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Resumo 
 

Sintomas axiais, incluindo comprometimento da marcha, freezing (FOG) e 

instabilidade postural, são sintomas comuns em pacientes com doença de Parkinson (PD). 

Eles são encontrados nos estágios iniciais da doença, e sua frequência e gravidade 

aumentam com a progressão da doença, levando à perda de mobilidade, independência, 

um aumento no risco de quedas e uma diminuição na qualidade de vida. Embora nos 

estagios inicias o FOG seja tipicamente responsivo à terapia com levodopa (LD) os 

sintomas axiais geralmente são menos sensíveis à LD quando comparados com os 

sintomas apendiculares, como rigidez, bradicinesia e tremor. 

A Estimulação Cerebral Profunda do Núcleo Subtalâmico (STN-DBS) é um 

tratamento bem estabelecido para pacientes com PD com complicações motoras (MC). 

Embora o STN-DBS tenha mostrado benefícios a longo prazo para sinais apendiculares, 

flutuações motoras, discinesias e qualidade de vida, sua eficácia em abordar sinais axiais, 

incluindo FOG, é mais controversa. Alguns estudos indicaram que a estimulação pode 

melhorar a marcha e o FOG, especialmente a curto prazo, mas com uma diminuiçao do 

benefício a longo prazo. Outros estudos mostraram que os sintomas axiais permaneceram 

inalterados ou pioraram após a cirurgia de STN-DBS. Além disso, os fatores preditivos, 

clínicos e demográficos, dos resultados da marcha e do FOG após o STN-DBS não estão 

bem estabelecidos. 

A optimizaça terapeutica dos doentes que apresentam FOG apos cirurgia de 

estimulacao cerebral profunda constitui um desafio terapeutico. Paradigmas alternativos 

de estimulação, como a estimulação de baixa frequência (LFS), foram tentados para 

melhorar o FOG pós-cirúrgico, contud, nem todos os estudos foram capazes de reproduzir 

os mesmos resultados.  

Nesta tese, o nosso primeiro objectivo foi estabelecer a frequência e identificar os 

fatores de risco para o desenvolvimento de FOG e alteracoes da marhca pós-cirúrgicas. 
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Dados de 109 pacientes com PD submetidos a STN-DBS com um acompanhamento de 8 

anos foram coletados retrospectivamente. A sobrevida a 8 anos e a frequência de marcos 

de incapacidade foram avaliadas. Mostramos que quedas (73% dos pacientes) e freezing 

(47% dos pacientes) foram os marcos mais precoces e frequentemente observados, 

ocorrendo em 40,4 ± 25,4 e 39,6 ± 28,4 meses, respectivamente. Demência, alucinações 

e institucionalização surgiram mais tarde e foram menos frequentes, com uma relação 

temporal entre a presença de marcos de incapacidade e morte sendo constatada. 

Pontuaçoe mais altas na MDS-UPDRS parte II na condiçao medicaçao-OFF e idade mais 

avançada a data da cirurgia estavam associados a um maior risco de quedas e FOG. 

Dezoito pacientes com PD submetidos a STN-DBS foram avaliados pré-

cirúrgicamente e acompanhados durante 18 meses apos a cirurgia. Marcha e FOG foram 

avaliados sob diferentes condições. A estimulação mostrou uma melhora não significativa 

na severidade da marcha em condições de OFF-medicação, mas uma piora não significativa 

na condição de ON-medicação. A estimulação reduziu a gravidade do FOG em condições 

de OFF-medicação, mas não teve impacto na gravidade em ON-medicaçao. Um aumento 

na frequência tanto de alteracoes da marcha quanto do FOG na melhor condição funcional 

também foi observado. A gravidade do FOG após 18 meses da cirurgia foi melhor 

correlacionada com a resposta pré-operatória à LD de métricas cinemáticas do que com a 

resposta do MDS-UDRS-III. Em relação aos efeitos da estimulação e LD na biomecânica 

da marcha, a avaliação pós-cirúrgica revelou que a estimulação foi associada a uma 

redução na velocidade, comprimento de passo e passada, e um aumento na variabilidade 

da marcha. 

