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a Institute of Sport Sciences, University of Lausanne, Lausanne, Switzerland 
b Department of Clinical Neurosciences, Lausanne University Hospital (CHUV) and University of Lausanne (UNIL), Lausanne, Switzerland 
c Defitech Centre for Interventional Neurotherapies (NeuroRestore), UNIL-CHUV and Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland 
d Service of Neurology, Department of Clinical Neurosciences, Lausanne University Hospital (CHUV) and University of Lausanne (UNIL), Lausanne, Switzerland 
e Research and Development Department, Volodalen Swiss Sport Lab, Aigle, Switzerland   

A R T I C L E  I N F O   

Keywords: 
Parkinson’s disease 
Neurodegeneration 
Exercise 
Movement analysis 
Gait analysis 
Biomarkers 

A B S T R A C T   

Cardinal motor symptoms in Parkinson’s disease (PD) include bradykinesia, rest tremor and/or rigidity. This 
symptomatology can additionally encompass abnormal gait, balance and postural patterns at advanced stages of 
the disease. Besides pharmacological and surgical therapies, physical exercise represents an important strategy 
for the management of these advanced impairments. Traditionally, diagnosis and classification of such abnor-
malities have relied on partially subjective evaluations performed by neurologists during short and temporally 
scattered hospital appointments. Emerging sports medical methods, including wearable sensor-based movement 
assessment and computational-statistical analysis, are paving the way for more objective and systematic di-
agnoses in everyday life conditions. These approaches hold promise to facilitate customizing clinical trials to 
specific PD groups, as well as personalizing neuromodulation therapies and exercise prescriptions for each in-
dividual, remotely and regularly, according to disease progression or specific motor symptoms. We aim to 
summarize exercise benefits for PD with a specific emphasis on gait and balance deficits, and to provide an 
overview of recent advances in movement analysis approaches, notably from the sports science community, with 
value for diagnosis and prognosis. Although such techniques are becoming increasingly available, their stan-
dardization and optimization for clinical purposes is critically missing, especially in their translation to complex 
neurodegenerative disorders such as PD. We highlight the importance of integrating state-of-the-art gait and 
movement analysis approaches, in combination with other motor, electrophysiological or neural biomarkers, to 
improve the understanding of the diversity of PD phenotypes, their response to therapies and the dynamics of 
their disease progression.   

1. Background 

Parkinson’s Disease (PD) had an estimated global prevalence of more 
than 6 million in 2015 and is considered the neurological disease with 
the fastest growing prevalence (Dorsey et al., 2018). It is characterized 
by highly heterogeneous disease manifestations and age of onset (Tolosa 
et al., 2021). Cardinal symptoms of PD are bradykinesia (slowness of 
movement and decrement in amplitude or speed), muscular rigidity, 
resting tremor, later followed by postural control deficits and gait im-
pairments (Mirelman et al., 2019; Postuma et al., 2015). Movement 
symptoms are highly diverse and individual patients usually suffer from 

unique combinations (Kalia and Lang, 2015). The symptoms encompass 
neurological motor deficits, pain, or peripheral symptoms and they may 
be associated with cognitive and psychiatric derangements. Despite its 
traditional classification as a motor disease, PD symptomatology in-
cludes a broad array of so-called “non-motor symptoms”, including sleep 
problems, dysautonomia, cognitive and mood/psychiatric components, 
such as anxiety and depression (Kalia and Lang, 2015). 

Although several mono-genetic mutations have been identified that 
can cause PD (and affect age of onset and disease progression (Tolosa 
et al., 2021)), these familial cases of PD make up only about 10% of 
patients. Most cases are idiopathic; i.e., without a defined genetic cause, 
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with age being the most important risk factor, although genetic and 
environmental risk factors play important roles too (Hou et al., 2019). 
No disease-modifying treatment strategies (i.e., that can slow down or 
stop disease progression instead of the mere control of disease symp-
toms) are yet available. Early PD diagnosis is critical; especially for the 
advent of future disease-modifying treatments since these are expected 
to be most efficient in early disease stages. PD diagnosis traditionally 
relies predominantly on clinical evaluation containing several subjective 
criteria. A diagnostic error rate of about 20% has been estimated and did 
not substantially improve during the last decades (Rizzo et al., 2016). 

Physical activity (“any bodily movement produced by skeletal mus-
cles that results in energy expenditure” (Caspersen et al., 1985)) and 
exercise (“planned, structured, and repetitive” physical activity aiming 
for “improvement or maintenance of physical fitness” (Caspersen et al., 
1985)) have emerged as important interventional strategies for PD 
(Bouça-Machado et al., 2020; Feng et al., 2020; Goodwin et al., 2008). 
Exercise is an important component of physical therapy, which is 
defined as a nonpharmacological, holistic and patient-centered thera-
peutic intervention to improve motor function and movement inde-
pendence; in PD management it focuses on improving physical fitness, 
transfers, manual activities, balance and gait (Bouça-Machado et al., 
2020). Methods, used primarily in sports sciences to assess exercise and 
movement, are becoming highly interesting for PD diagnosis. Massive 
technological advances in motor behavioral analysis represent potent 
tools for this purpose but are only starting to be systematically employed 
for clinical assessment of PD. 

Recent advances in biomarkers discovery but also in the analysis of 
movements have paved the way for the development of more objective 
assessments of PD motor symptoms. This may improve early diagnosis 
and symptomatic disease staging, contribute to sub-classification of PD- 
variants and allow calibration of pharmacotherapies and exercise in-
terventions according to current symptoms. 

In this narrative review, we evaluate the roles and potential of ex-
ercise as a treatment and movement analysis as a diagnostic strategy in 
PD. We first review the pathogenesis and disease progression of PD, 
discuss the development of motor and non-motor symptoms, and high-
light individual differences of the disease course. Next, we provide an 
overview of how exercise benefits different aspects of PD and how 
movement analysis can improve PD diagnosis and the customization of 
treatment strategies. Finally, we will point out the need for combination 
of movement analysis with other biomarkers and argue that such inter- 
disciplinary assessments will not only improve (early) diagnosis but will 
be key for appropriate patient subgroup stratification for clinical trials 
and personalized medicine approaches. Despite huge advances in the 
field of movement analysis, its implementation as a diagnostic tool in PD 
remains slow. Therefore, we aimed to identify possible reasons and 
present research questions to spur new studies that hopefully will 
accelerate the adoption of sports science-based movement analysis and 
precision exercise interventions for PD patients. We conclude that the 
liaison of neurological and sports science methods is expected to unlock 
the full potential of therapeutic exercise for PD patients by enabling the 
selection of the most adequate exercise interventions for each disease 
stage and each patient. 

