (e.g.,
average daily steps) beyond motor impairment. Addressing this gap is clinically relevant,
as it may reveal modifiable determinants of mobility that are not captured by conventional
motor assessments and may guide the development of personalized interventions targeting
both MS and NMS. Therefore, the aim of the present study was to investigate the impact
of motor and non-motor symptoms on different domains of mobility in mild-to-moderate
PD, encompassing both supervised tasks (forward walking, backward walking, turning) and
unsupervised daily step count. We hypothesized that, while MS (particularly bradykinesia,
rigidity and axial symtopms) would strongly predict mobility outcomes, NMS would provide
additional explanatory power, particularly for complex tasks and real-world performance,
underscoring the need for integrated multidimensional assessments in PD.

Material and Methods
Study design and ethics
This was an analysis conducted on a cross-sectional dataset of 121 mild-to-moderate PwPD
collected to validate wearable-based measures and investigate the interaction between mo-
bility, MS and NMS in PwPD. This study followed the Strengthening the Reporting of Ob-
servational Studies in Epidemiology (STROBE) reporting guidelines. Approval was granted
by the local Ethical Committee of Sapienza, University of Rome, Italy (Ref. 0372/2022).
This study was conducted in accordance with the ethical standards set forth in the Dec-
laration of Helsinki of 1964 and subsequent amendments. Data collection and processing
were carried out in compliance with current European data protection regulations. All data
were deidentified. Participants did not receive any form of compensation.

Population
Participants were consecutively recruited from the Movement Disorders Centre at Sant’An-
drea University Hospital (A.O.U. Sant’Andrea) in Rome between February 2023 and May
2024. Inclusion criteria included: (i) diagnosis of idiopathic Parkinson’s disease according
to the MDS criteria (Postuma et al., 2015); (ii) age 18 years or older; (iii) disease stage <
4 according to the modified Hoehn and Yahr scale (mHY) (“severe disability; still able to
walk or stand unassisted”) (Goetz et al., 2004); (iv) ability to perform the experimental pro-
cedure; and (v) availability of data regarding NMS and mobility. Exclusion criteria were:
(i) severe cognitive impairment as defined by a Montreal Cognitive Assessment (MoCA)
score < 18 (Baek et al., 2024); and (ii) orthopedic, rheumatologic, or systemic conditions
affecting mobility as judged by the assessor.

Experimental Procedure
Participants meeting the inclusion and exclusion criteria were evaluated during their regular
follow-up visits at the Neurology clinics of A.O.U. Sant’Andrea in Rome. After collecting
demographic (age, sex), anthropometric (weight, height, BMI) and clinical data (disease
duration, levodopa equivalent daily dose [LEDD] Jost et al., 2023, mHY), the following
clinical scales were used to evaluate MS and NMS:

The MDS-UPDRS (Goetz et al., 2008) part I was used to assess the global burden of
NMSs. MDS-UPDRS part I is a self-reported scale composed of 12 items investigating
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Non-Motor Aspects of Experiences of Daily Living. A higher score indicating worse NMS
burden.

The MDS-UPDRS part II was used to assess the global burden of MS. MDS-UPDRS part
II is a self-reported scale composed of 13 items investigating Motor Aspects of Experiences
of Daily Living. A higher score indicating worse MS burden.

The MDS-UPDRS part III was used to assess MS severity. MDS-UPDRS part III is the
Motor Examination section and one of the most used protocols to assess MS. A higher score
indicating worse MS severity.

From MDS-UPDRS part II and III, the tremor dominant (TD) and postural instability
and gait disorders (PIGD) subscores were calculated according to Stebbins et al. (Stebbins
et al., 2013) and the akinetic-rigid (AR) subscore was calculated according to Adams et al.
(Adams et al., 2023).

The Parkinson’s disease sleep scale version 2 (PDSS-2) (Trenkwalder et al., 2011) was used
to assess sleep disturbances severity. A higher score indicates worse sleep problems and a
score ≥ 15 has been reported as cut-off to define clinically significant disturbances (Suzuki
et al., 2015).

The Epworth Sleepiness Scale (ESS) (Johns, 1991) was used to rate daytime sleepiness. A
higher score at ESS indicates worse sleepiness and a score ≥ 10 is generally accepted as
cut-off to define the presence of excessive daytime sleepiness.

The Fatigue Severity Scale (FSS) (Siciliano et al., 2019) was used to assess daytime sleepi-
ness. A higher score indicates more impactful fatigue. In Italian PwPD a cut-off of
4.67 was reported to identify clinically relevant fatigue in Italian PwPD (Siciliano et al.,
2019).

The Beck Depression Inventory II (BDI-II) (Maggi et al., 2023) was used to assess the
severity of depressive symptoms. BDI-II is a self-administered scale, and a higher score
indicates more severe depressive symptoms.

The MoCA (Nasreddine et al., 2005) was used to evaluate global cognition. The MoCA is
an extensively used screening tool to assess global cognition and the presence of cognitive
impairment. The score ranges from 0 to 30 and a lower score indicates worse cognitive
performance. A cut-off of 22 was suggested to identify MCI in Italian PwPD (Fiorenzato
et al., 2024).

The time to complete the interference part of the word-color Stroop test (WCST) in seconds
was used to evaluate executive functions. WCST is a cognitive test assessing working
memory and inhibition (Scarpina & Tagini, 2017).

Participants were then asked to perform two supervised mobility tasks while wearing a
lower-back mounted research-grade inertial device for mobility analysis (BTS G-WALK,
BTS Engineering Inc., Milan) (Vítečková et al., 2020): (i) a 20-meter FW task; and (ii)
an instrumented Timed Up and Go (iTUG) (Ortega-Bastidas et al., 2023). Additionally,
a 3-meter Backward Walk Test (3MBWT) was performed according with previous valida-
tion studies (Barta et al., 2025; Kocer et al., 2023). From the FW, spatiotemporal gait
parameters were measured, including FW speed (m/s), cadence (steps/min), stride length
normalized to height (%), cycle duration (s), stance and swing phases duration expressed
as % of gait cycle. These were classified in parameters of pace (FW speed, cadence and
stride length) and rhythm (cycle duration, stance and swing) according to the framework
proposed by Lord et al. (Lord, Galna, Verghese, et al., 2013). From the iTUG, total iTUG
duration, mean and peak angular velocity (°/s) (MAV and PAV, respectively) of the inter-
mediate 180° turn as well as duration of the turning (s) were collected. iTUG variables were
divided in turning-related parameters (turning duration, MAV and PAV) and global mobil-
ity (iTUG duration). For the 3MBWT, PwPD performed 3 trials. The average of the time
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(s) to complete each trial was collected (Barta et al., 2025) and BW speed (m/s) (BWS)
was computed. To collect data on free-living walking, participants were asked to wear the
Garmin Vivosmart 4 smartwatch (Garmin, Olathe, KS, USA), configured according to the
manufacturer’s specifications by indicating the users’ age, height, weight, and the wrist on
which the smartwatch was worn (i.e., left or right), on the wrist of the less affected side, in
line with previous research findings (Bianchini, Rinaldi, et al., 2025; Bianchini et al., 2022,
2023) for 5 consecutive days. We choose a 5-day period since we demonstrated previously
that a minimum of 4 days of monitoring is needed to reliably estimate daily step count in
PwPD (Bianchini et al., 2023) and that 5 days of monitoring led to acceptable reliability
regardless of PD severity, stage and phenotype (Bianchini, Rinaldi, et al., 2025). Moreover,
in a proof-of-concept experiment, we recently demonstrated that Garmin Vivosmart 4 was
valid and decently accurate in estimating avDS in PD (Bianchini, Rinaldi, et al., 2025).
Participants were instructed to wear the smartwatch all time during day and night and to
remove it only when involved in water activities (e.g., bathing, showering, swimming, etc.).
Participants were asked to perform daily activities as usual. No additional reminder or
instructions were provided to participants during the monitoring period. During the moni-
toring period, participants could access information on the smartwatch screen, including the
total number of steps, heart rate and sleep time. The device did not provide instructions,
alerts or other messages to participants. The total daily steps recorded were extracted, and
the average daily steps (AvDS) were calculated (Bianchini et al., 2023). Compliance was
assessed based on the participants’ dashboard data. We could assess that the device was
worn through heart rate and activity data. We considered all recording days with ≥ 80%
wear time while awake to be valid. We estimated the awake time as 24 hours minus the
total sleep time as indicated by the device (Bianchini, Rinaldi, et al., 2025). Experimental
procedure is summarized in fig. 10.1.
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Figure 10.1. Schematic representation of study experimental procedure. 3MBWT: 3-
meter backward walking test; AR: akinetic-rigid; AvDS: average daily steps; BDI-II: Beck
depression inventory II; BMI: Body mass index; ESS: Epworth sleepiness scale; FLW: Free-
living walking; FSS: Fatigue severity scale; FW: forward walking; iTUG: instrumented
Timed Up and Go; LEDD: Levodopa equivalent daily dose; MDS-UPDRS: Movement Dis-
order Society unified Parkinson’s disease rating scale; mHY: Modified Hoehn and Yahr
stage; MoCA: Montreal cognitive assessment; PDSS-2: Parkinson’s disease sleep scale 2;
PIGD: postural instability and gait disorders; TD: tremor-dominant; WCST: Word-color
Stroop test.

Statistical analyses

Statistical analyses were performed using JASP v0.19.3.0 (JASP Team, University of Ams-
terdam, The Nederland), R v4.4.5 and RStudio v2025.05.0+496 for Windows (R Foundation
for Statistical Computing, Vienna, Austria). Descriptive statistics were calculated for the
variables under study, with continuous variables reported as mean (SD) or median (Q1-Q3),
and categorical variables reported as N (%). Since certain assumptions of parametric mul-
tivariable linear regression were violated, robust multivariable linear regression models were
used to evaluate the extent to which MS, NMS and NM+NMS explained the variance of
capacity- and performance-related measures of mobility. Separate models were constructed
for each mobility-related outcome variable, with MS, NMS and NM+NMS scores included
as independent variables, respectively. Robust multivariable linear regression models were
fitted using M-estimation with Huber weighting via the rlm() function from the MASS
package in R (Venables & Ripley, 2002). Inference on the model coefficients was performed
using robust standard errors computed using the sandwich estimator with the vcovHC()
function from the sandwich package (Zeileis et al., 2020). Two-tailed p-values were de-
rived using t-distribution-based Wald tests, computed with the coeftest() function from the
lmtest package (Zeileis & Hothorn, 2002) in order to adjusts for finite sample size. A step-
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wise variable selection approach based on Akaike Information Criterion (AIC) was applied
using the stepAIC() function from the MASS package, to further reduce dimensionality
and identify the most relevant covariates. This procedure used bidirectional elimination,
iteratively adding or removing variables to minimize the AIC. Multicollinearity was tested
using the performance package (Lüdecke et al., 2021). The R2 was computed manually for
each robust model as:

𝑅2 = 1 − 𝑆𝑆residuals
𝑆𝑆total

where and SSresiduals is the sum of squared residuals and SStotal is the total sum of squares.
The adjusted R² was calculated using the classical formula:

𝑅∗2 = 1 − ( 𝑆𝑆residuals/(𝑛 − 𝑘 − 1)
𝑆𝑆total/(𝑛 − 1)

)

Results
Overview
From the original cross-sectional dataset of 121 individuals, a total of 105 people with mild-
to-moderate PD were included in the study, based on predefined inclusion and exclusion
criteria. Specifically, 8 patients were excluded due to incomplete mobility data caused
by technical issues, and another 8 were excluded due to missing data on MDS-UPDRS
subitems, which made it impossible to compute the TD, PIGD, and AR subscores. The
demographic, anthropometric, and clinical features are summarized in table 10.1. The
characteristics of included PwPD in terms of mobility variables is reported in table 10.2.
MDS-UPDRS part I and III were excluded from all models due to the collinearity above
the predefined threshold.
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Table 10.1. Demographic, anthropometric, basic clinical characteristics and NMS
parameters of the enrolled population.

PwPD (n=105)

Age (years) 69.2 (8.7)
Sex (F) 34 (32%)
Height (cm) 171 (8.7)
Weight (kg) 75.8 (13.1)
BMI (kg/m²) 25.8 (3.4)
Disease duration (years) 5.73 (3.9)
LEDD (mg) 506 (245)
mHY 2 (2-2.5)
MDS-UPDRS part I 6 (4-9)
MDS-UPDRS part II 4 (2-7)
MDS-UPDRS part III 26 (21-32)
TD subscore 3 (0-6)
PIGD subscore 2 (1-5)
AR subscore 18 (14-22)
PDSS-2 9 (6-14)
ESS 6 (4-7)
FSS 3.23 (1.68)
BDI-II 7 (4-10)
MoCA 26 (25-28)
sVASI 41.7 (16.0)

AR: axial-rigid; BDI-II: Beck depression inventory II; BMI: Body mass index; ESS: Epworth
sleepiness scale; FSS: Fatigue severity scale; LEDD: Levodopa equivalent daily dose; MDS-
UPDRS: Movement Disorder Society unified Parkinson’s disease rating scale; mHY: modified
Hoehn and Yahr stage; MoCA: Montreal cognitive assessment; NMS: non-motor symptoms;
PDSS-2: Parkinson’s disease sleep scale 2; PIGD: postural instability and gait disorders;
PwPD: people with Parkinson’s disease; sVASI: small vessel disease; TD: tremor dominant;
sVASI: Vascular aging score.

Table 10.2. Mobility parameters in the enrolled population.

Test Domain Outcome Value

FLW Unsupervised mobility AvDS (steps/day) 5971 (3027)

FW Pace FW speed (m/s) 1.18 (0.23)
Cadence (steps/min) 112.3 (8.4)
Stride length%
(%height)

73.9 (11.6)

Rhythm Stance (%cycle) 61.1 (2.2)
Swing (%cycle) 38.9 (2.2)
Cycle duration (s) 1.09 (0.09)

iTUG Global mobility iTUG duration (s) 12.0 (4.5)

Turning Turn duration (s) 2.68 (0.98)
MAV (°/s) 70.6 (18.1)
PAV (°/s) 140.9 (41.9)

3MBWT Backward walking BW speed (m/s) 0.59 (0.23)

3MBWT: 3-meter backward walking test; AvDS: average daily steps; BW: backward walking;
FLW: free-living walking; FW: forward walking; iTUG: instrumented timed-up-and-go; MAV:
mean angular velocity; PAV: peak angular velocity; PwPD: people with Parkinson’s disease.
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Motor symptoms
All robust linear regression models were statistically significant, excluding the one for ca-
dence (P = .091), stance (P = .112) and swing duration (P = .117). Adjusted R2 ranged
from 0.053 to 0.313. Details of the models and predictors are summarized in table S10.1 and
table S10.4, respectively. The adjusted R2 for each mobility domain is graphically shown
in fig. 10.2A.

Details of inclusion and significance of each MS predictor are shown in fig. 10.3A. In brief,
TD, PIGD and AR subscores were the most relevant predictors of mobility parameters. In
particular, TD was a significant predictor for turning, BW, FW in the pace domain and
global mobility, as measured by the total iTUG duration. TD showed a negative relationship
with all mobility parameters (the worse the score the better the mobility parameters). AR
was a significant predictor of turning variables as well as iTUG duration and FW in the
rhythm domain. Notably, AR subscore was the only MS predictor of unsupervised mobility.
Finally, PIGD was a significant predictor only of BW speed and iTUG duration. Both AR
and PIGD score showed a positive relationship with all mobility parameters (the better the
score the better the mobility).
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Figure 10.2. Radar plots showing the proportion of variance explained by MS (panel A),
NMS (panel B) and MS+NMS (panel C) for each mobility measure in PwPD. The radius
of each circular sector represents the adjusted R² value (expressed as a percentage), which
is also shown as a label above each variable. The color of the circular sectors indicates the
domain to which each variable belongs (see legend). The outer colored ring corresponds
to the four tests used for mobility assessment. 3MBWT: 3-meter backward walking test;
AvDS: average daily steps; BW: backward walking; FLW: free-living walking; FW: forward
walking; iTUG: instrumented Timed Up and Go; MAV: mean angular velocity; NMS: non-
motor symptoms; PAV: peak angular velocity; PwPD: people with Parkinson’s disease.
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Non-motor symptoms
All robust linear regression models were statistically significant. Adjusted R2 ranged from
0.047 to 0.346. Details of the models and predictors are summarized in table S10.2 and
table S10.5, respectively. The adjusted R2 for each mobility domain is graphically shown
in fig. 10.2B. Details of inclusion and significance of each NMS predictor are shown in
fig. 10.3B. In brief, executive functions, fatigue and depression were the most relevant
predictors of mobility. In particular, executive functions and depression were significant
predictors of turning, FW in the pace domain and unsupervised mobility. In addition
executive functions significantly predicted BW whereas depression was a the only significant
predictor of global mobility, as measured by iTUG duration. Fatigue, on the other hand, was
a significant predictor of BW and FW, mainly in the rhythm domain. Interestingly, sleep
problems were a significant predictor only of turning parameters. All NMS showed a positive
relationship with mobility parameters (the better the score the better the mobility).