Diante das limitações da avaliação clínica em pacientes com PD, estudamos a 

resposta motora à LD usando análise cinemática 3D baseada em inércia. Dezessete 

pacientes com PD no estágio de complicações motoras foram estudados no pré-cirúrgico. 

A cinemática 3D assistida por IMU detectou alterações motoras tão cedo quanto 20 minutos 

após a administração de levodopa, mais cedo do que a avaliação clínica padrão usando o 

MDS-UPDRS parte III, sugerindo que a análise cinemática usando dispositivos vestíveis 
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pode detectar alterações motoras relacionadas ao tratamento de forma mais abrangente 

do que o MDS-UPDRS III. 

Após estabelecer a frequência e os fatores de risco para o FOG, selecionamos 

pacientes com PD submetidos a STN-DBS que apresentavam FOG na melhor condição 

funcional (score de item 3.11 ≥2 na condição de MedicaçãoON/EstimulaçãoON) para 

avaliar a resposta do FOG ao LD e diferentes frequências de estimulação (130 Hz e 60 Hz). 

Dezessete pacientes foram incluídos neste estudo transversal e avaliados em cinco 

condições terapêuticas diferentes: MedicaçãoOFF/EstimulaçãoOFF; 

MedicaçãoOFF/EstimulaçãoON; MedicaçãoON/EstimulaçãoOFF e 

MedicaçãoON/EstimulaçãoON . Além da avaliação clínica e cinemática da marcha, um 

modelo de detecção automática de FOG foi aplicado a esses pacientes. A nível de grupo, 

comparado a MedicaçãoOFF/EstimulaçãoOFF, o número de episódios de FOG foi 

significativamente reduzido na condição MedicaçãoON/EstimulaçãoON 130 Hz. 

Observamos uma alta variabilidade nas respostas individuais à LD ou estimulação. 

Enquanto aproximadamente 29% dos pacientes pioraram do FOG com LD e foram 

resgatados pelo STN-DBS, cerca de 18% apresentaram o padrão reverso. Não foram 

observadas diferenças significativas no número de episódios de FOG entre diferentes 

frequências de estimulação, mas a variabilidade da marcha emergiu como a dimensão 

cinemática mais forte associada ao FOG. A detecção automática de FOG mostrou uma boa 

correlação com métricas clínicas de FOG em todas as condições testadas. 

O presente trabalho fornece evidências de que FOG é um sintoma comum após 

STN-DBS, com sua prevalência aumentando ao longo do tempo. Pacientes com maior 

gravidade da doença e idade mais avançada no momento da cirurgia parecem ter um risco 

maior de desenvolver resultados axiais negativos. Com o papel do teste de desafio com 

levodopa (LCT) recentemente questionado como preditor de resultados axiais, mostramos 

que a resposta ao LD de métricas cinemáticas específicas da marcha pode estar melhor 

correlacionada com os resultados do FOG do que a resposta motora global. Também 

demonstramos que a estimulação e o LD podem impactar de forma diferente a biomecânica 

da marcha. 
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Em pacientes com FOG pós-cirúrgico na condição funcional melhor, mostramos que 

o FOG é em sua maioria resistente à terapia, mas parcialmente melhorado por estimulação 

e medicação. No entanto, essa resposta é inferior à resposta ao LD pré-cirúrgico, sugerindo 

que a progressão da doença pode ter um papel no surgimento desse FOG pós-cirúrgico. A 

heterogeneidade clínica e cinemática nas respostas ao FOG ao LD e estimulação (incluindo 

frequência) devem ser consideradas clinicamente, e uma avaliação extensiva com LD e 

testes de estimulação deve ser oferecida a pacientes com FOG pós-cirúrgico. A análise 

cinemática 3D da marcha pode ser um instrumento poderoso para identificar episódios de 

FOG, estudar fenótipos da marcha e esclarecer os mecanismos do circuito do FOG. 
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Abstract 
 
 
 

Axial motor features, including gait impairment, freezing of gait (FOG), and postural 

instability, are common symptoms in Parkinson’s disease (PD) patients. They are found in 

the early stages of the disease, and their frequency and severity increase with disease 

progression, leading to loss of mobility, independence, an increased risk of falls, and a 

decrease in quality of life. Although FOG is typically responsive to levodopa (LD) therapy 

in the early stages, axial symptoms are generally less sensitive to LD compared to 

appendicular symptoms such as rigidity, bradykinesia, and tremor. 