2. Progression and diversity of Parkinson’s Disease 

Triggered or facilitated by different genetic predispositions and/or 
environmental events, molecular alterations in the brain initiate inex-
orable neurodegenerative processes contributing to PD development 
and progression. Neurodegeneration of selectively vulnerable neuronal 
and non-neuronal cell populations drives clinical manifestations in PD. 
Dopaminergic neurons in the substantia nigra, pars compacta are 
vulnerable cells in PD (Gonzalez-Rodriguez et al., 2020) and their 
demise leads to deregulation of dopaminergic inputs to motor-centers of 
the brain, especially the striatum, and the appearance of motor symp-
toms. Major molecular hallmarks of PD – and important parameters for 

post-mortem characterization of the disease – are Lewy bodies and Lewy 
neurites (together referred to as Lewy pathology), intracellular pro-
teinaceous inclusions consisting predominantly of misfolded and 
aggregated α-synuclein protein and membranous components (Lashuel 
et al., 2013). Mutations or multiplications of the gene encoding for 
α-synuclein, SNCA, have been unambiguously linked to familial forms of 
PD (Lashuel et al., 2013). 

Deficits in glucose metabolism and oxygen-consuming processes 
likely constitute cellular vulnerabilities in PD (Burtscher and Millet, 
2021; Burtscher et al., 2021a; Burtscher et al., in press) and are linked to 
further molecular hallmarks of PD, such as oxidative stress, abnormal 
iron metabolism, neuroinflammation and mitochondrial dysfunction 
(Greenamyre, 2018). 

There are currently no objective tests available for PD diagnosis, and 
the diagnosis is based primarily on partially subjective clinical criteria 
and responsiveness to levodopa (Postuma et al., 2015). Despite recent 
advancements in the development and application of diagnostic bio-
markers for PD diagnosis and disease staging, no accurate diagnosis is 
yet possible for early-stage PD (Tolosa et al., 2021). Genetic testing and 
brain imaging have become fundamental components of clinical routine 
diagnostic procedures and much progress is being made on the devel-
opment of new molecular biomarkers (Tolosa et al., 2021). Among brain 
imaging approaches, structural and diffusion-weighted magnetic reso-
nance imaging (MRI), dopamine transporter (DAT) scans using 
single-photon emission computerized tomography (SPECT) with ioflu-
pane I-123, fluorodeoxyglucose-positron emission tomography (PET), 
and transcranial ultrasound are widely used as ancillary approaches to 
confirm suspected PD (Tolosa et al., 2021). Numerous radionuclide 
tracers for PET and SPECT imaging have been suggested or are in 
development for PD diagnosis (Strafella et al., 2017). While DAT scan-
ning, which detects impaired nigral dopaminergic input to the striatum, 
is routinely used for clinical PD diagnosis (but does not differentiate 
from other neurodegenerative parkinsonisms), a focus in biomarker 
development for PD has been put on α-synuclein. PET tracers, and 
assessment of α-synuclein tissue or biological fluid levels are expected to 
detect early disease stage pathology (Magalhães and Lashuel, 2022). 

Since several neurological disorders are characterized by over-
lapping phenotypes and pathologies (Ali and Morris, 2015), which in 
conjunction with dynamic alterations of symptoms based on the pro-
gression of the underlying pathology complicate PD diagnosis, accurate 
diagnostic tools are still missing but of utmost importance for patient 
characterization (Tolosa et al., 2021). PD subtypes, determined in part 
by genetic risk factors or environmental insults, may further be char-
acterized by age of onset, disease progression, differential prognosis, 
specific symptoms (e.g., tremor-dominant or not), underlying pathology 
and thus differential amenability for specific treatment strategies (Tol-
osa et al., 2021). 

The failure of most clinical interventional trials to modify PD path-
ogenesis in the last decades despite myriad promising results of treat-
ment strategies in preclinical PD-models further highlights the need for 
differential diagnosis; clinical trial participants with heterogeneous 
clinical manifestations and likely divergent neuropathological features 
may increase the variability in patient responsiveness and thus lead to 
negative results for treatments that would be beneficial for specific pa-
tient subgroups. The emerging availability of more objective diagnostic 
tools, including biomarker-based diagnosis and characterization (Tolosa 
et al., 2021) and in-lab/in-clinic to in-home monitoring of PD patients 
(Chandrabhatla et al., 2022) has immense potential to improve the 
diagnosis. 

The prodromal phase of the disease can last 20 years or longer (Kalia 
and Lang, 2015) and is characterized by a combination of subtle 
non-motor and possibly motor signs in absence of the cardinal motor 
symptoms and thus represents a hitherto insufficiently exploited op-
portunity for earlier diagnosis. Common complaints in this period 
include sleep disturbances – including rapid eye movement (REM)-sleep 
behavior disorder – loss of smelling (hyposmia), constipation and 
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urinary dysfunction, anxiety and depression and mild cognitive symp-
toms (Fig. 1) (Tolosa et al., 2021). Suspected diagnosis due to cardinal 
motor features is considered “clinically established” when there is a 
clear dopa-responsiveness of the parkinsonism (Postuma et al., 2015), 
which, however, still can only be confirmed with certainty by brain 
autopsy and post-mortem assessment of loss of dopaminergic neurons 
and of Lewy pathology (Kalia and Lang, 2015). 