Combined MS and NMS
All robust linear regression models were statistically significant. Adjusted R2 ranged from
0.061 to 0.461. Details of the models and predictors are summarized in table 10.3 and
table S10.3, respectively. The adjusted R2 for each mobility domain is graphically shown
in fig. 10.2C. Details of inclusion and significance of each NMS predictor are shown in
fig. 10.3C. In brief, regarding NMS, executive functions were confirmed as the most rele-
vant predictor of mobility. In particular, they were significant predictor of BW, turning,
FW in the pace domain and were the only non-motor predictor of unsupervised mobility.
Fatigue was a significant predictor of BW and turning PAV and was confirmed as the only
significant overall predictor of FW rhythm domain. Notably depression was confirmed to be
a significant predictor only for FW pace domain and sleep problems were not a significant
predictor for any mobility parameter. Regarding MS, TD score was confirmed as a signif-
icant predictor of turning, BW, FW in the pace domain and global mobility, as measured
by the total iTUG duration. Interestingly, when considering both MS and NMS, AR was
not a significant predictor of any mobility parameters except AvDS, for which it was the
only motor predictor. PIGD, conversely, was confirmed to be a significant predictor of BW
and global mobility but also showed a significant impact on turning MAV.
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Discussion
Overview
The aim of this cross-sectional study was to investigate the impact of MS and NMS on
supervised and unsupervised mobility in mild-to-moderate PD. In particular, we explored
how different domains of NMS influenced specific supervised tasks, such as FW, BW and
turning as well as FLW, assessed by AvDS. Our findings showed that: (i) the overall contri-
bution of MS and NMS to mobility was modest; (ii) their impact was greater on supervised
than unsupervised measures, and particularly evident in complex tasks such as BW and
turning; (iii) TD and PIGD domains, together with executive function and fatigue, were
the strongest predictors of supervised mobility; and (iv) AR symptoms and executive dys-
function best predicted unsupervised performance.

General effect of MS and NMS on mobility
MS and NMS explained only a modest share of variance in mobility, around one quarter
on average, with stronger effects on capacity than performance. Within supervised assess-
ments, complex tasks such as BW and turning were most affected, while FW showed weaker
associations. These results underscore the multifactorial nature of mobility in PD, where de-
mographics and lifestyle (age, fitness, education) (Lee et al., 2019; Schlachetzki et al., 2017);
personal factors (motivation, mood, fear of falling) (Nemanich et al., 2013; Paker et al.,
2015; Yang, 2025); comorbidities (obesity, malnutrition, pain, orthopedic issues) (Grande
et al., 2019; Yilmaz et al., 2019); and external elements (medications, walking aids) (O’
Donnell et al., 2025; Smulders et al., 2016) also play a role. Real-world performance is
further shaped by environment, weather, work and socio-economic context (Roussos et al.,
2022). Despite controlling some of these elements, capturing all determinants is unrealistic
in routine practice and likely contributes to the modest variance explained, especially for
AvDS. Moreover, our cohort of relatively high-functioning participants may also have used
compensatory strategies (e.g., pacing, activity scheduling) that preserve daily step totals
despite symptoms (Mirelman et al., 2019). The greater explanatory power for BW and
turning is consistent with the observation that complex gait challenges axial control and
cognitive-motor integration to a greater extent than FW. BW particularly showed the high-
est symptom-related variance and is known to be disproportionately impaired and linked to
falls (Hackney & Earhart, 2009; Milane et al., 2025), likely due to higher postural, propri-
oceptive, and cognitive demands (Correno et al., 2022; Hackney & Earhart, 2009; Hulbert
et al., 2015; Mancini et al., 2015, 2016; Milane et al., 2025).

MS and NMS impact on capacity
In MS-only models, all three motor subdomains related to capacity, with AR associated with
faster turning and better overall mobility (shorter iTUG) and gait rhythmicity, in line with
the global impact of bradykinesia/rigidity on timing and smoothness (Allali et al., 2014;
Winogrodzka et al., 2005). TD showed an inverse association with impairment, consistent
with the clinical observation of relatively milder disability in TD individuals (Aleksovski
et al., 2018; Stebbins et al., 2013). When MS and NMS were combined, AR no longer
predicted supervised mobility parameters, whereas TD retained its inverse association across
several mobility metrics, while PIGD remained linked to BW and turning. This result is
rather expected given the contribution of axial symptoms to mobility (Bryant et al., 2018;
Pongmala et al., 2025; Prime et al., 2020). The attenuation of AR in combined models
may reflect overlapping variance with NMS and stronger TD effects. However, as this is the
first report on this topic, confirmation is warranted. Among NMS, executive dysfunction
emerged as the most consistent predictor of supervised mobility, predicting poorer turning,
BW, and slower FW pace, and it remained significant in combined models, aligning with
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evidence that set-shifting, attention and dual-tasking deficits degrade complex gait (Salazar
et al., 2017; Yogev-Seligmann et al., 2008). Fatigue also related to slower BW and altered
FW rhythm and continued to influence turning when MS were included (Alix-Fages et al.,
2023; Branscheidt et al., n.d.; Carvalho et al., 2020; Garber & Friedman, 2003; Huang
et al., 2017). Depression affected FW pace and global iTUG in NMS-only models but
lost significance when MS were added, suggesting indirect effects mediated by increasing
motor severity or reducing physical activity and fitness (Dragašević-Mišković et al., 2021;
Lord, Galna, Coleman, et al., 2013; Mayeli et al., 2024; Timblin et al., 2022). This is
similarly observed for sleep problems which were associated with turning parameters in
the NMS-only model but were not significant when MS were included. Indeed, poor sleep
quality has been shown to worsen both motor and non-motor symptoms of PD (Yi et al.,
2022). This interplay between NMS and MS in affecting mobility underscores the need for
a global clinical approach since addressing NMS like cognitive dysfunction, depression, or
fatigue might indirectly improve mobility by allowing patients to better utilize their motor
capacity.

MS and NMS impact on performance

For unsupervised mobility, AR was the primary motor predictor of AvDS in MS-only and
combined models. Worse AR related to fewer daily steps, consistent with bradykinesia and
rigidity negatively impacting overall activity in PwPD (Christiansen et al., 2017; Galperin
et al., 2019; Nagaki et al., 2022). TD did not predict AvDS, in line with clinical experience
that tremor does not necessarily reduce habitual walking (Galperin et al., 2020; Safarpour
et al., 2022). Notably, PIGD was not associated with AvDS, suggesting that even with
gait/postural impairments, participants maintained daily walking volumes, consistent with
the possibility of compensation in a mild-to-moderate cohort. Within NMS, depression
and executive dysfunction predicted lower AvDS in NMS-only models. Previous evidence
reported the negative impact of these symptoms on gait impairments. A recent large sys-
tematic review by Bizzozero-Peroni and colleagues recently showed that daily steps are
inversely associated with the risk of depression in adults (Bizzozero-Peroni et al., 2024).
Additionally, Burgos et al. reported that executive dysfunction negatively impacted gait
in PwPD in real-world conditions (Burgos et al., 2025). However, in combined models,
executive dysfunction and AR remained the only significant factors. This is consistent with
previous evidence highlighting the impact of bradikynesia and executive functions on real-
world activity (Burgos et al., 2025; Mc Ardle et al., 2022; Still et al., 2024).Depression,
on the other hand, was not a significant predictor in the combined model, consistent with
the findings on capacity-related metrics. This could be again attributable to an indirect
effect. In fact, previous evidence indicated how depression could negatively impact exec-
utive functions and other symptoms in PwPD (Kummer et al., 2009; Uekermann et al.,
2003). Fatigue did not independently relate to AvDS. This is in contrast with a previ-
ous study from Pilotto and colleagues (Pilotto et al., 2023), showing that fatigue impacts
unsupervised walking but not supervised in a cohort of 42 early PwPD. However, in that
study, authors examined spatiotemporal gait parameters and fatigue was associated with
step metrics. Differently, we did not examine detailed walking parameters but rather the
volume of walking during the day. It is, indeed, possible that our patients could compen-
sate for fatigue by distributing their activity throughout the day and thus they might still
achieve a certain number of steps, albeit with more pauses and at a slower pace. The dom-
inance of AR and executive function as predictors in the combined model underscores the
importance of considering both motor and non-motor factors in real-life mobility. A patient
may have the physical ability to walk but still be limited by executive deficits that reduce
navigation skills or confidence; conversely, preserved cognition cannot compensate for severe
bradykinesia and rigidity. This dual influence highlights the need for integrated interven-
tions, addressing motor symptoms (e.g., physiotherapy or medication) alongside cognitive
and mood aspects. Cognitive rehabilitation or treatment of depression, for instance, may
enhance patients’ willingness and capacity to remain active, complementing motor improve-
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ments. Evidence supports this interdependence, as treating NMS can improve functional
motor status (Chaudhuri et al., 2024; Michels et al., 2022). and cognitive training has been
shown to benefit motor symptoms in mild-to-moderate PD (Michels et al., 2022). While
our study was not interventional, the observed associations reinforce these links.

Limitations, strengths and perspectives
We acknowledge that this study has limitations. First, the cross-sectional design prevents
us from inferring causal relationships between variables. Second, the sample included in-
dividuals in mild-to-moderate PD stages, and those with more severe cognitive or motor
impairments and unable to walk independently were excluded. This could limit the general-
izability of our findings across disease severities. The mobility assessment was also limited:
supervised mobility relied only on spatiotemporal gait and turning parameters, while unsu-
pervised mobility relied only on AvDS. Although our evaluation was more extensive com-
pared with several previous studies, incorporating a more comprehensive range of mobility
indicators, especially under real-world conditions, could enhance our understanding of eco-
logical mobility. Regarding NMS, we did not explore in detail all the different domains that
are usually reported in PD. Specifically, we did not include specific assessment for autonomic
dysfunction (including cardiovascular, sexual, gastrointestinal and urinary problems), anx-
iety and perceptual problems/hallucinations. However, we partially accounted for the lack
of dedicated assessment for these domains by including part I of MDS-UPDRS (Non-Motor
Aspects of Experiences of Daily Living), which include items regarding these domains, to
capture the global impact of NMS. Regarding MS assessment, technological advancement
allows now neurologists to collect quantitative data regarding motor symptoms such as
bradykinesia and tremor by means of wearable devices, computer vision or other methods
(Moreau et al., 2023; Pecoraro et al., 2025). The implementation of quantitative measures
of MS could increase the level of informativeness of PwPD evaluation as well as granting
the possibility to monitor patients at home, achieving a more comprehensive assessment of
motor impairment. Allowing participants to view smartwatch feedback may have influenced
their behavior, as step-count displays can encourage activity (Ferguson et al., 2022). We
accepted this potential bias since our goal was to mirror real-world conditions of smart-
watch usage. Using consumer-grade devices also raises concerns about data privacy and
the opacity of proprietary algorithms. Although our procedures followed manufacturer in-
structions and EU data protection standards, we could not assess how demographic inputs
(e.g., age, height, weight) or proprietary algorithms affected step counts. Moreover, raw
data are not directly accessible, limiting independent analysis and advanced processing.
Despite these limitations, our study presents notable strengths. One is the broad range
of supervised mobility tasks assessed, including FW, BW, turning and global supervised
mobility. Another key strength lies in the application of standardized and well-established
motor subscores extraction. Furthermore, the application of robust linear regression made
our analysis more resilient to deviations from classical linear model’s assumptions. Lastly,
our findings emphasize the value of integrating both supervised and unsupervised mobility
assessments to achieve a comprehensive evaluation of individuals with PD and stimulate
further research to understand in greater detail how motor and non-motor components of
PD interact.

Conclusions
In conclusion, we demonstrated that both motor and non-motor symptoms significantly
contribute to different domains of supervised and unsupervised mobility in people with
Parkinson’s disease. Our findings emphasize that mobility is a multidimensional construct
influenced not only by motor impairments but also by the burden of non-motor symptoms,
such as sleep disturbances, fatigue, depression, and cognitive deficits. Importantly, the
differential impact of these symptoms across mobility domains suggests that no single mea-
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sure can fully capture mobility limitations in Parkinson’s disease. Instead, an integrated
approach combining both supervised tasks and real-world performance should be preferred
to comprehensively characterize patients’ mobility. From a clinical perspective, these re-
sults reinforce the need for multidimensional assessments that go beyond motor symptoms
alone, acknowledging the role of non-motor features as key determinants of mobility and
daily functioning. This perspective may inform the design of tailored interventions aimed
at addressing both motor and non-motor symptoms to improve mobility, independence, and
quality of life in Parkinson’s disease. Future longitudinal studies are warranted to clarify
causal pathways and to determine whether targeted management of non-motor symptoms
could mitigate mobility decline and enhance therapeutic outcomes.

Supplementary material
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Table S10.3. Summary of the MS+NMS predictors for each robust regression model.
The intercept of the regression models is also shown for each dependent variable. For each
predictor the estimated coefficient, p-value and level of significance are reported.

Outcome Predictor Estimate p-value

AvDS (steps/day) (Intercept) 10859.281 < 0.001***
MDS-UPDRS II -125.440 0.097
FSS -310.128 0.050
WCST -43.592 0.003**
AR -90.349 0.049*

FW speed (m/s) (Intercept) 1.488 < 0.001***
WCST -0.005 < 0.001***
BDI-II -0.013 < 0.001***
TD 0.009 0.018*
PIGD -0.022 0.138

Cadence (steps/min) (Intercept) 121.022 < 0.001***
FSS -1.376 0.011*
BDI-II -0.195 0.319
AR -0.173 0.247

Stride length (%height) (Intercept) 63.525 < 0.001***
ESS 0.380 0.232
WCST -0.159 0.029*
BDI-II -0.500 0.012*
TD 0.483 0.012*
PIGD -1.335 0.071

Stance (%cycle) (Intercept) 59.851 < 0.001***
FSS 0.283 0.011*
PIGD 0.114 0.375

Swing (%cycle) (Intercept) 40.147 < 0.001***
FSS -0.283 0.012*
PIGD -0.114 0.375

Cycle duration (s) (Intercept) 1.202 < 0.001***
FSS 0.018 < 0.001***
MoCA -0.007 0.076

iTUG duration (s) (Intercept) 8.429 < 0.001***
WCST 0.026 0.406
TD -0.207 < 0.001***
PIGD 0.661 < 0.001***

Turn duration (s) (Intercept) 1.283 < 0.001***
MDS-UPDRS II 0.038 0.051
WCST 0.015 0.008**
AR 0.026 0.068

MAV (°/s) (Intercept) 91.136 < 0.001***
MDS-UPDRS II -0.535 0.007**
WCST -0.334 < 0.001***
TD 0.560 0.012*
PIGD -1.504 0.004**

PAV (°/s) (Intercept) 121.770 0.008**
MDS-UPDRS II -1.114 0.147
FSS -3.390 0.044*
WCST -0.505 0.028*
MoCA 2.334 0.071
TD 1.288 0.091
AR -1.205 0.116

BW speed (m/s) (Intercept) 0.976 < 0.001***
MDS-UPDRS II -0.011 0.056
PDSS-2 0.006 0.152
FSS -0.046 < 0.001***
WCST -0.005 0.008**
TD 0.008 0.023*
PIGD -0.027 0.042*

AR: akinetic-rigid; AvDS: average daily steps; BDI-II: Beck depression inventory II; BW: back-
ward walking; FSS: Fatigue severity scale; FW: forward walking; iTUG: instrumented timed-
up-and-go; MAV: mean angular velocity; MoCA: Montreal cognitive assessment; PAV: peak
angular velocity; PDSS-2: Parkinson’s disease sleep scale 2; PIGD: postural instability and
gait disorders; TD: tremor-dominant; WCST: Word-color Stroop test.
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Table S10.4. Summary of the MS predictors for each robust regression model. The
intercept of the regression models is also shown for each dependent variable. For each
predictor the estimated coefficient, p-value and level of significance are reported.