Deep Brain Stimulation of the Subthalamic Nucleus (STN-DBS) is a well-established 

treatment for PD patients with motor complications (MC). While STN-DBS has shown long-

term benefits for appendicular signs, motor fluctuations, dyskinesias, and quality of life, 

its efficacy in addressing axial signs, including FOG, is more controversial. Some studies 

have indicated that stimulation can improve gait and FOG, especially in the short-term 

follow-up, but these benefits may diminish in the long term. Other studies have shown that 

axial symptoms either remained unchanged or worsened after STN-DBS surgery. 

Additionally, the pre-surgery clinical and demographic factors predictive of gait and FOG 

outcomes after STN-DBS are not well established. 

Managing patients who present FOG in the postoperative phases of DBS remains 

challenging. Alternative stimulation paradigms such as low-frequency stimulation (LFS) 

have been attempted to improve post-surgery FOG, but consistent results have not been 

found across different studies. 

In this thesis, we aimed to establish the frequency and identify risk factors for the 

development of post-surgery FOG and gait impairment. Data from 109 PD STN-DBS 

patients with an 8-year follow-up were retrospectively collected. Survival at 8 years and 

the frequency of disability milestones were assessed. We found that falls (73% of patients) 

and freezing (47% of patients) were the earliest and most frequently observed milestones, 
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occurring at 40.4 ± 25.4 and 39.6 ± 28.4 months, respectively. Dementia, hallucinations, 

and institutionalization emerged later and were less frequent, with a temporal relationship 

between the presence of disability milestones and death being ascertained. Higher 

Activities of Daily Living (ADL) scores in the OFF state and older age at surgery were 

associated with a higher risk of falls and freezing. 

Eighteen STN-DBS PD patients were evaluated at baseline (pre-surgery) and 

followed up at 18 months post-surgery. Gait impairment and FOG were assessed under 

different conditions. Stimulation showed a non-significant improvement in the severity of 

gait impairment in medication-off conditions but a non-significant worsening in the 

medication-on condition. Stimulation reduced the severity of medication-OFF FOG, but it 

had no impact on severity. An increase in the frequency of both gait impairment and FOG 

in the best functional condition was also observed. FOG severity at 18 months post-surgery 

was better correlated with the pre-operative response to LD of specific kinematic metrics 

than with the MDS-UDRS-III response. Regarding the effects of stimulation and LD on gait 

biomechanics, post-surgical assessment revealed that stimulation was associated with a 

reduction in speed, step and stride length, and an increase in gait variability. 

Given the limitations of clinical assessment in PD patients, we studied the motor 

response to LD using inertial-based 3D kinematic analysis. Seventeen PD patients at the 

stage of motor complications undergoing pre-surgery evaluation were studied. IMU-

assisted 3D kinematics detected motor alterations as early as 20 minutes after levodopa 

administration, earlier than the gold-standard clinical evaluation using the MDS-UPDRS 

part III, suggesting that kinematic analysis using wearable devices can detect motor 

alterations related to treatment more comprehensively than the MDS-UPDRS III. 

After establishing the frequency and risk factors for FOG, we selected PD STN-DBS 

patients presenting FOG in the best functional (score item 3.11 ≥2 on 

MedicationON/Stimulation ON condition) to assess the response of FOG LD and different 

stimulation frequencies (130 Hz and 60 Hz). 17 patients were included in this cross-

sectional study, and evaluated in five different therapeutic conditions: 

MedicationOFF/StimulationOFF; MedicationOFF/StimulationON; 
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MedicationON/StimulationOFF and MedicationON/StimulationON. Besides the clinical and 

kinematic evaluation of gait a model for automatic FOG detection was applied to these 

patients. At a cohort level, compared to MedOFF/StimOFF, the number of FOG episodes 

was significantly reduced in the MedONStimON 130Hz condition. A high variability in 

individual responses to LD or stimulation was observed. While approximately 29% of 

patients worsened their FOG with LD and were rescued by STN-DBS, about 18% presented 

the reverse pattern. No significant differences were observed in the number of FOG 

episodes between different stimulation frequencies, but gait variability emerged as the 

strongest kinematic dimension associated with FOG. Automatic FOG detection showed a 

good correlation with clinical FOG metrics across all conditions tested. 