Gait and balance impairments in PD are associated with reductions in 
independence and, therefore, quality of life, as well as risk of falls. These 
symptoms change dynamically during the disease course (Mirelman 
et al., 2019), likely drive progressive motor disability and are among the 
earliest functional impairments by many patients, with about 25% of 
people with UPDRS-scores < 20 reporting subtle walking difficulties 
(Shulman et al., 2008). Gait impairments in individuals with idiopathic 
REM-sleep behavior disorder were also observed years before they were 
diagnosed with parkinsonism (Postuma et al., 2012). Various 
gait-related parameters, such as slower speed, impaired gait initiation, 
reduced stride rate, higher stride length variability, arm swing abnor-
malities, leg dragging, impaired orientation after turning or bent posture 
are among the most common functional impairments in early PD (Car-
pinella et al., 2007) and may partially precede diagnosis. While slower 
walking speed is a common early gait abnormality in people with PD 
(Del Din et al., 2019), a recent meta-regression analysis indicates that 
slower walking speed may not be influenced by age, disease duration, or 
PD stage – as assessed by the Movement Disorders Society Unified Par-
kinson’s Disease Rating Scale (MDS-UPDRS) or Hoehn and Yahr scale – 
in medicated people with PD (Zanardi et al., 2021). These authors also 
found that many gait parameters that did not robustly change in 
age-matched controls (self-select walking speed, stride length, cadence, 
double support, swing time and sagittal hip angle) changed in PD 
(Zanardi et al., 2021). Transitional elements of walking, such as turning, 
are most robustly impaired already at early disease stages and represent 
promising early diagnostic opportunities for gait analysis. Lower 
walking economy (increased rate of oxygen consumption during 
walking) is also observed in early PD but likely is also not correlated 
with diseases stage (Christiansen et al., 2009; Jeng et al., 2020b). During 

disease progression, posture and balance impairments as well as freezing 
of gait (FOG) become more common and are often (especially at later 
stages) not sufficiently responsive to levodopa and even less to other 
drugs like dopamine receptor agonists, or to deep brain stimulation 
(Fasano et al., 2015; Rambold et al., 2011). 

3. Exercise as a treatment strategy for Parkinson’s Disease and 
mechanistic considerations 

Muscle weakness and other motor deficits strongly impede PD pa-
tient engagement in physical activity (Mak et al., 2017; Speelman et al., 
2011), resulting in substantially reduced physical activity levels (van 
Nimwegen et al., 2011) and quality of life. In contrast, physical activity, 
and especially exercise, can be a highly beneficial intervention strategy 
for PD. Physical activity has been shown to be inversely correlated with 
disease severity (van Nimwegen et al., 2011), and to improve motor 
deficits in PD (Rutz and Benninger, 2020; Speelman et al., 2011). 
Consequently, reduced physical activity levels and deteriorating phys-
ical capacities due to lack of physical activity represent a vicious cycle in 
PD and possibly account for the reduction of aerobic capacity at later 
stages of PD (Mak et al., 2017). In addition, exercise can also improve 
non-motor symptoms (such as anxiety or cognitive impairments) and 
low quality of life (Speelman et al., 2011); factors that may further 
predispose PD patients to inactive life-styles (van Nimwegen et al., 
2011). 

Besides PD-specific motor deficits, exercise is beneficial for many 
general health aspects, particularly those that deteriorate at older age. 
Exercise improves cardiorespiratory fitness, metabolic and mental 
health, cardio-, cerebrovascular and autonomic function; and it coun-
teracts osteoporosis, sarcopenia, chronic inflammation and mitochon-
drial dysfunction (Ruegsegger and Booth, 2018; Warburton et al., 2006). 
The decline of these functions and capacities may represent risk factors 
for PD and can further reduce functional independence, including the 
capacity to perform physical activities and exercise. Volume, type and 
intensity of exercise are determinants of beneficial outcomes. 
High-intensity exercise may be better suited for early stages of PD than 

Fig. 1. Simplified overview of Parkinson’s disease stages with a focus on gait alterations. Graph style and temporal classification of motor and non-motor symptoms, 
as well as levodopa-induced complications are based on Kalia and Lang (Kalia and Lang, 2015) and Tolosa et al. (Tolosa et al., 2021). For more information on 
gait-related symptoms and neural network correlates, see text. Note that disease stages are highly variable and differ from individuum to individuum depending on 
genetic and environmental conditions but also lifestyle factors, such as physical activity levels. RBD: rapid eye movement sleep behavior disorder. 
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low-intensity training (Schenkman et al., 2018) and individualized 
training with motivation and feedback likely further increases exercise 
benefits for PD patients. Such an individualized exercise intervention 
(“Lee Silverman Voice training BIG”, LSVT-BIG) that focused on 
high-intensity and large movement amplitudes was more efficient than 
low-intensity, isolated walking or workouts at home to improve motor 
symptoms at Hoehn & Yahr stages I–III (mild to moderate PD) (Ebers-
bach et al., 2010). FOG and gait impairments, which are frequently 
pharmaco-resistant, have been shown to be more amenable to different 
exercise types, such as treadmill, aquatic obstacle, or supervised slack-
line training (Rutz and Benninger, 2020). These are particularly 
important in the acute post-operative phase after implantation of deep 
brain stimulation devices (Tassorelli et al., 2009). 

Several weeks of gait (at least 4 weeks) or balance (at least 8 weeks) 
training programs or regular resistance, exercise or dance training in-
terventions induce well-described long-lasting benefits on strength, 
balance and walking capacities (Mak et al., 2017). Based on the analysis 
of different exercise interventions, a review from 2016 (Lauzé et al., 
2016) concluded that in people with PD general physical (strength, 
flexibility, motor control and metabolism) and cognitive capacities were 
consistently improved by exercise, resulting in better functional capac-
ities. Gait efficiency, gait velocity and cadence, and balance/postur-
e/risk of falls were among the features most robustly improved (Lauzé 
et al., 2016). In contrast, while some specific PD symptoms (gait, posture 
and rigidity) also profited from exercise, other symptoms, such as bra-
dykinesia, rigidity and tremor benefited less robustly (Lauzé et al., 
2016). 