Outcome Predictor Estimate p-value

AvDS (steps/day) (Intercept) 9059.072 < 0.001***
MDS-UPDRS II -137.935 0.075
AR -138.130 0.005**

FW speed (m/s) (Intercept) 1.376 < 0.001***
MDS-UPDRS II -0.006 0.416
TD 0.011 0.013*
PIGD -0.016 0.439
AR -0.009 0.370

Cadence (steps/min) (Intercept) 117.149 < 0.001***
MDS-UPDRS II -0.348 0.169
AR -0.181 0.254

Stride length (%height) (Intercept) 80.707 < 0.001***
TD 0.562 0.008**
PIGD -1.301 0.213
AR -0.301 0.279

Stance (%cycle) (Intercept) 60.861 < 0.001***
TD -0.078 0.135
PIGD 0.194 0.125

Swing (%cycle) (Intercept) 39.140 < 0.001***
TD 0.077 0.142
PIGD -0.193 0.127

Cycle duration (s) (Intercept) 1.045 < 0.001***
TD -0.002 0.053
AR 0.003 0.025*

iTUG duration (s) (Intercept) 9.171 < 0.001***
TD -0.199 < 0.001***
PIGD 0.535 0.010*
AR 0.092 0.048*

Turn duration (s) (Intercept) 1.751 < 0.001***
MDS-UPDRS II 0.031 0.142
AR 0.035 0.016*

MAV (°/s) (Intercept) 84.510 < 0.001***
MDS-UPDRS II -0.582 0.161
TD 0.688 0.003**
PIGD -1.184 0.120
AR -0.630 0.028*

PAV (°/s) (Intercept) 177.343 < 0.001***
MDS-UPDRS II -0.953 0.234
TD 1.412 0.018*
AR -2.252 0.002**

BW speed (m/s) (Intercept) 0.959 < 0.001***
MDS-UPDRS II -0.008 0.202
TD 0.011 0.007**
PIGD -0.026 0.011*
AR -0.008 0.071

AR: akinetic-rigid; AvDS: average daily steps; BW: backward walking; FW: forward walking;
iTUG: instrumented timed-up-and-go; MAV: mean angular velocity; MDS-UPDRS: Movement
Disorder Society unified Parkinson’s disease rating scale; PAV: peak angular velocity; PIGD:
postural instability and gait disorders; TD: tremor-dominant.
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Table S10.5. Summary of the NMS predictors for each robust regression model. The
intercept of the regression models is also shown for each dependent variable. For each
predictor the estimated coefficient, p-value and level of significance are reported.

Outcome Predictor Estimate p-value

AvDS (steps/day) (Intercept) 9320.876 < 0.001***
WCST -54.667 < 0.001***
BDI-II -174.071 0.004**

FW speed (m/s) (Intercept) 1.523 < 0.001***
WCST -0.005 < 0.001***
BDI-II -0.017 < 0.001***

Cadence (steps/min) (Intercept) 118.541 < 0.001***
FSS -1.441 0.016*
BDI-II -0.229 0.239

Stride length (%height) (Intercept) 87.075 < 0.001***
WCST -0.178 0.014*
BDI-II -0.692 < 0.001***

Stance (%cycle) (Intercept) 60.017 < 0.001***
FSS 0.319 0.002**

Swing (%cycle) (Intercept) 39.971 < 0.001***
FSS -0.316 0.003**

Cycle duration (s) (Intercept) 1.202 < 0.001***
FSS 0.018 < 0.001***
MoCA -0.007 0.076

iTUG duration (s) (Intercept) 7.164 < 0.001***
WCST 0.060 0.063
BDI-II 0.222 < 0.001***

Turn duration (s) (Intercept) 1.411 < 0.001***
PDSS-2 0.042 < 0.001***
WCST 0.018 0.004**

MAV (°/s) (Intercept) 78.294 < 0.001***
PDSS-2 -0.542 0.015*
WCST -0.319 0.003**
BDI-II -0.652 0.012*
MoCA 0.585 0.409

PAV (°/s) (Intercept) 113.296 0.026*
FSS -4.470 0.073
WCST -0.672 0.006**
BDI-II -1.181 0.066
MoCA 2.942 0.086

BW speed (m/s) (Intercept) 0.638 0.050*
FSS -0.046 < 0.001***
WCST -0.004 0.038*
BDI-II -0.008 0.069
MoCA 0.013 0.266

AvDS: average daily steps; BDI-II: Beck depression inventory II; BW: backward walking; FSS:
Fatigue severity scale; FW: forward walking; iTUG: instrumented timed-up-and-go; MAV:
mean angular velocity; MoCA: Montreal cognitive assessment; PAV: peak angular velocity;
PDSS-2: Parkinson’s disease sleep scale 2; WCST: Word-color Stroop test.
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Abstract
Nocturnal hypokinesia (NH) is a disabling and underrecognized symptom of Parkinson’s
disease (PD), affecting nighttime movements and sleep quality. However, its impact on
daytime mobility remains unclear. This study investigated supervised and unsupervised
mobility in propensity score-matched mild-to-moderate PD patients with (PD NH+) and
without NH (PD NH-). Eighty-eight participants (44 PD NH+ and 44 PD NH-) un-
derwent clinical assessments, mobility tests (i.e., 20-metre forward walking, instrumented
Timed-Up-and-Go and 3-metre backward walking test), and 5-day monitoring of average
daily steps (avDS) through a commercial activity tracker (Garmin Vivosmart 4). PD NH+
demonstrated worse functional mobility, reduced turning velocity, slower backward walk-
ing, and fewer avDS than PD NH-. Furthermore, NH severity correlated negatively with
most supervised measures and with avDS. These findings suggest that NH is associated
with impaired daytime mobility and worse motor function. This highlight the importance
of targeted interventions to address both nocturnal and diurnal mobility impairments in
PD.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disease increasingly affecting people world-
wide (GBD 2016 Parkinson’s Disease Collaborators, 2018). The classical PD motor symp-
toms are bradykinesia, tremor, and rigidity (Postuma et al., 2015). With disease pro-
gression, more drug-resistant symptoms such as balance, posture and gait impairments
could occur, leading to reduced functional independence and quality of life (Poewe et al.,
2017). Besides motor manifestations, a number of non-motor symptoms (NMS), such as
sleep problems, cognitive impairment, autonomic dysfunction, hallucinations, mood distur-
bances, urinary and gastrointestinal dysfunction have been described in PD, contributing to
deterioration in quality of life (Schapira et al., 2017). Sleep disturbances are highly common
NMS, affecting over 70% of people with PD (PwPD) (Dodet et al., 2024). These include
insomnia/sleep fragmentation, restless leg syndrome, sleep breathing disorders, periodic
limb movements syndrome, REM sleep behavior disorder (RBD) and excessive daytime
sleepiness (EDS) (Dodet et al., 2024). Nocturnal hypokinesia (NH) is considered a dis-
order that lies at the interface between motor and non-motor symptoms (Bhidayasiri &
Trenkwalder, 2018). This is characterized by reduced mobility during nighttime with static
position during sleep, reduced postural transitions, difficulty in turning and getting out
of bed (Bhidayasiri & Trenkwalder, 2018; Li et al., 2023; Mirelman et al., 2020; Sringean
et al., 2024). The reduced bed mobility could result in poor sleep quality and increased
daytime sleepiness with reduced daytime functioning (Louter et al., 2012; Sringean et al.,
2024). However, NH remains an under-investigated symptom, mainly due to the challenge
of assessing it. In fact, most of the assessments rely on patients-reported questionnaires,
suffering from recall bias and with the risk of selecting people with more severe symptoms.
Conversely, wearable digital technology allow to evaluate bed movements in a quantitative
and objective way (Zampogna et al., 2020). Although some sensor-based studies granted us
a better understanding of NH features and prevalence (Bhidayasiri, Sringean, Anan, et al.,
2016; Bhidayasiri, Sringean, Chaiwong, et al., 2017; Bhidayasiri, Sringean, & Thanawat-
tano, 2016, 2017; Mirelman et al., 2020), the implementation of these instruments to assess
treatment response is still sparse. NH is generally considered a form of nighttime wearing-
off (WO). Thus, reduced bed movements could be present even during early stages of the
disease and could represent an early sign of a fluctuating disease (Bhidayasiri, Sringean, &
Thanawattano, 2016; Dijkstra et al., 2008; Mirelman et al., 2020; Sringean et al., 2024).
Accordingly, it is reasonable to think that in a progressing disease, signs of fluctuations
appear first during nighttime as the effect of L-DOPA fade away, since almost all PD
medications are taken during daytime. Based on this assumption, treatments for NH in-
clude controlled/delayed-release L-DOPA, long-acting Dopamine-Agonists and continuous
dopaminergic delivery therapies (e.g. apomorphine infusion, levodopa-carbidopa intesti-
nal gel)(Bhidayasiri, Sringean, Anan, et al., 2016; Bhidayasiri, Sringean, Chaiwong, et al.,
2017; Sringean et al., 2024). Nevertheless, a recent study from Taniguchi et al. (Taniguchi
et al., 2022) reported a positive association between hip adductors torque and bed move-
ments velocity. This result supported the potential of rehabilitative approaches to treat NH
(Souza et al., 2023) and set the rationale to assess an association between NH and other
daily mobility impairments. Indeed, mobility problems are a common feature of people
with PD (PwPD), with increasing prevalence along disease course and progression (Adams
et al., 2024; Mirelman et al., 2019, 2024). Mobility could be assessed in both supervised
(in the hospital or laboratory) and unsupervised, free-living conditions (in real world). A
number of evidence highlighted that these two modalities of mobility assessment could cap-
ture different aspects of PwPD ability to move (Corrà et al., 2021; Zajac et al., 2022). In
supervised conditions, previous evidence in PwPD demonstrated altered gait parameters in
forward walking (FW) (e.g., reduced gait speed and automaticity, shortened step length,
among others) (Mirelman et al., 2019), impaired turning abilities (reduced angular velocity
and disrupted body segments reorientation sequence Bianchini, Warmerdam, et al., 2023)
and altered backward walking (Hackney & Earhart, 2009). In unsupervised conditions,
PwPD displayed altered turning (Mancini et al., 2015; Morgan et al., 2022), gait param-
eters (Adams et al., 2024; Mirelman et al., 2024) and reduced walking performance with
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lower physical activity and average number of daily steps (Ginis et al., 2023; Shokouhi
et al., 2022). To the best of our knowledge, no study assessed the relationship between
NH and supervised and unsupervised mobility PwPD. Therefore, this study aimed to: (i)
investigate differences in both supervised and unsupervised mobility between propensity
score-matched mild-to-moderate PwPD with (PD NH+) and without NH (PD NH-); (ii)
evaluate the association between mobility parameters and NH severity; (iii) evaluate the
difference in clinical scores between PD NH+ and PD NH-.

Material and Methods
Study design and ethics
This was a propensity score-matched analysis conducted on a cross-sectional dataset of
121 mild-to-moderate PwPD collected to validate wearable-based measures and investigate
the interaction between mobility, motor and non-motor symptoms in PwPD. Approval was
granted by the local Ethical Committee of Sapienza, University of Rome (Ref. 0372/2022).
This study was conducted in accordance with the ethical standards set forth in the Dec-
laration of Helsinki of 1964 and subsequent amendments. Data collection and processing
were carried out in compliance with current European data protection regulations. All data
were deidentified. Participants did not receive any form of compensation.

Population
Participants were consecutively recruited from the Movement Disorders Centre at Sant’An-
drea University Hospital (A.O.U. Sant’Andrea) in Rome between February 2023 and May
2024. Inclusion criteria included: (i) diagnosis of idiopathic PD according to the MDS
criteria (Postuma et al., 2015); (ii) age 18 years or older; (iii) disease stage < 4 according
to the modified Hoehn and Yahr scale (mHY) (“severe disability; still able to walk or stand
unassisted”) (Goetz et al., 2004); (iv) ability to walk independently without walking aids;
and (v) ability to perform the experimental procedure. Exclusion criteria were: (i) severe
cognitive impairment as defined by a Montreal Cognitive Assessment (MoCA) score < 18;
and (ii) orthopedic, rheumatologic, or systemic conditions affecting mobility as judged by
the assessor.

Experimental Procedure
Participants meeting the inclusion and exclusion criteria were evaluated during their reg-
ular neurological follow-up visits. After collecting demographic (age, sex), anthropometric
(weight, height, BMI) and clinical data (disease duration, levodopa equivalent daily dose
[LEDD], mHY), participants were clinically evaluated with different clinical scales to as-
sess mobility, motor and non-motor symptoms. In particular, data regarding the follow-
ing clinical scores were included in this analysis: the Movement Disorder Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) parts I-IV (Goetz et al., 2008) were used
to assess global symptoms severity. The score of item 2.9 of MDS-UPDRS part II was used
to evaluate the presence and severity of NH. A score ≥ 1 was used to define the presence
of NH. From parts II and III of MDS-UPDRS, the postural instability and gait disorder
(PIGD) and the tremor dominant (TD) scores were calculated (Stebbins et al., 2013). The
MoCA (Nasreddine et al., 2005) was used to evaluate global cognition. The time to com-
plete the interference part of the word-color Stroop test (WCST) in seconds was used to
evaluate executive functions (Scarpina & Tagini, 2017). The Short Physical Performance
Battery (Guralnik et al., 1994) was used to assess lower limb functions and general mobility.
The Parkinson’s Disease Questionnaire 39-items (PDQ-39) (Jenkinson et al., 1997) and the
Functional Motor Composite Score (FMCS) (Hanff et al., 2023) was used to assess quality
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of life and functional mobility. Parkinson’s Disease Sleep Scale 2 (PDSS-2) (Trenkwalder
et al., 2011), Epworth Sleepiness Scale (ESS) (Johns, 1991), Fatigue Severity Scale (FSS)
(Siciliano et al., 2019) and Beck Depression Inventory II (BDI-II) (Maggi et al., 2023) were
used to assess sleep problems, EDS, fatigue and depressive symptoms, respectively. Finally,
the Wearing-Off Questionnaire 19-items (WOQ-19) (Abbruzzese et al., 2012) was used to
investigate WO. The presence of Freezing of Gait (FOG) was defined using a cut-off of ≥ 1
score at item 2.13 of MDS-UPDRS-II. Subsequently, participants were invited to perform
three supervised mobility tasks while wearing a lower-back mounted research-grade inertial
device for mobility analysis (BTS G-WALK, BTS Engineering Inc., Milan) (Vítečková et
al., 2020): (i) a 20-meter FW task; (ii) an instrumented Timed Up and Go (TUG) (Ortega-
Bastidas et al., 2023), and (iii) a 3-meter Backward Walking Test (3MBWT) (Barta et
al., 2025). From the FW, spatiotemporal gait parameters were measured, including speed
(m/s), cadence (steps/min), stride length normalized to height (%), stance and swing phases
duration expressed as % of gait cycle. For the TUG, total duration and mean and peak
angular velocity (MAV and PAV, respectively) of the intermediate 180° turn were com-
puted. For the 3MBWT, backward walking speed was measured. Participants were then
asked to wear the Garmin Vivosmart 4 smartwatch (Garmin, Olathe, KS, USA), config-
ured according to the manufacturer’s specifications by indicating the users’ age, height,
weight, and the wrist on which the smartwatch was worn (i.e., left or right). The device
was worn on the wrist of the less affected side, in line with previous research findings (Bian-
chini et al., 2025; Bianchini, Galli, et al., 2023; Bianchini et al., 2022) for 5 consecutive
days. We chose a 5-day period since we demonstrated previously that a minimum of 4
days of monitoring is needed to reliably estimate daily step count in PwPD (Bianchini,
Galli, et al., 2023) and that 5 days of monitoring led to acceptable reliability regardless of
PD severity, stage and phenotype (Bianchini et al., 2025). Moreover, in a proof-of-concept
experiment, we recently demonstrated that Garmin Vivosmart 4 was valid and decently
accurate in estimating avDS in PD (Bianchini et al., 2025). Participants were instructed
to wear the smartwatch all time during day and night and remove it only when involved
in water activities (e.g., bathing, showering, swimming, etc.). Participants were also asked
to perform daily activities as usual. No additional reminder or instructions were provided
to participants during the monitoring period. During the monitoring period, participants
could access information on the smartwatch screen, including the total number of steps,
heart rate and sleep time. The device did not provide instructions, alerts or other messages
to participants. The total daily steps recorded were extracted, and the average daily steps
(AvDS) were calculated[48]. Compliance was assessed based on the participants’ dashboard
data. We could assess that the device was worn through heart rate and activity data. We
considered all recording days with ≥ 80% wear time while awake to be valid. We estimated
the awake time as 24 hours minus the total sleep time as indicated by the device (Bianchini
et al., 2025). Experimental procedure is summarized in fig. 11.1.