The present work provides evidence that FOG is a common symptom after STN-

DBS, with its prevalence increasing over time. Patients with higher disease severity and 

older age at the time of surgery appear to have a higher risk of developing negative axial 

outcomes. With the role of a levodopa challenge test (LCT) being recently questioned as a 

predictor of axial outcomes, we show that the response to LD of specific kinematic gait 

metrics may be better correlated with FOG outcomes than the overall motor response. We 

also demonstrated that stimulation and LD may impact gait biomechanics differently. 

In patients with post-surgery FOG in the best-functional condition, we have shown 

that FOG is mostly therapy-resistant but partially improved by stimulation and medication. 

Nonetheless, this response is inferior to the pre-surgery response to LD, suggesting that 

disease progression may play a role in the emergence of this post-surgery FOG. The clinical 

and kinematic heterogeneity in FOG responses to LD and stimulation (including frequency) 

should be clinically considered, and an extensive evaluation with LD and stimulation testing 

should be offered to patients with post-surgery FOG. 3D-kinematic gait analysis can be a 

powerful instrument to identify FOG episodes, study gait phenotypes, and clarify the circuit 

mechanisms of FOG. 
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Chapter I. Introduction 
 

IA- Introducing Parkinson’s Disease 
  

a) Epidemiology 

 Described for the first time by James Parkinson in 1817, Parkinson’s disease (PD) 

is the second most common neurodegenerative disease after Alzheimer’s disease. PD 

affects approximately 2-3% of the population aged over 65 year, with approximately 6.1 

million people being affected worldwide in 2016.1–5  

With an aging population these number are estimated to increase, and by 2040 it 

is estimated that more than 12 million people worldwide will suffer for PD. The "Parkinson 

pandemic" is believed to stem not only from an aging population but also from increasing 

longevity. Furthermore, decreasing smoking rates, along with rising levels of pesticides, 

solvents, and heavy metals, are also thought to contribute to the growing number of PD 

diagnoses.1,6–8   

Despite being an age-related disease, it should be noticed that around ¼ of PD 

patients have less than 65 years at disease onset and 5-10% have less than 50 years old 

at the time of the first symptoms (young-onset PD).1,2,4,9,10 

PD is more prevalent in men than in women, and age of onset is also lower in the 

former ones, with consequently more years lived with disability. A protective effect of 

estrogen has been put forward to explain both the low risk of PD in women and the 

increased prevalence after menopause years.1,2,11–13 

In 90% of the cases PD is an idiopathic disease, with only 10% of the cases being 

a monogenic form of the disease. The likelihood of a monogenic form of PD is higher in 

patients with a positive family history of PD and/or patients with a younger age of disease 

onset, with proportion of genetically defined cases rising to  more than 40% in those with 

disease onset before 30 years.1,2 

In sporadic PD patients; environmental factors probably interact with genetic 

factors to cause PD (Table 1.1).1–3,5,14–17 In monogenic forms of PD, autossomic dominant 

and recessive forms have been identified with the list of mutations causing monogenic 
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types of Parkinson comprising genes as  SCNA, LRKK2, PRKN and PINK1.18–21 In addition, 

heterozygotic mutations in the GBA gene have been associated to an increased risk for the 

sporadic form of the disease.22–24 

 

 

 

 

 

 

 

Table 1.1 Risk factors for the development of Parkinson’s disease 

Risk Factors Protective factors 

Exposure to pesticides Smoking 

Head injury Coffee drinking 

Rural Living Physical exercise 

Beta-blocker use High plasma urate levels 

Agricultural occupation Non-steroidal Anti-inflamatory drugs (NSAID) 

Well-water drinking  

  

Despite the increasing knowledge gathered in the last years about genetic and 

environmental factors associated with PD, the precise molecular mechanisms that cause 

dopaminergic cell loss are still not fully understand. 1,2,25–28 

The neuropathologic hallmark of PD includes neuronal loss in specific areas of the 

substantia nigra (SN) and widespread intracellular accumulation of α-synuclein (α-sync) e 

presence of this two neuropathologic changes are specific for a diagnosis of idiopathic 

PD.2,27,28 

Generalized brain atrophy, reflecting widespread neuronal loss is not typical of PD, 

where neuronal loss appears to be restrained to specific brain regions. In early-stage 

disease, loss of dopaminergic neurons is restricted to the ventrolateral SN with relative 
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sparing of other midbrain dopaminergic neurons but becomes more widespread with 

disease progression.29 

The other main neuropathologic alteration is the presence of intracellular Lewy Body 

(LB), largely made up of aggregated α-sync.  