Exercise may not only improve motor symptoms and slow down 
functional decline but also – unlike available pharmacological ap-
proaches – could modify disease progression by improving neuro-
plasticity and synaptic function (Bouça-Machado et al., 2020; Petzinger 
et al., 2013). Aerobic exercise (e.g., cycling at 50–80% heart rate 
reserve, 3 times per week for 30–45 min over 6 months) improved the 
functional connectivity of the anterior putamen with the sensorimotor 
cortex and preserved the structural integrity of the brain in PD patients 
with mild-moderate motor symptoms (average baseline MDS-UPDRS-III 
of 30.2 ± 11.4) (Johansson et al., 2022). A similar exercise intervention 
(36 sessions of 30–50 min of cycling at 60–80% of maximum aerobic 
capacity, V̇O2max) improved ventral striatum responses and evoked 
dopamine release in the caudate nucleus of idiopathic PD-patients at 
Hoehn & Yahr stages I–III (Sacheli et al., 2019). These findings suggest 
that exercise not only improves symptoms but has the capacity to 
re-balance underlying neural circuitries. While the restorative effects of 
exercise require more investigation in PD, the key role of sensory feed-
back to boost neural plasticity, circuit reorganization, and motor re-
covery has been extensively demonstrated in spinal cord injury 
rehabilitation (Formento et al., 2018; Takeoka et al., 2014). Results from 
animal models of PD further suggest that endurance exercise and 
walking training reduce PD-related pathologies at the cellular level, 
including oxidative stress, neuroinflammation and α-synuclein pathol-
ogy, while increasing neurotrophic support, together attenuating neu-
rodegeneration and motor-symptoms (Jang et al., 2017; Leem et al., 
2023). 

In addition, exercise can reduce quality of life-reducing non-motor 
symptoms in PD; e.g., cognitive decline (Johansson et al., 2022). 
Furthermore, higher physical activity levels are associated with fewer 
psychiatric symptoms, such as anxiety and depression, as recently 
demonstrated in a meta-analysis of systematic reviews investigating 
various adult healthy and disease populations (Singh et al., 2023). Ev-
idence of potential reduction of psychiatric symptoms by exercise in PD 
remains, however, conflicting and may depend especially on the type of 
exercise, with combined training (aerobic exercise combined with 
strength, balance or flexibility training) being superior to aerobic exer-
cise alone (Singh et al., 2023). 

A major limitation currently is the selection of appropriate exercise 

modalities, volume and intensity individually tailored to people with 
PD. Recently, the selection of these parameters based on an evaluation 
battery consisting of functional (10 m walking test; timed up and go test) 
and clinical (MDS-UPDRS and Hoehn and Yahr score) characterization 
has been proposed (Peyré-Tartaruga et al., 2022). These authors high-
light 3 exercise modalities with specific benefits for PD: exercising in 
deep water for physically severely impaired patients and Nordic walking 
and Brazilian dance as strategies to reduce freezing events, protect from 
falling and improve functional mobility (Dos Santos Delabary et al., 
2020; Monteiro et al., 2017). 

In summary, while exercise and its motivational social implications 
(Rodrigues de Paula et al., 2006) can clearly improve gait deficits 
(Tsukita et al., 2022), and increase physical fitness (Bouça-Machado 
et al., 2020), strength and balance in people with PD (Goodwin et al., 
2008), methodological limitations of the available studies (Mirelman 
et al., 2019) currently impede full understanding of direct gait- and 
potentially pathology-improving effects of exercise. These limitations 
include (i) insufficiently accurate gait analysis, (ii) heterogeneous ex-
ercise protocols, and (iii) potential confounding by medication status. 
Identification of optimal exercise protocols (intensity, duration, fre-
quency, type and combinations of exercise) remain a challenge for 
future research. The increasing availability of advanced tools for 
movement assessment and analysis, often originating from sports sci-
ences, offers great support for this goal. 

4. Advances and value of movement and gait analysis in 
Parkinson’s disease 

Beyond their relevance to tailor physical training protocols, tech-
nologies for movement assessment may also represent a key component 
to improve PD diagnostics. The identification of objective parameters in 
the detection and monitoring of motor functions – complemented with 
well-established clinical testing – has the potential to increase diagnosis 
accuracy and phenotypic PD subtype classification. Earliest-possible 
diagnosis is necessary to maximize the therapeutic potential of 
emerging disease-modifying treatments (Poewe et al., 2020), for which 
movement analysis could play a pivotal role. 

Already early “technology-based objective measures” (TOMs) (Espay 
et al., 2016) analyses indicated the existence of numerous balance and 
gait abnormalities in PD patients that by themselves did not qualify as 
specific disease markers (Horak and Mancini, 2013). This is partially 
based on the substantial overlap of PD motor impairments with age or 
other disease-related motor impairments. General motor disability is 
becoming increasingly common after the age of 65 and affects approx-
imately 50% of individuals at the age of 80 (Bennett et al., 1996). These 
disabilities can include typical mild parkinsonian symptoms such as 
bradykinesia, and postural and gait deficits in individuals not diagnosed 
with PD and have been reported to progressively deteriorate (Buchman 
et al., 2016; Oveisgharan et al., 2021). In addition, they can be associ-
ated with PD-like neuropathology in post-mortem brains, including in 
the substantia nigra (Buchman et al., 2012), and therefore may represent 
pre- or sub-clinical forms of PD. Hence, a good understanding of 
PD-independent and comorbidity-related axial and limb impairments on 
gait parameters in PD are essential to avoid confounding between PD- 
and comorbidity-associated deficits (Mirelman et al., 2019). 

The combined analysis of gait tasks in very specific and complex 
settings (e.g., dual tasks, specific motor tasks such as turning, timed up 
and go test, etc.) has special potential to enable highly sensitive gait 
evaluation (Mirelman et al., 2019), already in individuals with an 
increased likelihood to develop PD, such as the ones presenting with 
REM sleep behavior disorder (Ehgoetz Martens et al., 2019). The per-
formance in dual tasks (e.g. walking while performing arithmetic cal-
culations) may for example provide more accurate information on the 
cognitive state in people with PD than in older adults without PD (Iva-
niski-Mello et al., 2023). Among published applications of TOMs of 
movement with high relevance for PD are the measurement of general 
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decline of ambulatory activity (Cavanaugh et al., 2012), tracking of 
movement abnormalities during laboratory testing of various motor 
tasks (Das et al., 2011) or during unrestrained activity (Roy et al., 2013), 
postural stability (Ozinga et al., 2015), gait and turning (Mariani et al., 
2013), movement and fall occurrence monitoring without training 
(Weiss et al., 2014) or after balance and gait training (Shen and Mak, 
2015), and the effects of medication on motor behavior (Espay et al., 
2011) in PD. 