Statistical analyses

Statistical analyses were performed using JASP v0.18.3.0 (JASP Team, University of Ams-
terdam, The Netherlands), R v4.0.3, and R Studio v2023.12.0+369 for Windows (R Foun-
dation for Statistical Computing, Vienna, Austria). Descriptive statistics were calculated
for the study variables. The normality of the variables was assessed through histograms and
residual plots inspection. From the total PwPD dataset, a nearest neighbour propensity
score matching for age, sex and disease duration, with a 1:1 ratio between PD NH+ and
PD NH- was performed using a custom script and the “MatchIt” package in R. We used the
Mann-Whitney and Chi square test, to check the lack of significant differences between the
matching variables. Mann-Whitney test was also used to compare variables between PD
NH+ and PD NH-. Chi-square test was used to compare categorical variables between the
two groups. Spearman’s test was used to evaluate correlations between mobility and clinical
variables and MDS-UPDRS 2.9 score. The cut-off points used for interpreting correlation
coefficient values were as follows (Akoglu, 2018): < 0.1: negligible; 0.1-0.2: very weak;
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0.2-0.4: weak; 0.4-0.7: moderate; 0.7-0.9: strong; > 0.9: very strong. The Kruskal-Wallis
test was used to assess the difference in supervised and unsupervised mobility parameters
across NH severity, as indicated by MDS-UPDRS item 2.9 score. Dunn’s post-hoc test with
Holm-Bonferroni correction was used for pairwise comparisons in case of overall significance.
For all analyses, the significance threshold was set at alpha < 0.05. FDR correction with
a predefined FDR of 0.05 was applied to p-values to control error inflation due to multiple
testing. All data are reported as mean ± SD or median (Q1-Q3) for numerical variables
and N (%) for categorical variables.

Figure 11.1. Schematic representation of study experimental procedure. 3MBWT: 3-
meter backward walking test; AvDS: average daily steps; BDI-II: Beck depression inventory;
BMI: Body mass index; ESS: Epworth sleepiness scale; FES-I: Falls Efficacy Scale Interna-
tional; FMCS: Functional mobility composite score; FOG: Freezing of gait; FSS: Fatigue
severity scale; FW: forward walking; LEDD: Levodopa equivalent daily dose; MAV: Mean
angular velocity; MDS-UPDRS: Movement Disorder Society Unified Parkinson’s disease
rating scale; mHY: Modified Hoehn and Yahr stage; MoCA: Montreal cognitive assess-
ment; PAV: Peak angular velocity; PDQ-39: Parkinson’s disease questionnaire 39; PDSS-2:
Parkinson’s disease sleep scale; PIGD: Postural instability and gait disorders; TD: Tremor
dominant; TUG: Timed Up and Go; WCST: Word-color Stroop test; WO: Wearing-off;
WOQ-19: Wearing-off questionnaire 19.

Results
Overview

Of the total 121 PwPD included in the cross-sectional dataset, 44 PD NH+ and 44 matched
PD NH- were included for a total of 88 participants. Globally, participants demonstrated a
median score at MDS-UPDRS item 2.9 of 1 (0 - 1; range 0 - 2). Demographic, clinical and
mobility characteristics of the enrolled population are presented in table 11.1, table 11.2
and table 11.3, respectively.
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Table 11.1. Demographic, anthropometric and basic clinical characteristics of the overall
population, PD NH+ and PD NH-. The FDR adjusted p-value of the Mann-Whitney test
are reported. Significance of the difference is shown as follows: * = P < .05; ** = P <
.01; *** = P < .001.

PwPD
(N=88)

PD NH+
(N=44)

PD NH-
(N=44)

Adj p

Age (years) 68.6 ± 9.0 68.7 ± 7.9 68.5 ± 10.1 0.997
Sex (female) 24 (27%) 13 (30%) 11 (25%) 1
Height (cm) 171 ± 8.7 170 ± 8.2 172 ± 9.2 0.410
Weight (kg) 76.4 ± 12.2 78.0 ± 12.0 74.7 ± 12.4 0.338
BMI (kg/m²) 25.9 ± 3.3 26.7 ± 3.1 25.1 ± 3.4 0.068
Disease duration (years) 6.49 ± 4.04 6.89 ± 4.07 6.09 ± 4.02 0.338
LEDD (mg) 558 ± 269 659 ± 268 457 ± 252 <0.001***
mHY 2 (2–2.5) 2 (2–2.5) 2 (2–2.5) 0.188

BMI: Body mass index; mHY: Modified Hoehn and Yahr stage; LEDD: Levodopa equivalent
daily dose.

Differences in mobility parameters between PD NH+ and PD NH-

Concerning supervised mobility, PD NH+ showed a significantly longer TUG duration
(P=0.035), lower MAV (P=0.031), PAV (P=0.035) and 3MBWT speed (P=0.031). Re-
garding unsupervised mobility, PD NH+ took significantly less steps/day compared with
PD NH- (P=0.034). Differences in supervised and unsupervised mobility between the two
groups are summarized in table 11.3.

Correlation between NH severity and mobility parameters

Regarding supervised mobility, NH severity as measured as MDS-UPDRS item 2.9 showed
a weak negative correlation with FW speed (�= -0.242; p=0.033), normalized stride length
(�= -0.268; p=0.019), TUG duration (�= -0.337; p=0.004), MAV (�= -0.331; p=0.004), PAV
(�= -0.322; p=0.004) and 3MBWT speed (�= -0.325; p=0.004). No significant correlations
were found between MDS-UPDRS item 2.9 and FW cadence (�= -0.065; p=0.688), FW
swing (�=0.009; p=0.936) and FW stance (�= 0.009; p=0.936). Considering unsupervised
mobility, MDS-UPDRS item 2.9 showed a weak negative correlation with AvDS (�= -0.336;
p=0.004).

Differences in mobility parameters across NH scores

In terms of supervised mobility, Kruskal-Wallis test showed a significant difference across
MDS-UPDRS item 2.9 scores in FW speed (P=0.004), FW stride length normalized (P=0.003),
TUG duration (P=0.003), MAV (P=0.004), PAV (P=0.004) and 3MBWT speed (P=0.006).
Dunn’s test showed a significant difference between score 0 and 2 in all variables (fig. 11.2).
Moreover, significant differences between scores 1 and 2 were found in FW speed (Figure
2A), FW stride length normalized (Figure 2B), TUG duration (Figure 2F) and PAV (Figure
2H). Regarding unsupervised mobility, a significant difference across NH severity was found
for AvDS (P=0.004). Dunn’s test showed a significant difference both between score 0 and
2 and between 1 and 2 (Figure 3). Details of the Kruskall-Wallis test and Dunn’s pairwise
comparisons are summarized in fig. 11.3.
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Table 11.2. Clinical characteristics of the overall population, PD NH+ and PD NH-.
The FDR adjusted p-value of the Mann-Whitney test are reported. Significance of the
difference is shown as follows: * = P < .05; ** = P < .01; *** = P < .001.

PwPD
(N=88)

PD NH+
(N=44)

PD NH-
(N=44)

Adj p

MDS-UPDRS I 7 (5–11) 8 (5–11) 6 (3–8) 0.031*
MDS-UPDRS II 5 (3–10) 8 (5–12) 4 (2–6) <0.001***
MDS-UPDRS III 29 (23–33) 31 (25–34) 27 (22–32) 0.083
MDS-UPDRS IV 0 (0–2) 0 (0–2) 0 (0–0) 0.028*
MDS-UPDRS TOT 43 (34–51) 48 (42–56) 37 (30–44) <0.001***
MDS-UPDRS 2.9 1 (0–1) 1 (1–1) 0 (0–0) –
0 44 (50%)
1 33 (37%)
2 11 (13%)
TD subscore 2 (0–5) 2 (0–4) 2.5 (0–5) 0.123
PIGD subscore 3 (1–5) 3.5 (2–5) 3 (1–4) 0.083
PDSS 4.3 ± 3.6 3.5 ± 1.7 1.2 ± 10.1 0.020*
FMCS 84.9 ± 15.1 79.1 ± 15.9 90.6 ± 11.9 <0.001***
WOQ-19 0 (0–2) 1 (0–3) 0 (0–1) 0.028*
PDSS2 10 (7–15) 11.5 (9–17) 8.5 (5–13) 0.021*
ESS 6 (4–8) 6 (6–8) 6 (4–8) 0.391
FSS 3.25 ± 1.66 3.70 ± 1.50 3.21 ± 1.79 0.127
FES I 22 (18–27) 25.5 (21–29) 20 (17–25) 0.007**
BDI II 7 (5–10) 8 (6–11) 6 (5–9) 0.031*
SPPB 10 (8–11) 10 (9–11) 11 (9–12) 0.182
MoCA 26 (25–27) 26 (25–27) 26 (24–28) 0.464
WCST 42.1 ± 15.9 43.3 ± 16.5 40.8 ± 15.3 0.464
FOG 15 (17%) 8 (18%) 7 (16%) 1
WO 32 (36%) 23 (52%) 9 (21%) 0.012*

BDI-II: Beck depression inventory; ESS: Epworth sleepiness scale; FES-I: Falls Efficacy Scale
International; FMCS: Functional mobility composite score; FOG: Freezing of gait; FSS: Fa-
tigue severity scale; MDS-UPDRS: Movement Disorder Society Unified Parkinson’s disease
rating scale; MoCA: Montreal cognitive assessment; PDQ-39: Parkinson’s disease question-
naire 39; PDSS: PD Parkinson’s disease sleep scale; PIGD: Postural instability and gait dis-
order; TD: tremor-dominant; WCST: Word-color Stroop test; WO: Wearing-off; WOQ-19:
Wearing-off questionnaire 19.

Differences in clinical variables between PD NH+ and PD NH-
PD NH+ showed a significant higher LEDD (P<0.001). No other differences were found
in terms of anthropometric or demographic data (Table 1). PD NH+ demonstrated a
significantly higher score at MDS-UPDRS part I (P=0.031), part II (P<0.001), part IV
(P=0.028) and total score (P<0.001). PD NH+ also showed significantly higher scores
in PDQ-39 (P=0.020), WOQ-19 (P=0.028), PDSS-2 (P=0.021), FES-I (P=0.007), BDI-II
(P=0.031), and lower FMCS (P<0.001). Finally, in PD NH+, WO was significantly more
prevalent than in PD NH- (P=0.026). No difference was found in FOG prevalence. Differ-
ences in clinical variables between the two groups are summarized in table 11.2.
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Table 11.3. Clinical characteristics of the overall population, PD NH+ and PD NH-.
The FDR adjusted p-value of the Mann-Whitney test are reported. Significance of the
difference is shown as follows: * = P < .05; ** = P < .01; *** = P < .001.

PwPD
(N=88)

PD NH+
(N=44)

PD NH-
(N=44)

Adj p

FW Speed (m/s) 1.18 ± 0.23 1.14 ± 0.24 1.23 ± 0.22 0.274
FW Cadence (steps/min) 110.9 ± 12.7 109.7 ± 15.7 112.1 ± 8.7 0.804
FW Stride length norm (%) 74.0 ± 11.4 71.6 ± 11.5 76.4 ± 11.0 0.203
FW Swing (%) 61.2 ± 2.2 61.3 ± 2.4 61.0 ± 1.9 0.397
FW Swing (s) 38.7 ± 2.9 38.8 ± 2.4 38.6 ± 3.4 0.930
TUG duration (s) 12.0 ± 4.0 12.6 ± 3.5 11.5 ± 4.4 0.035*
MAV (°/s) 70.0 ± 18.9 65.6 ± 18.5 74.4 ± 18.4 0.031*
PAV (°/s) 138 ± 39.9 128 ± 31.2 147 ± 45.3 0.035*
3MWBT speed (m/s) 0.58 ± 0.22 0.52 ± 0.20 0.64 ± 0.22 0.031*
AvDS (steps/day) 5846 ± 3059 5126 ± 3095 6566 ± 2880 0.034*

AvDS: Average daily steps; 3MWBT: 3-meter backward walking test; FW: Forward walking;
MAV: Mean angular velocity; PAV: Peak angular velocity; TUG: Timed Up and Go.
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Table 11.4. Kruskal-Wallis test results across MDS-UPDRS item 2.9 scores for
supervised and unsupervised mobility parameters. For Kruskal-Wallis test, The
Chi-squared statistics and the FDR-adjusted p-values are reported. For variables showing
a significant difference at the overall test, p-values of Dunn’s pairwise comparisons with
Holm-Bonferroni correction are also reported. Significance of the difference is shown as
follows: * = P < .05; ** = P < .01; *** = P < .001.

Statistics Adj p Pairwise Dunn’s p

FW Speed (m/s) 13.800 0.003** 0–1 0.910
0–2 0.002**
1–2 0.002**

FW Cadence (steps/min) 0.996 0.893 0–1 –
0–2 –
1–2 –

FW stride length norm (%) 15.819 0.003** 0–1 0.582
0–2 0.001***
1–2 <0.001***

FW Stance avg (%) 0.062 0.969 0–1 –
0–2 –
1–2 –

FW Swing avg (%) 0.077 0.969 0–1 –
0–2 –
1–2 –

TUG dur (s) 13.864 0.003** 0–1 0.242
0–2 <0.001***
1–2 0.009**

MAV (°/s) 11.201 0.006** 0–1 0.116
0–2 0.003**
1–2 0.065

PAV (°/s) 11.285 0.006** 0–1 0.171
0–2 0.003**
1–2 0.040*

3MBWT speed (m/s) 10.471 0.008** 0–1 0.104
0–2 0.005**
1–2 0.096

AvDS 12.961 0.004** 0–1 0.193
0–2 <0.001***
1–2 0.018*

AvDS: Average daily steps; 3MBWT: 3-meter backward walking test; FW: Forward walking;
MAV: Mean angular velocity; PAV: Peak angular velocity; TUG: Timed Up and Go.
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Figure 11.2. Comparisons of supervised mobility across NH severity. MDS-UPDRS item
2.9 scores are displayed on the x-axis. Supervised mobility parameters are reported on the
y-axis. Significance of Dunn’s pairwise comparisons are indicated with horizontal lines and
marked with asterisks as follows: * = P < .05; ** = P < .01; *** = P < .001. 3MBWT:
3-meter backward walking test; FW: Forward walking; MAV: Mean angular velocity; MDS-
UPDRS: Movement Disorder Society Unified Parkinson’s disease rating scale; PAV: Peak
angular velocity; TUG: Timed Up and Go.
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Figure 11.3. Comparison of unsupervised mobility across NH severity. MDS-UPDRS item
2.9 scores are displayed on the x-axis. AvDS are reported on the y-axis. Significance of
Dunn’s pairwise comparisons are indicated with horizontal lines and marked with asterisks
as follows: * = P < .05; ** = P < .01; *** = P < .001. AvDS: Average daily steps;
MDS-UPDRS: Movement Disorder Society Unified Parkinson’s disease rating scale.
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Discussion
This study had three objectives: (i) to examine differences in supervised and unsupervised
mobility between propensity score-matched mild-to-moderate PwPD with and without NH;
(ii) to evaluate the association between mobility parameters and NH severity; and (iii) to
compare clinical scores between the two groups. Our findings revealed that: (i) PD NH+
exhibited worse supervised and unsupervised mobility parameters compared with PD NH-
and significant differences were found in supervised and unsupervised mobility across NH
severity scores; (ii) NH severity negatively correlated with FW speed, normalized stride
length, TUG duration, MAV, PAV, 3MBWT speed, and AvDS; (iii) PD NH+ exhibited
more severe clinical scores. To the best of our knowledge, this is the first study to assess
supervised and unsupervised mobility in PD NH+.