Several mechanisms are probably involved on the accumulation and aggregation of 

α-sync2: (1) a relative overproduction of the protein, (2) the presence of mutations that 

increase the likelihood for its misfolding and oligomerization or (3) impairments in the 

molecular pathways that are charged with degrading native or misfolded α-sync. Here, a 

progressive, age-related decline in proteolytic defense mechanisms in the ageing brain 

might play an important part in the accumulation of α-sync. Lysosomal autophagy system 

(LAS) and ubiquitin-proteasome system are normally responsible for the maintenance of 

intracelular α-sync homeostasis.  Increasing age – a major risk factor for PD - is associated 

with reduced activity of these systems, potentiating intracellular α-sync deposition. 30–32 

The initial deposition of misfolded α-sync in a small number of cells would subsequently 

spread to neighboring structures due to a Prion-like propagation mechanism. 

Consequently, initial α-sync misfolding and aggregation in a small number of cells could 

progressively lead to the spread of LB to multiple brain regions.33 This is consistent with 

the Braak’s hypothesis, where a specific pattern for α-sync spreading is proposed.34 

According to the Braak’s staging system, the pathology is hypothesized to spread according 

to a specific pattern, starting on the olfactory bulb and gut and spreading via the olfactory 

tract and the vagal nerve, respectively, toward and within the central nervous system 

(CNS). 2,34,35 

Mitochondrial dysfunction has been also intimately linked to the pathogenesis of 

PD, possible by potentiating dysfunction on axonal transport, increasing vulnerability of 

nigral dopaminergic neurons and increasing oxidative stress. It has also been postulated 

that a α-sync aggregation and mitochondrial dysfunction would perpetuate each other in a 

vicious cycle.36–38 Neuroinflamation also appears to promote α-sync misfolding, and 

although the exact relationship between neuroinflammation and neurodegeneration is 

complex and not fully understood, there is growing evidence to suggest that inflammatory 
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processes contribute to the progression of the disease. α-sync appears to have a role role 

in triggering neuroinflammation, that, in its turn, will increase and promote α-sync 

misfolding and aggregation. In addition, recent evidence suggests that systemic 

inflammation may contribute to neuroinflammation in Parkinson's disease contributing to 

disease progression at the central nervous system. 26,33,39–41  

 Overall, pathophysiologic alterations in PD appear to result from this complex 

interaction of aberrant α-synuclein aggregation, dysfunction of mitochondria, lysosomes, 

synaptic transport issues, and neuroinflammation. Altogether, this will result in neuronal 

death of primarily dopaminergic neurons, with a consequent decrease in dopaminergic 

transmission at the motor region of the striatum. This will translate into an imbalance 

between direct (facilitatory) and indirect (inhibitory) pathways explaining the emergence 

of bradykinesia, one of the cardinal motor symptoms of PD. 2 

  

 b) Clinical Presentation 

  

 A triad of motor signs described initial by James Parkinson persists up to our days 

as the foundation for the diagnosis of PD.42,43 More than 200 years after its initial 

description, the diagnosis remains fundamentally clinical and requires the presence of 

bradykinesia, rest tremor and/or rigidity.44 Gait and postural impairment, even if not 

required for the clinical diagnosis of PD, are also classically recognized as cardinal disease 

signs. Additional motor features, that can appear throughout disease progression at 

different rates, includes micrography, hypomimia, hypophonia, dysarthria, dysphagia, 

freezing and festination. 1,44,45 

A high variability of motor phenotypes exists between subjects, with some patients 

presenting predominantly with a 4-6 Hz asymmetric rest tremor while in others gait 

impairment and postural instability will be the motor symptoms dominating the clinical 

presentation. According to the predominantly motor presentation, two major motor 

subtypes of PD have been defined: Tremor-dominant subtype (TD) and Postural Instability-