The use of different motor tasks for gait and movement analysis is an 
interesting avenue to explore, with vast amounts of possible variations. 
Already slightly more complex motor tasks than normal walking at self- 
selected speed can reveal specific impairments in PD patients; for 
example, backward walking or turning. Backward walking commonly 
results in falls in gait-impaired individuals and is known to be more 
strongly impaired in PD patients than forward walking (Hackney and 
Earhart, 2009). Axial rigidity, impaired inter-limb coordination, and 
asymmetric movement patterns may be involved in turning difficulties 
in PD patients (Boonstra et al., 2008). The assembly of batteries of short 
and more complex motor testing, such as inadequate obstacle courses or 
moderately challenging physical coordination tasks, could help to 
identify more specific deficits in the future. 

Recent technological developments rendered movement analysis 
extremely powerful (di Biase et al., 2020; Dorsey et al., 2020; Espay 
et al., 2016; Hobert et al., 2014). They are expected to allow objective 
assessment of motor and non-motor behavior as well as optimization of 
treatment strategies (individually optimized timing, quantity and qual-
ity of medication, and lifestyle recommendations, including exercise) 
and therefore to profoundly impact on TOMs-based diagnostic applica-
tions for PD and other neurological disorders in the future. These de-
velopments include wearable and ambulatory systems, as well as 
advanced data analysis methods, e.g., based on machine-learning algo-
rithms, with clear general and PD-specific clinical value (Bonato, 2010; 
Maetzler et al., 2013; Shull et al., 2014). 

Spatiotemporal gait analysis has been proven useful for clinical 
assessment in PD patients (Hobert et al., 2014; Salarian et al., 2004) and 
inertial measurement units (IMU)-based wearable sensors have been 
repeatedly used to assess gait in PD (Dijkstra et al., 2010; Maetzler et al., 
2012; Salarian et al., 2004). They allow quantification, evaluation and 
fine-tuning of exercise/physical therapy. Moreover, there is an emerging 
consensus that such approaches can enhance sensitivity and accuracy of 
PD diagnosis and disease progression monitoring (Espay et al., 2016). 
For instance, Del Din and colleagues (Del Din et al., 2019) reported the 
value of several gait parameters, derived from wearable devices, to 
predict future diagnosis with PD. Among those parameters were notably 
step time variability and gait asymmetries. In addition, lower pace was 
associated with increased probability of PD diagnosis 4 years later. 

Several reported machine learning algorithms distinguished PD pa-
tients from healthy people and early from later disease stages, based on 
their gait characteristics with up to 90–100% accuracy (di Biase et al., 
2020). However, these algorithms may be valid only for the tested 
populations (overfitting problem) (di Biase et al., 2020). For example, 
Veeraragavan and colleagues (Veeraragavan et al., 2020) presented an 
artificial neural network model based on the vertical ground reaction 
force (VGRF) signal that enabled PD diagnosis at an accuracy of 97%. 
These authors reported a prediction accuracy of the disease severity 
according to the Hoehn and Yahr score of 87%. They argued that VGRF 
data derived from one single short gait test may be sufficient to diagnose 
and assess progression stages in early PD. Similarly, Mirelman, (Mirel-
man et al. (2021) reported a machine-learning assisted gait analysis 
approach using an array of wearables to identify motor disease stages in 
PD patients with sensitivity values from 72% to 83% and specificity of 
69–80%. This study also demonstrates the advantage of using specific 
sensor locations, with upper limb sensors being especially useful to 
assess early motor symptoms (i.e., asymmetry measures) and lower limb 
sensors being most powerful to capture late disease-stage symptoms, 
such as FOG. Although technologies are rapidly advancing and many 

studies on movement analysis and specifically gait analysis have been 
conducted, until now only few studies suggest sufficient accuracy for 
diagnosis or symptom progression monitoring in PD. Wearables specif-
ically facilitate the assessment of relevant but rare events (e.g., falls), 
long-term and longitudinal assessment of movements and 
tracking/fine-tuning of exercise programs. They allow monitoring of PD 
symptoms during daily life activities, including during behaviors that 
may differ from clinical and laboratory settings. They, therefore, in-
crease the temporal and spatial resolution of behavioral monitoring and 
increase ecological validity (Espay et al., 2016). 

Importantly, most available evidence related to gait analysis for PD 
has been restricted to patients in the ON medication condition (Zanardi 
et al., 2021). The application of the aforementioned technologies will be 
key in the assessment of both ON and OFF phases [phases during which 
the medication (e.g., levodopa) is efficient or not], and yield important 
new insights on the individual impairments both during and outside of 
efficient medication periods. A wearable system has recently been 
shown to have 97% sensitivity and 88% specificity to detect OFF-phases 
in PD-patients (Bayés et al., 2018). Beside the cardinal motor symptoms, 
levodopa treatment can improve gait speed, step length, turning speed 
(Curtze et al., 2015) and FOG. Conversely, levodopa seems to be much 
less efficient against gait instability and can even aggravate postural 
sway and arm swing range of motion (Curtze et al., 2015). Long-term 
motor behavior monitoring will allow assessment of individual effects 
of medication and complementation/coordination with other treatment 
strategies, e.g., determination of best periods to perform exercise. 

Comprehensive movement analysis by wearables results in massive 
data outputs that are difficult to analyze with traditional statistical ap-
proaches, and previously represented a major limitation of these ap-
proaches. Emerging machine learning algorithms now facilitate the 
analysis of such complex, multifactorial datasets (Chandrabhatla et al., 
2022; Phinyomark et al., 2018). Novel advanced stages movement 
analysis approaches (e.g., pd neuro-technology’s ‘PD monitor’, Magnes’ 
Nushu ‘sensorised’ shoes or ‘StrivePD’ app from Rune Labs) compared to 
classical clinical diagnostics can increase objectivity and reliability and 
enable testing in real-life settings and the quantifiable evaluation of 
diverse motor activities. The potential of these new techniques to detect 
even subtle movement abnormalities (Nocera and Hass, 2012) as well as 
applications outside of laboratory settings (Hobert et al., 2014) (e.g., 
monitoring of sleep-related disturbances using bed sensors) render them 
valuable for assessment of disease stages (Fig. 2). 