NH and supervised mobility
Compared to PD NH-, PD NH+ demonstrated significantly longer TUG duration, reduced
MAV and PAV, and slower 3MBWT speed. These findings suggest that PD NH+ experi-
ence significant impairments in supervised mobility, characterized by slower, less fluid, and
weaker movements. Furthermore, NH severity was negatively correlated with FW speed,
normalized stride length, TUG duration, MAV, PAV, and 3MBWT speed, suggesting that
NH magnitude parallels the deterioration in supervised mobility parameters. These findings
are reinforced by significant differences in these measures observed across NH scores. Taken
together, our findings suggest that NH and daytime mobility impairments could share com-
mon underlying mechanisms. An alternative explanation could be that the severity of NH
may contribute to sleep impairment that contribute to daytime mobility dysfunction. PD
motor symptoms, in particular axial bradykinesia and rigidity, could lead to both impaired
bed and supervised mobility (Amara et al., 2017). Axial motor symptoms include difficul-
ties with balance, posture, speech, swallowing, and locomotion with freezing of gait, that
typically have a poor response to dopaminergic therapy (O’Gorman Tuura et al., 2018).
Evidence showed that difficulty turning in bed for PwPD is primarily due to impaired axial
rotation[6], with previous studies reporting a significant positive association between axial
impairment and turning in bed difficulty (Steiger et al., 1996). Nocturnal movements pa-
rameters, including turning duration, velocity, and magnitude, were reduced even in early
stages of PD, and were associated with severe bradykinesia, rigidity, and PIGD scores, that
could reflect axial symptoms severity (Mirelman et al., 2020). Moreover, previous studies
have suggested that axial rigidity and reduced angular velocity could contribute to both
difficulties in turning in bed and the postural and gait scores (Mirelman et al., 2020). A
study by Xue et al. (Xue et al., 2018) found that nocturnal movements in PwPD were neg-
atively correlated with UPDRS axial scores, suggesting that difficulties in axial movement
lead to reduced, slower and smaller turning movements both during daytime and nighttime.
Accordingly, in our study, PD NH+ had higher MDS-UPDRS total scores suggesting that
they experience more severe global symptoms, strengthening the notion that symptoms
severity is a relevant contributor to NH. Conversely, we did not find a significant difference
between PD NH+ and PD NH- in MDS-UPDRS part III as well as in PIGD subscore. This
could be explained by the adopted matching methodology, accounting for disease duration.
In fact, previous studies have examined the relationship between bed mobility, disease du-
ration, and mHY stages in PD. Mirelman et al. reported a significant positive association
between impaired bed mobility, disease duration and mHY stages (Mirelman et al., 2020).
Furthermore, as the disease progress the number and velocity of turns decreased, while
turning duration increased (Mirelman et al., 2020). Similarly, in other studies, PwPD with
impaired bed mobility symptoms were typically older, had longer disease duration, and
displayed a more advanced disease stages (Sommerauer et al., 2015; Sringean et al., 2020).
Furthermore, a study by Choi et al. found that the severity of NH increases with advancing
disease duration and mHY stages (Choi et al., 2021). In our study, we matched the two
groups by disease duration, therefore the difference in motor symptoms as assessed by the
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part III of MDS-UPDRS could have been dampened. However, the methodology hereby
used could have allowed us to better capture the impact of NH irrespective of other vari-
ables such as disease duration and age. Muscle weakness and low torque output in specific
muscle groups could also contribute to difficulties in bed mobility and getting out of bed
in PD (Taniguchi et al., 2022). Indeed, PwPD showed significantly weaker hip, knee and
ankle flexors as well as hip abductors and adductors compared with healthy controls. Hip
adductor torque on the more affected side was positively associated with slower movement
time, greater arm rigidity on both sides, and higher akinesia scores (Taniguchi et al., 2022).
PwPD demonstrated a movement pattern involving lateral trunk flexion without rotation,
along with increased hand use while turning. This reliance on the upper limbs highlights
their important role in bed mobility, while arm rigidity likely contributes to the slowness
of getting out of bed (Taniguchi et al., 2022). Interestingly, we found lower MAV and
PAV in PD NH+ compared with PD NH-. This result could suggest that an ineffective
rotational strategy could contribute to both mobility and turning ability when lying and
walking. This is likely due to a combination of factors (e.g., axial rigidity, reduced torque,
weakness in hip muscles and disorganization of the fine-tuned body segments realignment
during turning). As previously mentioned, the association between supervised mobility
and bed mobility could be mediated also by the disruption of sleep. PwPD often spend
prolonged periods in a supine position due to difficulties in turning and getting out of
bed (Sommerauer et al., 2015; Sringean et al., 2020), which can cause pressure sores and
sleep disordered breathing. This can further exacerbate health risks particularly in the ad-
vanced stages of PD by negatively impacting functional outcomes and increasing mortality
(Matsumoto et al., 2014; Sommerauer et al., 2015). In our study, PD NH+ had higher
PDSS-2 scores suggesting that those individuals had overall more disrupted sleep. Previ-
ous studies reported that impaired bed mobility is positively correlated with the severity
of symptoms such as disease duration, dyskinesia and decreased sleep quality in patients
with PD (Li et al., 2023; Xue et al., 2018). Indeed, PwPD with impaired bed mobility
had reduced sleep efficiency (Louter et al., 2013), worse sleep quality (Louter et al., 2012),
and altered waking up the following morning (Rizos et al., 2014). Poor sleep quality in
PD is associated with more severe motor and non-motor symptoms (Yi et al., 2022). This
is also supported by our findings of worse depressive symptoms in PD NH+. Therefore,
on one side bradykinesia, rigidity and axial symptoms could contribute to NH and worse
supervised mobility (Bhidayasiri, Sringean, & Thanawattano, 2016). NH, on the other side,
could disrupt sleep quality and negatively affect motor and non-motor symptoms, leading
to a reciprocal detrimental relationship.

NH and unsupervised mobility

Consistent with impaired supervised mobility outcomes, PD NH+ took fewer daily steps
than PD NH- and a significant difference in AvDS was found across NH scores. Moreover,
NH severity negatively correlates with daily step count. This suggest that as NH wors-
ens, the number of step per day decreases. A study by Christiansen et al. (Christiansen
et al., 2017) found that the absence fear of falling was associated with higher step counts
in de novo PD. In our study, PD NH+ had higher FES-I scores, indicating greater fear
of falling, those patients took less daily steps. Indeed, the fear of falling may led them to
limit their mobility to avoid falling and causing injuries. Additionally, PD NH+ had higher
MDS-UPDRS part II and FMCS scores suggesting that they experience more severe motor
impairment and greater functional disability which can affect physical and ambulatory ac-
tivity. Nagaki et al. (Nagaki et al., 2022) found that PwPD accumulating < 4200 steps/day
had worse MDS-UPDRS total scores, underscoring the relationship between severe symp-
toms burden and physical activity. Similarly, Uchino et al. (Uchino et al., 2017) found that
number of turnover movements in bed was negatively correlated with MDS-UPDRS part
III and total score, mHY stage, while positively correlated with the Barthel index score.
This suggests that fewer nocturnal turnover movements are associated with worse motor
symptoms, disease severity and greater daytime immobility. PwPD with reduced motor
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function, as measured by these scales, tended to spend more time in bed, longer time in
a supine position, and longer interval between turnover movements (Uchino et al., 2017).
Furthermore, when untreated, nocturnal impairments can greatly reduce quality of life of
PwPD, leading to disrupted sleep and frequent awakenings, which could increase daytime
sleepiness and impair daytime functioning (Sringean et al., 2024). This is reflected also
by our findings of a reduced PDQ-39 score in PD NH+ indicating worse quality of life in
PwPD with impaired bed mobility. These findings confirm the importance of considering
nocturnal impairments in the management strategy of PD symptoms.

NH and other clinical measures
Finally, we found that PD NH+ exhibited a significantly higher LEDD than PD NH-.
Similar to our findings, Mirelman et al. (Mirelman et al., 2020) also reported that noc-
turnal movements were negatively associated with LEDD. Accordingly to the concept of
NH as a form of nocturnal WO, our results showed a higher WOQ-19 and MDS-UPDRS
part IV score in PD NH+ and a higher prevalence of WO. This could explain the higher
LEDD observed in PwPD with reduced bed mobility, since pharmacological therapy opti-
mization is the primary strategy to address motor fluctuations. Indeed, previous evidence
suggested that nighttime apomorphine (Bhidayasiri, Sringean, Anan, et al., 2016), rotigo-
tine (Bhidayasiri, Sringean, Chaiwong, et al., 2017) and L-DOPA administration (Sringean
et al., 2024) could improve NH severity. However, our findings showed that, despite higher
LEDD, PD NH+ had worse functional outcomes as well as motor and non-motor impair-
ments, suggesting that the increased doses may not be sufficient. This is consistent with
the association between NH and axial symptoms (Mirelman et al., 2020), that are known to
be less responsive to dopaminergic medications (Fabbri et al., 2016) and led us to speculate
that other drug administration route and strategies could be more effective. Thus, Sringean
and collaborators showed that bed mobility worsen as night duration progresses, further
strengthening the notion that the progressing lack of dopaminergic stimulation is a key ele-
ment and supporting the use of continuous nighttime dopaminergic drug delivery (Sringean
et al., 2020). Moreover, the effectiveness of continuous dopaminergic stimulation to improve
dopa-resistant symptoms has been reported before (Imbalzano et al., 2023).

Limitations, strengths and perspectives
We acknowledge that this study has several limitations. First, the study used a cross-
sectional design, which limits us from establishing causal relationships between NH and
mobility outcomes. In addition, the sample was restricted to participants with mild-to-
moderate PD stages, excluding those with severe cognitive or mobility impairments, which
prevented the generalization of the results to more advanced PD stages. Furthermore,
the sample size was relatively small to perform multivariate analysis. Future studies in-
cluding a larger sample size involving participants with more advanced disease stages are
hence needed. In this study, the mobility assessment was also limited: supervised mobility
was evaluated according to a limited set of parameters and unsupervised mobility evalu-
ated solely with daily step count. Thus, implementing more detailed mobility parameters
particularly in unsupervised conditions could provide a better understanding of real-world
mobility. Moreover, NH severity was assessed using MDS-UPDRS item 2.9, and in our
population the score range was only from 0 to 2, limiting the applicability of the results to
PwPD with more severe NH (scores 3–4). Future studies using wearable digital technologies
to assess bed mobility are needed, as they may provide objective continuous assessment of
nocturnal mobility, thus helping to further exploring the relationship between daytime and
nighttime mobility impairments in PD. Finally, we did not systematically test the effec-
tiveness of propensity matching but assessed only the lack of significant differences in the
matching variables between the two groups. However, we were not interested in using the
propensity score to retrospectively compare an intervention/exposure but only to match PD
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NH+ and PD NH- in a robust, less biased way. Despite these limitations, this study offers
several strengths. One of the key strengths is its novel findings. Notably, this study pro-
vides new insights into the relationship between NH and both supervised and unsupervised
mobility in PD. Additionally, the propensity score-matched design of the analysis helped
control for potential confounding factors (i.e., disease duration, sex and age). Finally, the
findings provide insights for clinical application, potential therapeutical and rehabilitative
strategies that target both nocturnal and daytime mobility impairments to improve overall
function in PD.

Conclusions
NH was associated with worse supervised and real-world mobility in PD. In particular, PD
NH+ demonstrated worse functional mobility, reduced turning velocity, slower backward
walking, and decreased daily step counts compared with PD NH- participants. Furthermore,
NH severity was correlated with greater functional impairments across both supervised and
unsupervised mobility parameters. Finally, PD NH+ showed worse motor and non-motor
symptoms, despite higher LEDD. These findings underscore the importance of evaluating
NH as it impacts both nocturnal and daytime functions. Finally, our results emphasize the
need to develop targeted interventions that address nighttime mobility or daytime mobility
impairments, aiming to improve overall functional mobility in PwPD.
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Abstract
Impaired nocturnal mobility (i.e., nocturnal hypokinesia, NH) is frequent in fluctuating
people with Parkinson’s disease (PwPD). Wearable sensors could enable clinicians to de-
tect this symptom and guide its management. However, only a few studies have objectively
assessed the treatment response of NH in PwPD. Ambulating PwPD without dementia and
with an indication to initiate treatment with either Opicapone (OPC) or foslevodopa/fos-
carbidopa (fLD/fCD) subcutaneous infusion for motor fluctuations were recruited. Par-
ticipants underwent a clinical baseline evaluation (T0) including the Movement Disorder
Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), Parkinson’s Disease Sleep
Scale 2 (PDSS-2), Epworth Sleepiness Scale (ESS), Insomnia Severity Index (ISI), and the
Nocturnal Hypokinesia Questionnaire (NHQ). Participants were also instructed to wear
a lower-back-mounted inertial sensor (McRoberts MoveMonitor, The Hague, The Nether-
lands) for seven consecutive nights at home to assess nocturnal mobility. A follow-up
evaluation was performed 4 weeks after treatment stabilization (T1). Sixteen PwPD were
enrolled, and nine completed the follow-up evaluation (4 OPC; 5 fLD/fCD). PDSS-2 scores
showed a statistically and clinically significant improvement between T0 and T1. However,
no significant changes were observed in the objective mobility parameters. PwPD exhibited
marked impairments in bed mobility. Treatment with OPC or fLD/fCD led to a clinically
meaningful improvement in perceived sleep quality but did not significantly alter objective
measures of nocturnal mobility. These findings support the hypothesis that dopaminer-
gic therapies may enhance sleep quality through broader neurophysiological mechanisms
beyond the mere improvement of nocturnal mobility.
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Introduction
Nocturnal symptoms represent a significant burden for patients with Parkinson’s disease
(PD), substantially impacting quality of life and functional independence. Among these,
nocturnal hypokinesia - defined as the inability to move freely during the night - emerges
as one of the most disabling symptoms, affecting bed mobility, position changes, and the
ability to get out of bed (Bhidayasiri & Trenkwalder, 2018). Sleep disturbances in PD
encompass a complex spectrum of motor and non-motor symptoms that evolve through-
out disease progression. While prodromal sleep disorders such as REM sleep behavior
disorder (RBD) and excessive daytime sleepiness may precede motor symptoms by years,
nocturnal hypokinesia typically manifests in complicated, more advanced disease stages as
dopaminergic therapy effectiveness diminishes overnight (Dodet et al., 2024; Iranzo et al.,
2024). The pathophysiology of nocturnal hypokinesia is primarily attributed to reduced
dopamine availability during nighttime hours when antiparkinsonian medications are typi-
cally withheld. This dopaminergic depletion results in bradykinesia, rigidity, and akinesia
that severely compromise nocturnal mobility, forcing patients to adopt specific sleeping po-
sitions, predominantly supine, which may exacerbate upper airway collapse and contribute
to obstructive sleep apnea (Sommerauer et al., 2015; Sringean et al., 2020). Previous
stidues have linked the severity of nocturnal hypokinesia correlates with disease duration,
age, Hoehn and Yahr staging as well as specfici motor subdomains such as axial symp-
toms or bradykinesia and rigidity (Bhidayasiri & Trenkwalder, 2018; Louter et al., 2012;
Mirelman et al., 2020). Traditionally, assessment relied exclusively on subjective clinical
scales, presenting limitations due to recall bias and potential cognitive impairment com-
plications in PD patients (Bhidayasiri et al., 2019). Recent advances in wearable inertial
sensors have revolutionized objective assessment of nocturnal mobility. These devices, incor-
porating accelerometers and gyroscopes, enable quantitative analysis of movement intensity,
frequency, and quality in home environments, providing insights beyond traditional clinical
evaluations (Bhidayasiri et al., 2016; Mirelman et al., 2020; Sringean et al., 2016). Previous
studies using wearable sensors demonstrated that PD patients exhibit reduced, less intense,
and more fragmented nocturnal movements compared to healthy subjectsm as shown in
previous studies (Bhidayasiri et al., 2016; Mirelman et al., 2020; Sringean et al., 2017;
Zampogna et al., 2020) and summarized in a recent review by Zampogna et al. (Zampogna
et al., 2020). Therapeutic strategies targeting nocturnal hypokinesia focus on achieving
stable dopaminergic stimulation throughout the night. Extended-release formulations of
levodopa, dopamine agonists such as rotigotina patches, and continuous apomorphine infu-
sions have shown efficacy in improving nocturnal mobility (Bhidayasiri et al., 2016, 2017;
Sringean et al., 2024). Recently introduced therapies include opicapone (OPC), a COMT
inhibitor with once-daily evening administration that may extend dopaminergic coverage
into nighttime hours (Ferreira et al., 2016, 2025; R. A. Hauser et al., 2024), and subcuta-
neous foslevodopa/foscarbidopa (fLD/fCD), enabling continuous 24-hour levodopa delivery
with potential benefits for nocturnal symptoms (R. Hauser et al., 2024; Malaty et al., 2025).
Despite the theoretical rationale supporting these treatments’ efficacy on nocturnal mobil-
ity, specific objective evidence remains limited. This preliminary study aimed to objectively
assess nocturnal mobility in complicated PD patients using wearable sensors and evaluate
changes following treatment with OPC or subcutaneous fLD/fCD.

196



Chapter 12

Material and Methods
Study design and ethics
This cross-sectional study was performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later amendments. Approval was granted
by the local Ethical Committee of Sapienza, University of Rome, Italy (0372/2022). Data
collection and processing followed the current European regulations for data protection. All
participants provided written informed consent before the beginning of measurements. All
data were deidentified. Participants did not receive any form of compensation.