Gait difficulty/ Akinetic-rigid (PIGD/AR) subtype.46,47 Prognostic implications have been 
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attributed to each phenotype, with PIGD/AR patients classically presented faster rates of 

disease progression and higher degrees of functional disability (faster cognitive decline, 

higher risk of depression and apathy and higher prevalence of non-motor symptoms). 48–

52 

More recently, limitations in the currently used algorithms have been highlighted as 

patients seem to transition between phenotypes both due to disease progression and 

treatment, lacking phenotypic stability over time. .51,53 Accordingly it has been proposed 

that PIGD and TD should not be considered distinct biological entities but reflect the 

progression of parkinsonian motor symptoms throughout several stages.  

Despite these limitations, differentiating between appendicular (tremor, bradykinesia and 

axial symptoms (gait, freezing, dysarthria, posture) has probably prognostic and 

therapeutically implications. 48–52 

Classically described as a motor disorder, the clinical spectrum of PD symptoms 

also comprehends several non-motor symptoms (NMS) touching several domains from 

cognition, autonomic dysfunction and affective disorders. (Table 1.2) It is of paramount 

importance recognizing (and treating) the existence of these non-motor symptoms since 

they contribute substantially to quality of life and disability. 1,2,54–57 

In addition, these non-motor symptoms may predate the emergence of motor 

complains, with constipation, REM-Sleep Behavior Disorder (RBD), hyposmia and 

depression appearing up to ten years before the emergence of the first motor symptoms. 

58,59 

 

 

 

 

 

 
Table 1.2 Non-motor symptoms in PD 

 Hyposmia Decreased or absent sense of smell  

Sleep dysfunction REM- sleep behavior disorder (RBD) Loss of REM sleep muscle atonia. It is 
associated with jerking and sometimes 
very violent limb and body movements 
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which seem to be related to dream 
content (dream-enactment). 

Daytime sleepiness Affects around 50% PD patients. It 
exists a significant correlation between 
the dose of dopaminergic medication 
and the severity of daytime sleepiness. 

Sleep-maintenance insomnia May be associated with the presence of 
nocturnal cramping, painful dystonia, or 
difficulties turning in bed 

Autonomic dysfunction Constipation Dysfunction occurs along the entire 
length of the gastrointestinal tract in 
PD. Constipation may occur in in 28% 
to 61% od PD patients 

Delayed gastric emptying 

Urinary urgency and frequency Urinary symptoms are associated with 
detrusor hyperreflexia 

Erectile dysfunction  

Blood pressure variability Includes orthostatic hypotension and 
labile hypertension, especially supine 
hypertension. 

Diaphoresis  

Psychiatric disturbances Depression Occurs in 35% of the PD population. Is 
generally milder, associated with 
apathy and anhedonia. 

Anxiety Anxiety affects up to 60% of patients 
with PD and encompasses generalized 
anxiety, panic attacks and social 
phobias 

Apathy Affects 60% of PD patients. May coexist 
with depression and dementia but can 
also occur independently. 

Psychosis Common symptoms include visual 
hallucinations and delusions, and 
affects up to 40% of PD patients 

 Mild cognitive impairment or Dementia Often initially affects attention, 
executive, and visuospatial functions 

 Pain Affects 30–85% of the patient 
population. Pain may fluctuate with the 
motor state of the patient, often 
worsening during the off state. 

 Fatigue Affects around 50% of the patients. Is 
characterized by a lack of energy, 
exhaustion and tiredness. 

Visual Disturbances Diplopia Visual disturbances in general are 
relatively common in PD with 
prevalence from 22-72%   Loss of visual acuity 
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c) Staging 

Disease staging is a “classification system that produces clusters of patients 

requiring similar treatments and with expected similar outcomes. Staging can serve as the 

basis for clustering clinically homogeneous patients and help clinicians to define treatments 

and define prognosis. 60,61  In PD, many classification systems have been proposed based 

in age of onset, clinical phenotypes (brain-first vs body-first), disease progression (motor 

and non-motor milestones) and more recently based on biologic biomarkers60,61. 