In summary, gait and movement analysis are promising tools for 
better diagnosis and characterization of PD but require further optimi-
zation and standardization (both data acquisition and analysis) for 
reliable applications in heterogeneous PD-patient populations. Valida-
tion, combination and cross-correlation with other disease markers and 
clinical assessments remain future challenges to enable broad clinical 
applications. In particular, categorization of PD subtypes according to 
motor symptoms will strongly profit from advances in gait and move-
ment analysis. Promising results are already available and include the 
characterization of akinetic-rigid and tremor dominant types of PD, with 
akinetic-rigid types presenting with greater impairments in postural 
adjustments specifically during gait initiation and in obstacles negotia-
tion (Casal et al., 2021). Evaluation of such differences becomes 
increasingly precise with advanced movement analysis and is crucial for 
the individual optimization of treatment strategies, including 
neurorehabilitation. 

5. The need for integrative diagnosis in Parkinson’s Disease: an 
outlook 

Beside the ongoing revolutionary discoveries in the development of 
imaging and molecular biomarkers for PD, the methodological and 
technological advancements to analyze motor deficits have emerged as 
powerful diagnostic tools. Still, few approaches accurate enough for 
diagnosis or disease progression monitoring are presently available (di 
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Biase et al., 2020). The huge potential of the increasingly available tools 
for powerful data analysis further asks for the collaborative develop-
ment of new testing protocols (e.g., batteries of different and adequately 
challenging motor tasks) by clinical, physical therapy and sports sci-
ences partners to detect subtle motor impairments in patients. Espe-
cially, novel complex movement tests that include challenging 
coordinative tasks could improve early PD diagnosis, since abnormal-
ities in turning, backward walking, changes in speed, etc. have been 
more robustly linked to early PD than linear walking (Carpinella et al., 
2007). In combination with other diagnostic assessments (Fig. 2), the 
resulting data can potentially be correlated to specific patient groups 
and neuropathologies and may enable earlier and more accurate diag-
nosis. For example, gait analysis can readily be combined with neuro-
imaging, such as in a recent approach to correlate discrete gait deficits in 
recently diagnosed PD with alterations in glucose metabolism of brain 
networks by [18 F]− 2-fluoro-2-deoxyglucose PET (Sigurdsson et al., 
2022). In this study, metabolic alterations in networks related to regions 
of the frontal cortex, insula, supplementary motor area, ventrolateral 
thalamus, cerebellum and cuneus were associated with step velocity and 
step length, while the metabolism of another neuronal network 
(increased superior parietal cortex metabolism and decreased meta-
bolism in cerebellum, basal ganglia, insula, hippocampus, red nucleus 
and mediodorsal thalamus) was related to the variability of swing and 
step time in PD (Sigurdsson et al., 2022). Future longitudinal studies of 
at-risk populations could evaluate whether gait abnormalities, together 
with neural correlates possibly associated with early PD, may predict PD 
development. Other candidate markers for gait deficits include reduced 
caudate dopamine and compromised integrity of the pedunculopontine 
nucleus (Craig et al., 2020) as well as β-amyloid 1–42 (Kim et al., 2019; 
Rochester et al., 2017) and α-synuclein (Goldman et al., 2018), both 
measured in cerebrospinal fluid. Similarly, movement assessments may 
be combined with electrophysiological and neural readouts. In partic-
ular, electromyography (EMG) analyses reveal information about mus-
cle coordination, weakness or co-contraction abnormalities, which can 
guide physical therapy exercises to reinforce specific muscle groups 

(Islam et al., 2020; Ting et al., 2015). Recent advances in neuro-
technology for deep brain stimulation now enable recording brain sig-
nals in chronically implanted patients, wirelessly and in real-time. The 
specific neural biomarkers that underline gait dysfunction (Thenaisie 
et al., 2022) provide key, online feedback to predict episodic gait 
manifestations (e.g., FOG), characterize daily fluctuations, and in turn 
control closed-loop therapies to maximize locomotor performance over 
time via focused stimulation. 

The possibility to comprehensively analyze many different early gait 
and movement parameters might enable the identification of specific 
movement impairment patterns as reliable markers for PD subtypes or 
disease stages. The evaluation of combinations of movement analysis 
with other biomarkers and clinical assessments is necessary for confir-
mation and will contribute to a better understanding of PD symptoms 
and pathogenesis associated with specific PD sub-types. Gait and 
movement analysis can further contribute to the identification of spe-
cific disabling motor deficits, based on which therapeutic approaches 
can be suggested to facilitate physical activity and exercise. It could also 
inform how to best integrate regular, intense exercise training in 
everyday life conditions, for example through telerehabilitation, for 
which important technological and logistic considerations remain to be 
addressed to ensure exercise-motivation and adherence over time. 
Correlating motor deficits with neuronal network activity and specific 
pathologies will open new avenues for differential diagnosis and 
possibly new treatment strategies (Mirelman et al., 2019). Movement 
analysis can further be used to assess the efficiency of specific types of 
exercise in PD patients or at-risk populations and may be useful for the 
challenging recommendation of new personalized exercise programs or 
the modification of existing ones (Fig. 3). In addition, it could help to 
identify specific limitations of gait-impaired individuals that must be 
considered for exercise prescription (e.g., reduced a step-rate threshold 
(Jeng et al., 2020a)). For complex training setups, individual motor 
learning capacities that may be impaired in PD must also be taken into 
account (Freidle et al., 2023). 

Fig. 2. Diagnostic approaches for Parkinson’s Disease. (A) clinical assessment, (B) neuroimaging, (C) electrophysiological assessments like local field potential 
measurements, (D) fluid and tissue biomarkers, (E) genetic testing, (F) quantitative movement analysis, including gait analysis, and (G) wearables to detect 
other parameters. 
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6. Conclusions 

In conclusion, molecular and imaging biomarkers are increasingly 
capable of providing valuable information on pathological alterations in 
peripheral tissues and the brain. However, as pathology appears not to 
perfectly correlate with symptomatology, functional parameters, such as 
motor capacities and non-motor symptoms must be considered to in-
crease diagnosis and individual disease staging reliability and enable 
efficient personalized medicine. Overall, the powerful combination of 
new tools for movement data recording and analysis is becoming 
invaluable for PD research and treatment approaches, particularly ex-
ercise. To take full advantage of the possibilities, numerous questions 
remain to be answered (see open questions box). 

7. Open questions 

• How do movement parameters correlate with other disease charac-
teristics and biomarkers?  

• Can specific movement patterns – maybe in combination with other 
biomarkers – be used for earlier diagnosis?  

• The analysis of which in-lab/in-clinic movement tasks are most 
useful for diagnosis/prognosis?  