Population
Patients were recruited from the Movement Disorders Center of Sant’Andrea University
Hospital between November 2024 and May 2025. Inclusion criteria were: idiopathic PD
diagnosis according to MDS criteria; Hoehn and Yahr stage 1-3 (Goetz et al., 2004); inde-
pendent walking ability without aids; willingness to participate; clinical indication for OPC
or subcutaneous fLD/fCD initiation. Exclusion criteria included: severe cognitive impair-
ment (MoCA <18) (Baek et al., 2024); orthopedic, rheumatologic, or postural conditions
potentially affecting assessment.

Experimental Procedure
Patients underwent comprehensive clinical assessment during routine follow-up visits, in-
cluding anthropometric and demographic data collection, followed by validated clinical scale
administration:

Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) part
III (Goetz et al., 2008); Wearing Off Questionnaire 19 (WOQ19) (Mantese et al., 2020);
Parkinson’s Disease Sleep Scale version 2 (PDSS2) (Trenkwalder et al., 2011); Epworth
Sleepiness Scale (ESS) (Vignatelli et al., 2003); Insomnia Severity Index (ISI) (Castronovo
et al., 2016); Nocturnal Hypokinesia Questionnaire (NHQ) (Bhidayasiri et al., 2019.

Subsequently, patients wore the MoveMonitor device (McRoberts, The Hague, Nether-
lands), a validated triaxial accelerometer (Mazzà et al., 2021; Micó-Amigo et al., 2023)
positioned at the lumbar region (L5-S1) using a velcro belt for at least five consecutive days
and nights. Participants received instructions to wear the device continuously except dur-
ing water immersion. The complete assessment was performed one week before treatment
modification with OPC or fLD/fCD initiation (T0) and repeated at least 4 weeks after
achieving treatment stability (T1) (fig. 12.1).

The following nocturnal mobility parameters were extracted from MoveMonitor reports:
times out of bed, percentage time in supine, prone, left, and right lateral positions; fre-
quency, mean velocity, and duration of rotational movements classified as small, medium,
large, and extra-large transitions (Mirelman et al., 2020).

Statistical analyses
Because no prior studies had examined the specific aspects explored here, this work was
conceived as an exploratory pilot study; consequently, a formal sample‑size calculation
was not performed. Statistical analyses were carried out with JASP�v0.19.3 (JASP Team,
University of Amsterdam). Descriptive statistics and frequency tables were generated for
all variables. To evaluate the effects of OPC or LD/CD�SC treatment between T0 and
T1 on nocturnal‑mobility parameters and clinical variables, the Wilcoxon signed‑rank test
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for repeated measures was applied. The type‑I error threshold was set at ��<�0.05. Data
are reported as mean�±�SD (min�–�max) or median (Q1�–�Q3; min�–�max) for quantitative
variables and as N�(%) for categorical variables.

Figure 12.1. Schematic representation of study experimental procedure. ESS: Epworth
sleepiness scale; ISI: Insomnia severity index; MDS-UPDRS: Movement Disorder Society
unified Parkinson’s disease rating scale; MoCA: Montreal cognitive assessment; NHQ: Noc-
turnal hypokinesia questionnaire; PDSS-2: Parkinson’s disease sleep scale 2; WOQ-19:
Wearing-off questionnaire 19.

Results
Overview
Sixteen PD patients and 11 healthy subjects were enrolled based on inclusion/exclusion
criteria. Of 16 patients evaluated at T0 table 12.1, 9 completed T1 assessment. table 12.2
shows baseline clinical characteristics of enrolled PwPD.

For the 9 PD patients completing T1 evaluation (4 OPC; 5 fLD/fCD), Wilcoxon tests
showed no statistically significant differences in nocturnal mobility parameters between T0
and T1 (all p>0.05) )fig. 12.2. Regarding clinical variables, only PDSS2 showed signifi-
cant improvement between T0 and T1 (p=0.025) )fig. 12.3, with median scores decreasing
from 16 to 10. table 12.3 and table 12.4 show nocturnal mobility and clinical variables,
respectively, in PwPD at T0 and T1.
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Table 12.1. Demographic, anthropometric and basic clinical characteristics of PwPD

PwPD (N=16)

Age (years) 68.2 (7.4)
Sex (female) 6 (38%)
Height (cm) 173 (11.7)
Weight (kg) 77.2 (14.3)
BMI (kg/m²) 25.7 (3.2)
Disease duration (years) 7 (5–9.5)
LEDD (mg) –
mHY 2.5 (2–2.5)
MDS UPDRS III 31 (21–42)
WOQ19 5 (2–6)
PDSS2 16 (11–23)
ESS 5 (4–7)
ISI 8 (4–11)
NHQ 4 (3–5)
MoCA 24 (22–26)

BMI: Body mass index; ESS: Epworth Sleepiness Scale; HC: Healthy controls; ISI: Insomnia
Severity Index; LEDD: Levodopa equivalent daily dose; MDS UPDRS III: Movement Disorder
Society Unified Parkinson’s Disease Rating Scale part III; mHY: modified Hoehn and Yahr
scale; MoCA: Montreal Cognitive Assessment; NHQ: Nocturnal Hypokinesia Questionnaire;
PDSS2: Parkinson’s Disease Sleep Scale 2; PwPD: People with Parkinson’s Disease; WOQ19:
Wearing-Off Questionnaire 19.

Table 12.2. Baseline nocturnal movement parameters in PwPD. P-values and
significance levels of Mann-Whitney test are also shown.

PwPD (N=16)

Times out of bed (n) 1.69 (0.84)
Left (%) 34.07 (24.64)
Right (%) 28.68 (20.38)
Prone (%) 1.95 (4.57)
Supine (%) 31.30 (19.72)
Small transitions (n) 18.20 (10.32)
Medium transitions (n) 1.26 (3.03)
Large transitions (n) 0.93 (1.46)
ExtraLarge transitions (n) 0.15 (0.20)
Total transitions (n) 30.61 (12.88)
Frequency of transitions (n/h) 4.11 (1.90)
Velocity of transitions (°/s) 6.86 (1.32)
Duration of transitions (s) 6.85 (1.76)

PwPD: People with Parkinson’s Disease.
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Figure 12.2. Comparisons of nocturnal mobility between T0 and T1 in PwPD. Significance
of Wilcoxon test is indicated with horizontal lines and marked with asterisks as follows: *
= P < .05; ** = P < .01; *** = P < .001.
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Figure 12.3. Comparisons of clinical variables between T0 and T1 in PwPD. Significance
of Wilcoxon test is indicated with horizontal lines and marked with asterisks as follows: *
= P < .05; ** = P < .01; *** = P < .001.

Table 12.3. Nocturnal movement parameters at T0 and T1 in PwPD who completed
both evaluations (N=9). P-values and significance levels of Wilcoxon test are also shown.

T0 T1 p-value

Mean movement intensity (g) 0.78 (2.19) 0.04 (0.01) 0.178
Total movement duration (s) 1.45 (0.76) 1.72 (0.73) 0.426
Times out of bed (n) 1.75 (0.96) 2.05 (0.92) 0.910
Left (%) 40.72 (26.58) 24.21 (21.46) 0.203
Right (%) 22.30 (15.16) 25.79 (19.52) 0.426
Prone (%) 3.14 (5.92) 0.01 (0.01) 0.279
Supine (%) 30.97 (13.20) 43.63 (22.16) 0.055
Small transitions (n) 16.81 (4.93) 18.31 (11.52) 0.910
Medium transitions (n) 5.36 (2.95) 3.85 (3.81) 0.359
Large transitions (n) 1.40 (1.80) 0.62 (1.04) 0.359
ExtraLarge transitions (n) 0.16 (0.22) 0.10 (0.14) 0.598
Total transitions (n) 7.51 (4.00) 8.44 (6.13) 0.624
Frequency of transitions (n/h) 31.24 (8.42) 31.33 (16.01) 0.820
Velocity of transitions (°/s) 4.22 (2.03) 4.30 (1.88) 0.734
Duration of transitions (s) 6.86 (1.32) 6.33 (0.94) 0.129
Mean movement intensity (g) 7.23 (2.06) 7.05 (2.70) 0.734
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Table 12.4. Clinical variables at T0 and T1 in PwPD who completed both evaluations
(N=9). P-values and significance levels of Mann-Whitney test are also shown.

T0 T1 p-value

MDS-UPDRS III 31 (21–42) 35 (27–43) 0.799
WOQ19 5 (2–6) 2 (2–5) 0.139
PDSS2 16 (11–23) 10 (8–13) 0.025*
ESS 5 (4–7) 5 (3–7) 0.932
ISI 8 (4–11) 3 (1–8) 0.073
NHQ 4 (3–5) 4 (4–5) 0.168

ESS: Epworth Sleepiness Scale; ISI: Insomnia Severity Index; MDS-UPDRS III: Movement
Disorder Society Unified Parkinson’s Disease Rating Scale part III; NHQ: Nocturnal Hy-
pokinesia Questionnaire; PDSS2: Parkinson’s Disease Sleep Scale 2; WOQ19: Wearing-Off
Questionnaire 19.

Discussion
This was a preliminary study to objectively assess nocturnal mobility in fluctuating PwPD
patients using wearable sensors and to evaluate changes following treatment with OPC or
subcutaneous fLD/fCD. This is the first study to investigate this topic. We found that: (i)
PwPD exhibit significantly reduced nocturnal mobility compared to HS and (ii) nocturnal
mobility parameters did not significantly improve after treatment with OPC of fLD/fCD
despite a significant improvement in self-reported sleep quality.

In the present paper we found no statistically significant changes in objective nocturnal mo-
bility parameters following OPC or subcutaneous fLD/fCD treatment. This contrasts with
previous studies demonstrating efficacy of nocturnal dopaminergic treatments. Bhidayasiri
et al. showed improved nocturnal mobility with night-time subcutaneous apomorphine
infusion and rotigotine patches (Bhidayasiri et al., 2016, 2017). However, these studies
included larger patient cohorts with more severe baseline nocturnal symptoms and different
therapeutic interventions. The limited sample size in our study (9 patients completing both
assessments) likely represents the primary limitation preventing detection of nocturnal mo-
bility improvements. Additionally, our inclusion criteria may have selected patients with
less severe nocturnal symptoms compared to previous studies that specifically required
impactful nocturnal hypokinesia to be included. Interestingly, while objective nocturnal
mobility parameters remained unchanged, PDSS2 scores significantly improved, indicat-
ing better subjective sleep quality. This dissociation between objective mobility measures
and subjective sleep quality suggests that sleep improvement mechanisms extend beyond
simple nocturnal mobility. The complex spectrum of PD sleep disorders includes insom-
nia, restless legs syndrome, excessive daytime sleepiness, RBD, and obstructive sleep apnea
(Iranzo et al., 2024), many involving non-dopaminergic systems. In previous studies, both
clinical and sensor-based measures of sleep improved following the pharmacological treat-
ment with rotigotine (Bhidayasiri et al., 2017) and subcutaneous apomorphine (Bhidayasiri
et al., 2016). However, it must be noted that in both paper, the improvement of clini-
cal variables was larger than sensor-based ones. Our findings support the hypothesis that
OPC and subcutaneous fLD/fCD improve sleep quality through mechanisms beyond motor
symptom control, potentially involving non-motor symptoms improvement and non-motor
fluctuationsy reduction. Although not statistically significantm likely due to small sam-
ple size, the reduction of WOQ-19 scores (motor and non-motor fluctuations) support this
hypothesis.
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Limitations
This preliminary study has several limitations: small sample size limiting statistical power
and generalizability; exclusion of most impaired patients in terms of cognitive and mo-
tor symptoms; evaluation of only two therapeutic interventions; and observational design
limiting causal inference.

Conclusions
In conclusion, this preliminary study demonstrates significant nocturnal mobility impair-
ment in PwPD and suggests that treatment with OPC or subcutaneous fLD/fCD improves
sleep quality through mechanisms potentially independent of nocturnal mobility enhance-
ment. Future studies with larger cohorts may reveal more subtle treatment effects on
objective nocturnal mobility parameters. The dissociation between subjective sleep quality
improvement and objective mobility measures warrants further investigation to better un-
derstand the complex relationship between dopaminergic treatment response and nocturnal
symptom management in PD.
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General discussion

This doctoral thesis investigated mobility in PD through an integrative and ecolog-
ically oriented framework, conceptualizing mobility as a multidimensional behavior
shaped by motor, non motor, and environmental factors. Moving beyond traditional
laboratory assessments, mobility was explored as a continuum across supervised and
unsupervised setting and extended over the full 24-hour cycle. The work was artic-
ulated into three complementary parts:

• The first focused on the metrology of digital mobility measures, validating
smartwatch-derived step count as an accurate and reliable outcome in PD,
and defining the MCID for AvDS.

• The second examined the determinants of mobility, investigating how super-
vised (capacity) and unsupervised (performance) mobility interact and are
influenced by motor and non-motor symptoms through.

• The third extended the analysis to the 24-hour continuum, exploring noc-
turnal mobility as an integral component of PD motor dysfunction and its
relationship with daytime mobility and dopaminergic treatment.

Together, these studies delineate a coherent progression from technological valida-
tion to mechanistic understanding and clinical translation and are discussed in the
following sections.

207



Chapter 13

Cohort
Regarding the characteristics of our cohort, these are broadly comparable to those described
in recent large studies using wearable sensors in PD (Table 1) (Adams et al., 2023; Mirelman
et al., 2024; Oyama et al., 2023; Powers et al., 2021; Rosenfeldt et al., 2024; Schalkamp et al.,
2024; Silva de Lima et al., 2017). The sample size, which exceeds one hundred participants,
places it among the most numerically robust single-center datasets in this field. The age
distribution reflects a typical PD population, largely composed of older adults, while the
proportion of male participants aligns with the well-documented sex imbalance of the disease
and is consistent with previous cohorts (Adams et al., 2023; Mirelman et al., 2024; Powers
et al., 2021; Silva de Lima et al., 2017). Disease severity corresponds to mild-to-moderate
stages, as indicated by Hoehn and Yahr classification and motor scores, positioning the
cohort close to those investigated in multicenter studies (Adams et al., 2023; Mirelman et
al., 2024; Silva de Lima et al., 2017). Indeed, stages above 3 are rarely suitable for wearable-
based mobility assessment, as they typically correspond to patients requiring walking aids
(stage 4), with consequent alterations in gait pattern and data validity (Kooner et al., 2024),
or to individuals in stage 5 who are wheelchair-bound or bedridden, in whom mobility
evaluation is not feasible or of limited clinical meaning. In terms of cognitive functions,
these were globally preserved, although this result is partly influenced by the inclusion
criterion of MoCA ≥ 18. This clinical profile depicts a population that is both ecologically
representative and technically compatible with continuous digital assessment. The balance
between sample size, disease stage, and functional integrity ensures comparability with
other real-world mobility studies, while providing one of the few comprehensive cohorts
integrating both supervised and unsupervised mobility measures, thus offering a valuable
bridge between experimental and clinical applications of DMOs collected with both research-
grade and commercial wearables in PD.
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Metrology of digital mobility outcomes in Parkinson’s dis-
ease:building a bridge between numbers and patients

Key Messages

• Validation of smartwatch-based metrics, including accuracy, reliability
and clinical meaningfulness, lays the foundation for their use as digital
mobility outcomes both in clinical trials and real-world monitoring.

• Consumer-grade smartwatches can provide valid, reliable, and clinically
interpretable estimates of daily steps in people with PD.

• Further steps toward harmonization, integration with clinical endpoints,
and validation across phenotypes, disease stages, and ecological contexts
are essential to bridge the gap between digital numbers and patient-centered
outcomes.

The progressive diffusion of wearable sensors has transformed how mobility can be quanti-
fied in people with PD (Giansanti et al., 2008; Kirk et al., 2025; Maetzler et al., 2013, 2021;
Moreau et al., 2023). Kirk et al. (Kirk et al., 2025) systematically reviewed real-world
studies on gait-related DMOs, demonstrating that wearable devices can accurately capture
parameters such as walking speed, stride length, and variability in daily life, thereby dis-
tinguishing PD from controls and supervised from unsupervised conditions. However, they
emphasized the wide methodological heterogeneity across studies, from sensor placement
to data aggregation, and the need for harmonized protocols to improve comparability and
clinical use. Therefore, translating raw sensor data into clinically meaningful and action-
able indicators requires a rigorous metrological validation comparable to that applied to
conventional clinical instruments (Mokkink et al., 2010). This was done previously using
different commercial wearables with general positive results as indicated by recent system-
atic reviews on the topic (Feehan et al., 2018; Fuller et al., 2020). Earlier, Godinho et al.
(Godinho et al., 2016) had already classified more than seventy monitoring technologies
for PD according to their clinimetric robustness, identifying a small subset of wearable
systems, such as APDM Mobility Lab, Physilog®, StepWatch, and DynaPort, as “recom-
mended” based on evidence of reliability, validity, and sensitivity to change, thereby laying
the groundwork for subsequent validation efforts. Accordingly, the four studies included in
this section collectively outlined such a pathway, moving from the analytical accuracy of
step detection in supervised settings to the reliability of daily monitoring in real-world con-
ditions and, ultimately, to the clinical interpretability of measurable change. This evolution
reflects a broader paradigm shift in digital health, with the ultimate goal of bridging the
gap between digital metrics and clinically relevant endpoints for people with neurological
disorders (Espay et al., 2019).