• Which in-lab/in-clinic movement tasks are important complements 
to movement data that can be collected outside the lab/clinic?  

• Are distinct exercise interventions differentially effective in specific 
PD patient groups?  

• Which exercise parameters (type, intensity, duration) are most useful 
for which PD-patient groups and at which stages? 

• Can appropriate exercise protocols slow down or even reverse dis-
ease progression?  

• Which machine-learning models are the most accurate to derive 
valid and reliable diagnostic information from movement data? 
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Vainstein, G., Quinlan, L.R., Sweeney, D., ÓLaighin, G., Rovira, J., Rodrigue, Z.M.D., 
Cabestany, J., 2018. A "HOLTER" for Parkinson’s disease: validation of the ability to 
detect on-off states using the REMPARK system. Gait Posture 59, 1–6. 

Bennett, D.A., Beckett, L.A., Murray, A.M., Shannon, K.M., Goetz, C.G., Pilgrim, D.M., 
Evans, D.A., 1996. Prevalence of parkinsonian signs and associated mortality in a 
community population of older people. N. Engl. J. Med 334, 71–76. 

di Biase, L., Di Santo, A., Caminiti, M.L., De Liso, A., Shah, S.A., Ricci, L., Di Lazzaro, V., 
2020. Gait analysis in Parkinson’s disease: an overview of the most accurate markers 
for diagnosis and symptoms monitoring. Sens. (Basel) 20. 

Bonato, P., 2010. Wearable sensors and systems. enabling Technol. Clin. Appl. IEEE Eng. 
Med Biol. Mag. 29, 25–36. 

Boonstra, T.A., van der Kooij, H., Munneke, M., Bloem, B.R., 2008. Gait disorders and 
balance disturbances in Parkinson’s disease: clinical update and pathophysiology. 
Curr. Opin. Neurol. 21 461–471. 

Bouça-Machado, R., Rosário, A., Caldeira, D., Castro Caldas, A., Guerreiro, D., 
Venturelli, M., Tinazzi, M., Schena, F., J., J.F., 2020. Physical activity, exercise, and 
physiotherapy in Parkinson’s disease: defining the concepts. Mov. Disord. Clin. Pr. 7, 
7–15. 

Buchman, A.S., Shulman, J.M., Nag, S., Leurgans, S.E., Arnold, S.E., Morris, M.C., 
Schneider, J.A., Bennett, D.A., 2012. Nigral pathology and parkinsonian signs in 
elders without Parkinson disease. Ann. Neurol. 71, 258–266. 

Buchman, A.S., Leurgans, S.E., Yu, L., Wilson, R.S., Lim, A.S., James, B.D., Shulman, J. 
M., Bennett, D.A., 2016. Incident parkinsonism in older adults without Parkinson 
disease. Neurology 87, 1036–1044. 

Burtscher, J., Millet, G.P., 2021. Hypoxia, acidification and inflammation: partners in 
crime in Parkinson’s disease pathogenesis? Immuno 1, 78–90. 

Burtscher, J., Syed, M.M.K., Keller, M.A., Lashuel, H.A., Millet, G.P., 2021a. Fatal 
attraction - the role of hypoxia when alpha-synuclein gets intimate with 
mitochondria. Neurobiol. Aging 107, 128–141. 

Burtscher, J., Syed, M.M.S., Lashuel, H.A., Millet, G.P., 2023. Hypoxia conditioning as a 
promising therapeutic target in Parkinson’s disease? Mov. Disord. (in press.).  

Carpinella, I., Crenna, P., Calabrese, E., Rabuffetti, M., Mazzoleni, P., Nemni, R., 
Ferrarin, M., 2007. Locomotor function in the early stage of Parkinson’s disease. 
IEEE Trans. Neural Syst. Rehabil. Eng. 15, 543–551. 
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Tartaruga, L.A., Haas, A.N., 2020. Can Samba and Forró Brazilian rhythmic dance be 
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Phinyomark, A., Petri, G., Ibáñez-Marcelo, E., Osis, S.T., Ferber, R., 2018. Analysis of big 
data in gait biomechanics: current trends and future directions. J. Med Biol. Eng. 38, 
244–260. 

Poewe, W., Seppi, K., Marini, K., Mahlknecht, P., 2020. New hopes for disease 
modification in Parkinson’s Disease. Neuropharmacology 171, 108085. 

Postuma, R.B., Lang, A.E., Gagnon, J.F., Pelletier, A., Montplaisir, J.Y., 2012. How does 
parkinsonism start? Prodromal parkinsonism motor changes in idiopathic REM sleep 
behaviour disorder. Brain 135, 1860–1870. 

Postuma, R.B., Berg, D., Stern, M., Poewe, W., Olanow, C.W., Oertel, W., Obeso, J., 
Marek, K., Litvan, I., Lang, A.E., Halliday, G., Goetz, C.G., Gasser, T., Dubois, B., 
Chan, P., Bloem, B.R., Adler, C.H., Deuschl, G., 2015. MDS clinical diagnostic criteria 
for Parkinson’s disease. Mov. Disord.: Off. J. Mov. Disord. Soc. 30, 1591–1601. 

Rambold, A.S., Kostelecky, B., Lippincott-Schwartz, J., 2011. Together we are stronger: 
Fusion protects mitochondria from autophagosomal degradation. Autophagy 7, 
1568–1569. 

Rizzo, G., Copetti, M., Arcuti, S., Martino, D., Fontana, A., Logroscino, G., 2016. 
Accuracy of clinical diagnosis of Parkinson disease: a systematic review and meta- 
analysis. Neurology 86, 566–576. 

J. Burtscher et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref19
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref19
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref23
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref23
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref23
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref24
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref24
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref25
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref25
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref31
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref31
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref31
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref32
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref32
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref32
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref36
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref36
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref38
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref38
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref39
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref39
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref40
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref40
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref42
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref42
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref45
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref45
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref45
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref49
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref50
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref50
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref52
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref52
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref55
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref55
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref55
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref57
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref57
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref63
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref63
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref63
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref64
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref64
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref64
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref66
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref66
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref66
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref67
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref67
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref71
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref71
http://refhub.elsevier.com/S1568-1637(23)00306-9/sbref71


Ageing Research Reviews 93 (2024) 102147

9

Rochester, L., Galna, B., Lord, S., Yarnall, A.J., Morris, R., Duncan, G., Khoo, T.K., 
Mollenhauer, B., Burn, D.J., 2017. Decrease in Aβ42 predicts dopa-resistant gait 
progression in early Parkinson disease. Neurology 88, 1501–1511. 