The first step in this process was to establish the conditions under which consumer devices
can accurately measure walking activity in PD. Wrist-worn consumer-grade devices, while
accessible and user-friendly, are not designed for specific disease populations and are par-
ticularly sensitive to PD-related motor alterations such as tremor, bradykinesia, movement
fragmentation, and asymmetry (Kim et al., 2019; Wendel et al., 2018). Nonetheless, the
wrist remains a common and practical location (Sun et al., 2025) for long-term monitoring
due to its comfort and low intrusiveness (Taylor et al., 2025). Moreover, the widespread
availability of commercial smartwatches facilitates large-scale data collection and real-world
deployment, making this position a pragmatic compromise between ecological validity and
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Figure 13.1. Metrological pillars supporting the translation from wearable-derived metrics
to clinically interpretable outcomes.

signal specificity. Our work demonstrated that, in PwPD, accuracy depends on both phar-
macological state and wearing side, highlighting how disease expression interacts with de-
vice algorithms. These findings reinforce a key principle of digital metrology: validity is
context-dependent, and measures must be verified within the populations and conditions
in which they are intended to be used as indicated by the V3 framework (Goldsack et
al., 2020) which delineates a structured pathway for digital endpoint development through
Verification (device performance under controlled conditions), Analytical Validation (algo-
rithmic accuracy), and Clinical Validation (association with meaningful clinical outcomes).
However, accuracy alone does not ensure clinical usability (Mokkink et al., 2010). The
subsequent studies extended the validation to reliability, emphasizing measurement stabil-
ity across multiple days and patient subgroups. We demonstrated that average daily steps
(AvDS) are globally reliable in PwPD, including across phenotypes and disease severities.
This is particularly relevant in PD, where intraday and interday fluctuations in mobility
reflect both disease-specific variability and environmental influences that is known to mod-
ulate real-world mobility (Ryder-Burbidge et al., 2022). Nonetheless, reliability appeared
slightly reduced in individuals with tremor and in less advanced disease stages, confirming
the dynamic interaction between PD symptoms and device’s performance. Such informa-
tion is essential for researchers and clinicians, allowing an informed and critical use of
these metrics in clinical and research contexts. The finding that reliable estimates can be
achieved within four consecutive monitoring days represents a concrete step toward making
digital mobility assessment both scientifically sound and feasible in everyday settings. Re-
liability allows repeated measurements to be trusted, but not necessarily to be understood.
The next metrological milestone is interpretability: defining how much change represents
a meaningful difference for clinicians and, more importantly, for patients. In this regard,
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we strongly believe that identifying and reporting the MCID (Bloom et al., 2023) of AvDS
represents a key advancement. By anchoring step-count changes to both objective clinical
scales and patient-reported outcomes, the measure acquires interpretive value beyond sta-
tistical variability. This approach (Motl et al., 2013) acknowledges that meaningful change
may differ depending on whether it is viewed through the lens of motor performance, global
health, or subjective perception, and provides a flexible framework adaptable to different
clinical endpoints. Importantly, the convergence between MCID estimates and the MDC
that we reported in our reliability studies supports internal consistency within the measure-
ment framework. The resulting range, spanning approximately 10% to 25% of AvDS, offers
a solid benchmark for interpreting longitudinal data and for designing clinical trials that
use digital mobility outcomes as endpoints. This transition transforms smartwatch-derived
AvDS from a descriptive metric confined to exploratory research into a quantitative, clin-
ically interpretable indicator, supporting its potential qualification as a digital biomarker.
Beyond the specific findings, these studies illustrate how consumer-grade devices can gain
scientific and clinical credibility when subjected to a structured validation process. This
progression mirrors the conceptual framework proposed for clinical endpoint development,
addressing successive layers of measurement uncertainty and aligning with international
standards such as the COSMIN validation framework (Mokkink et al., 2010). In this con-
text, accuracy ensures that the device measures what it is intended to measure, reliability
guarantees consistency over time and across conditions, and the MCID connects quantita-
tive measurement to clinical meaning (Mokkink et al., 2010). This framework also reflects a
methodological approach that places patients at the center of digital measurement. By en-
abling continuous, real-world monitoring, wearable-based assessments can enhance patients’
awareness of their own condition, promote engagement in self-management, and a sense of
empowerment in the care process (Hansen et al., 2018; Ma et al., 2025). Nevertheless, with-
out clinical interpretability, such data remain disconnected from clinical decision-making.
By defining reliability and clinically meaningful thresholds, these studies allow the trans-
lation of raw, real-world data into patient-relevant insights. This is particularly pertinent
for PD, a condition characterized by fluctuating symptoms (Poewe et al., 2017), where tra-
ditional clinic-based assessments often fail to capture real-world functioning. Limitations
and open challenges

Limitations and open challenges

Despite substantial progress, several limitations remain. Indeed, the studies focused on
individuals with mild-to-moderate PD, limiting generalizability to advanced stages or to
patients with cognitive impairment, who may show lower adherence and altered movement
patterns. Tremor interference remains an intrinsic limitation of wrist-worn sensors, re-
quiring algorithmic refinements or multimodal sensor fusion to differentiate physiological
motion from artifacts when higher metrological validity is required (Kim et al., 2019). Fur-
thermore, the cross-sectional design of most analyses precludes the evaluation of longitudi-
nal responsiveness and long-term stability. Establishing whether observed changes in daily
steps correspond to therapeutic effects or disease progression will require prospective valida-
tion. Another major limitation concerns the “black-box” nature of commercial algorithms.
While leveraging consumer devices enhances scalability, it also restricts transparency and
reproducibility. We strongly believe that open data pipelines, shared calibration standards,
and algorithmic documentation are crucial to ensure interoperability and regulatory ac-
ceptance. This challenge is exacerbated by the rapid turnover of the consumer electronics
market, where frequent hardware updates and discontinuation of models may hinder lon-
gitudinal comparability. Finally, step count, although intuitive, explainable and useful,
captures only one dimension of mobility. Future research should aim to integrate comple-
mentary metrics such as spatiotemporal parameters (Kirk et al., 2025), turning dynamics
(Mancini et al., 2015), postural transitions (Romijnders et al., 2025) and sleep-related mo-
bility (Zampogna et al., 2020) to obtain the entire “movie” of individuals’ mobility rather
than just a snapshot.

From metrology to clinical translation
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The metrological validation of smartwatch-derived mobility measures provided the method-
ological groundwork for translating digital data into clinical understanding. Demonstrating
accuracy, reliability, and clinical interpretability was essential to ensure that these metrics
genuinely reflect patients’ real-world mobility rather than technological artifacts. This pro-
cess transformed consumer devices into clinically sound instruments, establishing the con-
ditions under which digital mobility outcomes can serve as robust indicators of functional
health in PD. On this foundation, the next phase of research moved from how mobility
can be measured to what mobility reveals about PD. The validated DMOs enabled the
exploration of how motor and non-motor symptoms jointly determine movement, and to
what extent and how the gap between supervised capacity and real-world performance re-
flects the functional impact of PD in daily life. This transition from metrology to clinical
translation sets the stage for the following section, dedicated to disentangling the complex
relationship between mobility patterns and the symptom architecture of PD.
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Disentangling the connection between mobility and Parkin-
son’s disease symptoms

Key Messages

• Capacity-based metrics explained only a modest component of
performance-based ones, highlighting how these measures capture com-
plementary but distinct dimensions of movement in Parkinson’s disease.

• Motor predictors mainly influence supervised mobility, with a stronger
impact on complex tasks such as turning and backward walking. Phe-
notypic differences emerge, with TD and PIGD profiles associated with
capacity and AR with performance.

• Among NMS, executive functions and, to a lesser extent, fatigue are
the most relevant contributors to mobility. Depression and sleep distur-
bances influenced mobility but only when motor symptoms are not consid-
ered, suggesting an indirect effect.

Our research demonstrated that supervised mobility measures explained only one quarter
of variability in AvDS. These findings confirm and expand previous evidence for a struc-
tural gap between laboratory and real-world mobility in PD (Atrsaei et al., 2021; Corrà
et al., 2021; Del Din et al., 2016; Toosizadeh et al., 2015; Zajac et al., 2022), even when
multiple tasks covering forward, backward, and turning components are included, and are
further reinforced by a recent systematic review by Kirk et al. (Kirk et al., 2025). This
review comprehensively examined studies comparing DMOs collected in supervised ver-
sus real-world conditions, revealing that gait parameters are consistently and significantly
lower when assessed in daily-life environments. Across the included studies, people with
PD showed slower walking speeds, shorter step and stride lengths, and greater variability
during free-living walking compared to structured clinical assessments. These discrepancies
were interpreted as reflecting contextual and behavioral influences that are minimized or
absent in laboratory conditions (Kirk et al., 2025). The authors concluded that the eco-
logical context profoundly shapes gait behavior and that real-world monitoring provides
unique insights into functional mobility and daily-life limitations that cannot be inferred
from supervised tests alone (Kirk et al., 2025). This confirms that supervised mobility rep-
resents a necessary but not sufficient condition for daily walking performance, echoing the
distinction between capacity and performance defined by the ICF framework (Organization,
2002). A large proportion of variability in AvDS remains unexplained by capacity-related
parameters, suggesting the contribution of behavioral, contextual, and symptomatic factors
beyond physical ability alone (Giannouli et al., 2016; Mate & Mayo, 2020; Roussos et al.,
2022). The additional two studies analyzed combined motor and non-motor predictors and
revealed that motor variables contribute more strongly to supervised than to unsupervised
mobility. Complex tasks, especially backward walking and turning, were the most sensitive
to motor symptom severity, consistent with their higher cognitive, postural, and planning
demands (Correno et al., 2022; Hackney & Earhart, 2009; Hulbert et al., 2015). Motor
phenotype also modulated results. Indeed, TD and PIGD subtypes were associated with
supervised mobility metrics, whereas the AR phenotype was linked to lower AvDS. This
pattern highlights that gait components requiring anticipatory postural adjustments and
axial control are particularly vulnerable to PD-related motor impairment. Their impact
is most evident under standardized testing, where external cues and motivation are maxi-
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mized. In contrast, the translation of these deficits into real-world activity appears partly
mediated by other personal and contextual factors. Overall, the data indicate that motor
determinants define the potential limit of achievable capacity, whereas the degree to which
this capacity is expressed in daily life mainly depends on additional modulating domains.
Our research confirmed the role of executive functions as consistent predictors of super-
vised mobility in PD (Amboni et al., 2018; Nóbrega-Sousa et al., 2020; Yogev-Seligmann
et al., 2008). In particular, executive control is more relevant when tasks require planning
and adaptation, conditions typical of standardized supervised tasks, while its influence on
spontaneous walking behavior could be comparatively weaker. Indeed, when considering
clinical and demographic variables such as age, disease duration, and LEDD, cognitive pre-
dictors lost statistical significance, indicating that their contribution is not independent
from global disease burden and several other factors come into play in shaping mobility
in PD (Roussos et al., 2022). However, it must be noted that executive functions were
confirmed to be the most influential NMS and represented the only one that retained its
role as a significant predictor of both supervised and unsupervised mobility even when
considering other motor and non-motor determinants. In addition to executive functions,
fatigue emerged as an additional predictor for supervised outcomes, consistent with pre-
vious evidence (Carvalho et al., 2020; Pilotto et al., 2023), whereas depression and sleep
disturbances appeared only in NMS-only models, suggesting indirect or context-dependent
effects. Together, these results delineate a selective non-motor signature of mobility in PD.
Executive dysfunction and fatigue predominantly affect controlled, laboratory-based mo-
bility tasks, whereas their translation into everyday performance is modulated by broader
clinical and contextual factors. The three studies provide a coherent interpretation of mo-
bility in PD. From a clinical perspective, our results suggest that in mild-to-moderate PD,
mobility evaluation should incorporate both metrics of supervised and unsupervised mobil-
ity to capture a comprehensive snapshot of patients’ conditions. Furthermore, these findings
urge the need to include both capacity- and performance-related outcomes in research and
clinical trials. In fact, improvement in performance is the aim in the management of PD,
and an improvement in supervised mobility metrics could reflect only to a limited degree
an actual improvement in patients’ real-world experience (Lang et al., 2023). Additionally,
our results support a multidimensional assessment of PwPD. Indeed, mobility emerged as a
multidimensional construct influenced not only by motor impairments, but also by the bur-
den of non-motor symptoms. For instance, executive dysfunction can impair planning and
adaptation of gait to environmental demands (Yogev-Seligmann et al., 2008), fatigue may
reduce overall walking activity (Pilotto et al., 2023), and depressive symptoms can diminish
motivation and engagement in daily activities (Zhang et al., 2022), all ultimately leading to
reduced real-world mobility. Importantly, the differential impact of these symptoms across
mobility domains suggests that no single measure can accurately capture mobility limita-
tions in PD. This integrated approach can inform individualized rehabilitation strategies,
combining motor-oriented interventions targeting gait and balance as well as cognitive or
fatigue-management components when indicated by patient profiles.

Limitations and perspectives

Methodologically, all three studies share limitations. Their cross-sectional design precludes
causal inference and prevents the identification of temporal dynamics linking symptom
progression and mobility decline. Samples mainly included mild-to-moderate PD, reducing
generalizability to advanced stages. Furthermore, step count remains a unidimensional
index of performance, while supervised tasks, though diversified, cannot capture all facets of
mobility. Longitudinal and multimodal designs integrating contextual variables, qualitative
real-world gait metrics, and patient-reported outcomes are needed to clarify how capacity
translates into performance over time. Given the clinical and prognostic relevance of falls in
PD (Fasano et al., 2017), future studies should also focus on the detection (Silva de Lima et
al., 2020) and characterization of fall events and near-falls (Huang et al., 2023), integrating
them into digital mobility frameworks to better capture real-world risk and its relationship
with motor and non-motor fluctuations.

215



Chapter 13

Integrating diurnal and nocturnal mobility

Together, these results underscore the need to interpret mobility as a continuous process
that extends beyond daytime activity. The interplay between capacity, performance, and
their motor and non-motor determinants reflects only one side of the 24-hour spectrum. The
upcoming section will expand this perspective to the night, exploring how motor limitations
persist during sleep and how nocturnal hypomobility interacts with daytime mobility and
dopaminergic treatment. Understanding mobility as a continuous phenomenon will com-
plete the picture of movement behavior in PD, bridging daytime and nocturnal domains
and further advancing the ecological and patient-centered approach that underpins this
doctoral work.
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Shedding a light on nocturnal mobility

Key Messages

• Nocturnal mobility impairment is a common occurence in PwPD with
high impact on quality of life and sleep quality. Monitoring night-time
mobility can provide unique insight into the persistence of motor limitations
across sleep–wake cycles.

• Nocturnal hypokinesia reflects diurnal mobility impairment and overall
functional independence supporting the hypothesis that mobility alterations
in PD extend across the entire 24-hour cycle.

• Subjective sleep disturbances may improve with dopaminergic treat-
ment even when objective nocturnal mobility parameters remain un-
changed.

Mobility in PD extends beyond daytime walking and postural control, encompassing a
wide range of motor and non-motor phenomena that persist throughout the 24-hour cycle
(Dodet et al., 2024; Iranzo et al., 2024). Nocturnal hypokinesia (NH), the reduction of
movement during sleep and nighttime wakefulness, represents a particularly disabling yet
often overlooked manifestation of PD (Bhidayasiri & Trenkwalder, 2018; Mirelman et al.,
2020; Sringean et al., 2024). Building on the conceptual framework established in the
previous sections, the studies included in this last part aimed to explore nocturnal mobility
as an integral component of the mobility continuum, linking night-time motor behaviour
with daytime function (Yoneyama et al., 2013) and assessing its response to dopaminergic
therapy (fig. 13.2).