Rodrigues de Paula, F., Teixeira-Salmela, L.F., Coelho de Morais Faria, C.D., Rocha de 
Brito, P., Cardoso, F., 2006. Impact of an exercise program on physical, emotional, 
and social aspects of quality of life of individuals with Parkinson’s disease. Mov. 
Disord.: Off. J. Mov. Disord. Soc. 21, 1073–1077. 

Roy, S.H., Cole, B.T., Gilmore, L.D., De Luca, C.J., Thomas, C.A., Saint-Hilaire, M.M., 
Nawab, S.H., 2013. High-resolution tracking of motor disorders in Parkinson’s 
disease during unconstrained activity. Mov. Disord.: Off. J. Mov. Disord. Soc. 28, 
1080–1087. 

Ruegsegger, G.N., Booth, F.W., 2018. Health benefits of exercise. Cold Spring Harb. 
Perspect. Med 8. 

Rutz, D.G., Benninger, D.H., 2020. Physical therapy for freezing of gait and gait 
impairments in Parkinson disease: a systematic review. Pm R. 12, 1140–1156. 

Sacheli, M.A., Neva, J.L., Lakhani, B., Murray, D.K., Vafai, N., Shahinfard, E., English, C., 
McCormick, S., Dinelle, K., Neilson, N., McKenzie, J., Schulzer, M., McKenzie, D.C., 
Appel-Cresswell, S., McKeown, M.J., Boyd, L.A., Sossi, V., Stoessl, A.J., 2019. 
Exercise increases caudate dopamine release and ventral striatal activation in 
Parkinson’s disease. Mov. Disord.: Off. J. Mov. Disord. Soc. 34, 1891–1900. 

Salarian, A., Russmann, H., Vingerhoets, F.J., Dehollain, C., Blanc, Y., Burkhard, P.R., 
Aminian, K., 2004. Gait assessment in Parkinson’s disease: toward an ambulatory 
system for long-term monitoring. IEEE Trans. Biomed. Eng. 51, 1434–1443. 

Schenkman, M., Moore, C.G., Kohrt, W.M., Hall, D.A., Delitto, A., Comella, C.L., 
Josbeno, D.A., Christiansen, C.L., Berman, B.D., Kluger, B.M., 2018. Effect of high- 
intensity treadmill exercise on motor symptoms in patients with de novo Parkinson 
disease: a phase 2 randomized clinical trial. JAMA Neurol. 75, 219–226. 

Shen, X., Mak, M.K., 2015. Technology-assisted balance and gait training reduces falls in 
patients with Parkinson’s disease: a randomized controlled trial with 12-month 
follow-up. Neurorehabil Neural Repair 29, 103–111. 

Shull, P.B., Jirattigalachote, W., Hunt, M.A., Cutkosky, M.R., Delp, S.L., 2014. Quantified 
self and human movement: a review on the clinical impact of wearable sensing and 
feedback for gait analysis and intervention. Gait Posture 40, 11–19. 

Shulman, L.M., Gruber-Baldini, A.L., Anderson, K.E., Vaughan, C.G., Reich, S.G., 
Fishman, P.S., Weiner, W.J., 2008. The evolution of disability in Parkinson disease. 
Mov. Disord.: Off. J. Mov. Disord. Soc. 23, 790–796. 

Sigurdsson, H.P., Yarnall, A.J., Galna, B., Lord, S., Alcock, L., Lawson, R.A., Colloby, S.J., 
Firbank, M.J., Taylor, J.P., Pavese, N., Brooks, D.J., O’Brien, J.T., Burn, D.J., 
Rochester, L., 2022. Gait-related metabolic covariance networks at rest in 
Parkinson’s disease. Mov. Disord.: Off. J. Mov. Disord. Soc. 37, 1222–1234. 

Singh, B., Olds, T., Curtis, R., Dumuid, D., Virgara, R., Watson, A., Szeto, K., 
O’Connor, E., Ferguson, T., Eglitis, E., Miatke, A., Simpson, C.E., Maher, C., 2023. 
Effectiveness of physical activity interventions for improving depression, anxiety and 
distress: an overview of systematic reviews. Br. J. Sports Med. 

Speelman, A.D., van de Warrenburg, B.P., van Nimwegen, M., Petzinger, G.M., 
Munneke, M., Bloem, B.R., 2011. How might physical activity benefit patients with 
Parkinson disease? Nat. Rev. Neurol. 7, 528–534. 

Strafella, A.P., Bohnen, N.I., Perlmutter, J.S., Eidelberg, D., Pavese, N., Van Eimeren, T., 
Piccini, P., Politis, M., Thobois, S., Ceravolo, R., Higuchi, M., Kaasinen, V., 
Masellis, M., Peralta, M.C., Obeso, I., Pineda-Pardo, J., Cilia, R., Ballanger, B., 
Niethammer, M., Stoessl, J.A., 2017. Molecular imaging to track Parkinson’s disease 
and atypical parkinsonisms: new imaging frontiers. Mov. Disord.: Off. J. Mov. 
Disord. Soc. 32, 181–192. 

Takeoka, A., Vollenweider, I., Courtine, G., Arber, S., 2014. Muscle spindle feedback 
directs locomotor recovery and circuit reorganization after spinal cord injury. Cell 
159, 1626–1639. 

Tassorelli, C., Buscone, S., Sandrini, G., Pacchetti, C., Furnari, A., Zangaglia, R., 
Bartolo, M., Nappi, G., Martignoni, E., 2009. The role of rehabilitation in deep brain 
stimulation of the subthalamic nucleus for Parkinson’s disease: a pilot study. Park. 
Relat. Disord. 15, 675–681. 

Thenaisie, Y., Lee, K., Moerman, C., Scafa, S., Gálvez, A., Pirondini, E., Burri, M., 
Ravier, J., Puiatti, A., Accolla, E., Wicki, B., Zacharia, A., Castro Jiménez, M., 
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