The first study compared clinical variables as well as supervised and unsupervised mobility
parameters between PwPD with and without NH. The results revealed an association be-
tween impaired nocturnal mobility and reduced daytime capacity and performance. In par-
ticular, participants who displayed worse NH also walked fewer steps per day and performed
worse in turning, forward and backward walking tasks. This finding supports the notion
that nocturnal mobility reflects a global motor impairment rather than an isolated noctur-
nal symptom, bridging day and night as parts of a continuous motor spectrum (Mirelman
et al., 2020; Sringean et al., 2017). Moreover, NH was more pronounced in patients with
higher disease stage, longer disease duration, and more severe axial symptoms. These
relationships are consistent with earlier reports describing how rigidity and bradykinesia
during the night are driven by dopaminergic wearing-off and axial involvement (Bhidayasiri,
Sringean, & Thanawattano, 2017; Mirelman et al., 2020; Taniguchi et al., 2022). The second
study explored the effects of dopaminergic therapy on nocturnal mobility and sleep quality
in a subgroup of patients starting either Opicapone or subcutaneous foslevodopa/foscar-
bidopa (fLD/fCD), two treatments with a favorable profile in improving nightime symtopms
(Chaudhuri et al., 2024; Ferreira et al., 2025; R. Hauser et al., 2024; R. A. Hauser et al.,
2024). The introduction of treatment improved subjective sleep quality as measured by
the PDSS-2 but did not significantly change objective nocturnal mobility metrics over the
observational period. These findings suggest that sleep improvement mechanisms following
dopaminergic treatment extend beyond nocturnal mobility. Indeed, the complex spectrum
of PD sleep disorders includes insomnia, restless legs syndrome, excessive daytime sleepiness,
RBD, and obstructive sleep apnea, many involving non-dopaminergic systems (Dodet et al.,
2024; Iranzo et al., 2024). Nevertheless, previous studies demonstrated the effectiveness
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Figure 13.2. The proposed framework considers mobility as a 24h continuum with a
bidirectional interaction between diurnal and nocturnal mobility.

of nocturnal dopaminergic stimulation in improving NH in PwPD (Bhidayasiri, Sringean,
Chaiwong, et al., 2017; Bhidayasiri et al., 2016), therefore more studies are needed to con-
firm and expand the preliminary findings form our study. From a clinical perspective, these
findings highlight the need to systematically consider night-time mobility when evaluating
functional status in PD. Quantifying nocturnal movements provides a window into aspects
of the disease that are poorly captured by traditional assessments but highly relevant to
quality of life (Choi et al., 2021). Difficulties turning in bed or rising from a supine position
not only disturb sleep but also contribute to morning akinesia, pain, and increased fall
risk during nocturnal awakenings (Bhidayasiri & Trenkwalder, 2018). Continuous objec-
tive monitoring of nocturnal mobility could therefore support a more complete evaluation
of disease burden and treatment response. Furthermore, nocturnal mobility metrics could
serve as complementary digital endpoints in clinical trials. Their integration with diurnal
mobility data allows for the assessment of treatment efficacy across the full circadian cycle,
particularly for therapies with extended-release or continuous dopaminergic delivery sys-
tems. In the context of personalized care, detecting worsening nocturnal mobility might
inform medication timing or prompt the use of nighttime dopaminergic supplementation.
Collectively, results obtained in the two studies demonstrate that nocturnal mobility is a
clinically relevant and quantifiable marker reflecting the persistence of motor impairment
across the 24-hour cycle. Its association with daytime mobility reinforces the concept of
PD as a continuously fluctuating disorder in which motor limitations are not confined to
wakefulness but permeate rest periods as well. Furthermore, additional studies are needed
to better understand the complex relationship between dopaminergic treatment response
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and nocturnal symptom management in PD.

Limitations and future directions Both studies share limitations. Sample sizes were mod-
est, and observation periods were short, restricting the power to detect subtle changes
in nocturnal metrics and limiting longitudinal inference. The absence of healthy control
groups precluded comparison with normative night-time movement patterns. Moreover,
while IMU-based measures provide a proxy of nocturnal movement quantity, they cannot
differentiate between voluntary movement, tremor-related motion, or sleep-stage-specific
motor phenomena such as RBD. Combining inertial data with polysomnographic or elec-
tromyographic recordings in future work would allow a more granular understanding of
nocturnal motor activity. Future studies should aim to validate nocturnal mobility metrics
as standardized digital endpoints, defining their clinimetric properties, minimal detectable
change, and relationship with patient-reported outcomes. Integrating day–night mobility
profiles into multimodal frameworks combining wearables, sleep questionnaires, and chrono-
biological markers could clarify the interaction between motor, circadian, and sleep-related
mechanisms in PD. These developments will be included in the continuation of this work,
following the same methodological framework and analytical pipeline validated in Part 1
and Part 2 of this thesis.

Conclusion Nocturnal mobility embodies the final piece of the 24-hour mobility contin-
uum in PD. The persistence of hypokinesia during sleep reflects the continuity of motor
dysfunction across behavioural states and its partial independence from subjective sleep
quality or dopaminergic modulation. By quantifying movements that occur at night, objec-
tive nocturnal monitoring enriches our understanding of how PD affects daily life beyond
waking hours. This approach not only complements the assessment of diurnal capacity and
performance, but also closes the conceptual circle of this thesis, paving the way toward
an integrated, round-the-clock model of mobility that truly reflects the lived experience of
people with PD.
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Conclusions
This doctoral thesis advanced a comprehensive understanding of mobility in PD
(PD) through an integrative and ecologically grounded framework. By combining
wearable-based metrics, clinical assessments, and symptom characterization, the
work conceptualized mobility as a multidimensional behaviour shaped by the con-
tinuous interaction of motor, non-motor, and environmental factors. Together, the
three sections of the thesis traced a coherent trajectory, from measurement valida-
tion to mechanistic interpretation and clinical translation, and finally to the 24-hour
representation of movement in PD.

The first section established the metrological foundation for digital daily mobility
assessment. Consumer-grade smartwatches were shown to provide accurate and re-
liable estimates of step count in mild-to-moderate PD when validated under disease-
specific conditions. By defining the MCID for average daily steps, the work trans-
formed raw step data into clinically interpretable outcomes, enabling their use as
standardized digital mobility endpoints. These studies demonstrated that digital
measures can achieve the same level of methodological rigour as traditional clin-
ical instruments, provided that their accuracy, reliability, and interpretability are
systematically established.

The second section expanded the focus from how mobility is measured to why mo-
bility is altered. By examining the relationship between supervised and real-world
mobility, it revealed that capacity and performance represent related, but distinct,
domains, with in-clinic measures explaining only a fraction of daily walking activity
as already reported in other populations. This finding underscores the limitations of
relying exclusively on laboratory testing and highlights the role of behavioural, mo-
tivational, and environmental factors in shaping real-world function. Multivariate
analyses further demonstrated that while motor symptoms largely determine mo-
bility capacity, non-motor symptoms, especially executive dysfunction and fatigue,
play a major role in translating capacity into performance. These insights advocate
for multidomain assessment strategies and for therapeutic approaches targeting both
motor and cognitive–affective determinants of mobility.

The third section extended the analysis beyond the waking day, revealing that
mobility impairment persists during sleep as nocturnal hypomobility. Nocturnal
movement metrics correlated with daytime mobility and disease severity, confirm-
ing that PD-related motor dysfunction spans the entire 24-hour cycle. Importantly,
dopaminergic therapy improved subjective sleep quality without significantly chang-
ing objective nocturnal mobility, suggesting that more complex, non-dopaminergic
mechanisms contribute to nighttime symptoms. Together, these findings emphasize
the need for continuous, ecologically valid monitoring that captures fluctuations
across the entire day.

Ultimately, this doctoral thesis illustrates how digital technology can bridge the gap
between DMOs and the lived experience of patients. By validating wearable-derived
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metrics, identifying multidimensional determinants, and extending analysis to the
nocturnal domain, it contributes to redefining mobility as a dynamic indicator of
health, function, and quality of life. The integration of wearables-based continuous
measures with clinical and patient-reported data fosters a truly patient-centred un-
derstanding of PD. Clinically, it supports a shift from snapshots to movie, offering
new tools for individualized treatment optimization and remote care. Finally, it
lays the foundation for future research linking digital biomarkers with disease mech-
anisms, predicting clinical trajectories, and personalizing interventions, moving from
measuring movement to understanding the moving individual.
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Résumé
Évaluation de la mobilité dans la maladie de Parkinson :
de l’étude de la maladie à l’application thérapeutique
La maladie de Parkinson (MP) est la deuxième maladie neurodégénérative la plus
fréquente. Les troubles de la marche représentant un des symptômes moteurs (SM)
les plus invalidants, leur étude est essentielle pour améliorer le suivi et le la prise en
charge des personnes atteintes. Les symptômes de la MP sont connus pour fluctuer
d’un jour à l’autre, et au cours d’une même journée ; donct, évaluer la mobilité
uniquement à travers des tests supervisés en laboratoire, qui fournissent un instan-
tané de la dite ‘capacité’ d’une personne à un moment précis, s’avère insuffisant.
Il est dès lors nécessaire d’intégrer une évaluation de la dite ‘performance’, réalisée
dans des conditions de vie réelle, sur de plus longues périodes.

L’utilisation d’outils numériques et d’objets connectés tels que les montres rend au-
jourd’hui cette évaluation de la mobilité possible mais peu de ces nouvelles technolo-
gies ont été validés. De plus, l’influence présumée des SM et surtout des symptômes
non moteurs (SNM) sur la capacité et la performance reste à ce jour peu étudiée.
Ce travail doctoral a abordé ces enjeux à travers trois chapitres complémentaires
:

• Validation d’une montre connectée commercialisée pour le comptage de pas
quotidiens (4 études originales).

• Évaluation des relations entre les paramètres de mobilité mesurés en labora-
toire et en condition de vie réelle, et de la contribution des SM et SNM (3
études originales).

• Analyse de la mobilité nocturne, de son association avec la mobilité diurne et
de la réponse au traitement dopaminergique (2 études originales).

Pour répondre à ces objectifs, nous avons constitué une base de données de 121 per-
sonnes atteintes de MP, comprenant des données démographiques, anthropométriques
et cliniques explorant à la fois les SM et les SNM, ainsi que des mesures de tests de
mobilité réalisées en laboratoire (marche avant, arrière, rotation) et des mesures de
mobilité réalisée en condition de vie réelle.

Dans un premier temps, nous avons démontré que le nombre moyen de pas quoti-
diens (AvDS) mesuré chez les personnes de MP légère à modérée au moyen d’une
montre connectée sont précis et fiable, et que ces propriétés métrologiques soit influ-
encés par le stade de la maladie, le phénotype et l’état pharmacologique du patient
notamment. Nous avons en outre établi, pour la première fois, la différence minimale
cliniquement importante pour AvDS, fournissant une référence pour interpréter les
résultats d’études interventionnelles entre autre. Dans leur ensemble, ces résultats
confirment l’intérêt des mesures fournies pas des montres connectées comme biomar-
queurs numériques de mobilité, tout en soulignant leurs limites liées à la MP.

Dans un second temps, nous avons montré que les paramètres de capacité prédisent
très faiblement ceux de performance. Nos analyses ont en outre souligné le rôle ma-
jeur des SNM, notamment les troubles exécutifs, la dépression et la fatigue, souvent

257



Chapter 14

plus importants que celui des SM. La mobilité dans la MP apparaît en définitive
comme un phénomène multidimensionnel façonné par l’interaction de facteurs mo-
teurs, non moteurs et environnementaux.

Dans une troisième et dernière section, nous avons montré que les personnes atteintes
de MP présentant une mobilité nocturne altérée avaient également une mobilité
diurne réduite, suggérant que les limitations motrices s’étendent sur les 24 heures
de la journée. Enfin, si le traitement dopaminergique a amélioré la qualité subjective
du sommeil, aucune amélioration n’a été observée sur les paramètres objectifs de
mobilité nocturne, suggérant l’existence des mécanismes distincts.

Dans leur ensemble, les résultats de ce travail doctoral soutiennent le développe-
ment de biomarqueurs digitaux nécessaires pour mettre en œuvre des stratégies de
suivi et de prise en charge personnalisée de la mobilité des personnes atteintes de
MP, susceptibles de guider les décisions cliniques, et importantes pour améliorer
l’autonomie et la qualité de vie des personnes atteintes de MP.
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Riassunto
Valutazione della mobilità nella malattia di Parkinson:
dallo studio della malattia alle applicazioni terapeutiche
La malattia di Parkinson (MP) è la seconda malattia neurodegenerativa più fre-
quente. Il declino della mobilità rappresenta una delle principali cause di disabilità;
pertanto, studiare come le persone con MP si muovono è essenziale per la valu-
tazione e la gestione della malattia. I sintomi della MP possono fluttuare nel corso
della giornata o tra giorni diversi. Dunque, valutare la mobilità solo attraverso
test di laboratorio (capacità) può essere insufficiente e richiede l’integrazione di un
monitoraggio in condizioni reali (performance), lungo l’intero arco di 24.

L’avvento dei dispositivi indossabili commerciali, come gli smartwatch, ha reso
questa valutazione possibile, ma la maggior parte di tali dispositivi necessita di
validazione. Inoltre, la mobilità non è determinata unicamente dalla funzione mo-
toria, ma è influenzata da fattori personali e ambientali. Ciò è particolarmente vero
nella MP, in cui i sintomi non motori (NMS) hanno un impatto rilevante. Tut-
tavia, la misura in cui i sintomi motori (MS) e NMS influenzano la capacità e la
performance rimane ancora poco chiara.

Questa tesi di dottorato ha affrontato tali domande nella MP attraverso tre sezioni
complementari:

• Validazione di uno smartwatch commerciale per il conteggio dei passi gior-
nalieri (4 contributi originali).

• Valutazione della relazione tra la capacità di cammino in clinica e la per-
formance di cammino nel mondo reale, e del contributo di MS e NMS alla
mobilità (3 contributi originali).

• Valutazione della mobilità notturna, della sua associazione con la mobilità
diurna e della risposta al trattamento dopaminergico (2 contributi originali).

Abbiamo costruito un dataset multimodale di 121 persone con MP, includendo mis-
ure demografiche, antropometriche e cliniche che esplorano sia i MS che i NMS oltre
a misure di mobilità supervisionata (inclusi cammino in avanti, indietro e rotazioni)
e non supervisionata. Nella prima sezione abbiamo dimostrato che il numero medio
di passi giornalieri (AvDS) è accurato e affidabile nei pazienti con MP lieve-moderata
in condizioni ecologiche, pur essendo influenzato da stadio di malattia, fenotipo, po-
sizionamento del dispositivo e stato farmacologico. Inoltre, abbiamo definito per la
prima volta la minima differenza clinicamente significativa (MCID) per AvDS nella
MP, fornendo un riferimento per interpretare le variazioni nel tempo o in risposta
a interventi. Nel complesso, questi risultati confermano la fattibilità dell’uso degli
smartwatch come strumenti di misura digitale della mobilità, pur evidenziando i
limiti legati alla malattia.

La seconda sezione, mediante modelli bayesiani, ha evidenziato il potere limitato dei
test di mobilità supervisionata nel predire la mobilità non supervisionata. Inoltre,
le analisi multivariate hanno mostrato che i NMS, in particolare disfunzione esec-
utiva, depressione e astenia, rappresentano i determinanti principali della mobilità

259



Chapter 14

supervisionata e non supervisionata. La loro influenza è risultata più marcata nei
compiti complessi, ma evidente anche in AvDS, talvolta più dei MS. Questi risultati
sottolineano che la mobilità nella MP è un fenomeno multidimensionale, modellato
da MS, NMS e fattori ambientali.

Nella terza sezione abbiamo osservato che i pazienti con mobilità notturna ridotta
mostravano anche una peggiore mobilità diurna, indicando che le limitazioni motorie
si estendono lungo l’intero arco di 24 ore. La terapia dopaminergica migliorava la
qualità soggettiva del sonno ma non la mobilità notturna oggettiva, suggerendo
meccanismi distinti.

In conclusione, i risultati della presente tesi di dottorato aprono la strada a strategie
di monitoraggio della mobilità più ecologicamente valide, multidimensionali e cen-
trate sul paziente. Tali risultati possono supportare la decisione clinica, guidare le
strategie terapeutiche e contribuire alla definizione di indicatori digitali di mobilità,
migliorando l’autonomia e la qualità di vita delle persone con MP.
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This doctoral thesis explores mobility in Parkinson’s disease as a multidimensional 

phenomenon, bridging laboratory-based assessments and real-world motor 

behavior. By integrating the use and validation of commercial wearable technology 

with advanced analytical approaches, it examines how motor and non-motor factors 

shape daily and nocturnal mobility across the 24-hour cycle and how movement 

reflects disease mechanisms and therapeutic potential. The work aims to contribute 

to a more ecological and patient-centered evaluation of mobility, with implications for 

clinical practice and the development of meaningful digital outcomes.
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