An accepted definition of PD staging is still lacking,61,62 but the natural history of PD 

can be divided into an Early-stage, Mid-stage and a Late-stage, according to the presence 

and severity of motor symptoms, presence and severity of motor complications (MC) and 

the level of physical independence of the patients.2,63  

 Neurodegeneration in PD likely begins years or decades before full PD diagnosis can 

be made and the existence of a prodromal PD phase is now universally recognized.58,59,64,65 

This prodromal phase is  marked by the emergence of  non-motor symptoms  as 

constipation, REM-Sleep Behavior Disorder (RBD), hyposmia and depression,  that may 

predate the emergence of motor symptoms on average by 10 years. Despite the relatively  

lack of specificity  of these symptoms for PD, an algorithm that combines the presence of 

several non-motor features in addition to risk factors has been proposed to calculate the 

individual risk of PD.58,59,65–67 

The emergence of clinical motor symptoms, normally after a phase of non-motor 

prodromal symptoms, correspond to the early-disease stage. At this stage the diagnosis 

of PD is normally made, upon the presence of  bradykinesia, in combination with at least 

one of rest tremor or rigidity.44 Supportive criteria , absolute exclusion criteria and red 

flags, should be also considered in order to identify possible atypical parkinsonism 

syndromes.  This early stage is marked by an excellent motor response to levodopa (LD), 

with motor symptoms improving substantially with the introduction of dopaminergic 

therapy (honeymoon phase). At this stage axial signs are not relevant and cognitive status 

is relatively well preserved. 1,2,44 
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The advanced-stage is  mostly characterized by the emergence of MC, with motor 

fluctuations (MF) and dyskinesia leading to increasing disability and worsening of quality 

of live.2,68,69  MF are thought to occur at a rate of 10% per year, with 50% of patients 

experiencing them within 5 years after disease onset. .70–72 However, it has been reported 

that up to 50% of patients may have MF within 2 years of starting LD therapy73 and, in the 

ELLDOPA trial, by the end of the 9-month trial period, almost a third (29.7%) of patients 

receiving the highest daily dose of levodopa (600 mg/day) experienced wearing-off 

phenomenon.74  This stage is also marked by the emergence of motor axial signs (postural 

instability, freezing, dysarthria) that may not be totally  responsive to LD, and by  the 

emergence of non-motor signs as mild dementia and mild hallucinations. 2,62,68,75 

The late-stage is characterized by a decrease in motor complications with disability 

being mainly determined by the emergence of LD-resistant axial signs and NMS.63,76,77 In 

the long-term follow up of the Sydney cohort, 80% of the patients will develop falls, > 

50% will present hallucinations/dementia and 40% will be institutionalized after 15-20 

years of disease duration.78 The emergence of this set of disability milestones will mark 

the late-stage of PD, with this disability milestones preceding death in around 3-5 years a 

process that seems to be “biological-age” dependent.63,79,80 

Mortality ratios appear to be 1.5 times higher in PD patients than in healthy 

controls, with long term cohorts showing a survival rate of around 26% after 20 years of 

disease.  Pneumonia is the most common cause of death in PD patients, with PD itself 

being considered as relevant contributor in around 50% of the patients. 78,81–83 

The introduction of Deep Brain Stimulation (DBS) and other advanced therapies has 

enabled a significative improvement in QoL, due to their capacity  of reducing MC, 

improving QoL and overall motor function.84–88 However, up to this day there is no evidence 

of a neuroprotective or disease-modifying role of DBS, even it can exert beneficial effect 

on the progression of incapacity and QoL.89–96 

 

a) Pharmacologic management of Parkinson’s Disease 
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Introduced in 1967 by C.  Cotzias, levodopa remains de most effective treatment 

for PD-related motor symptoms.97  The notion that an earlier introduction of LD would 

potentially accelerate neuronal degeneration and disease progression, triggering an earlier 

emergence of motor complications, had led many physicians to avoid LD specially in young 

PD patients.98–103 However, recent trials have changed this view, showing a substantial 

improvement in motor symptoms and QoL in patients treated with LD (when compared 

with patients where LD treatment was delayed), with this improvement not being paralleled 

by an increased risk of MC or faster disease progression.104,105 In line with this, at the time 

being, no evidence exists to postpone dopaminergic treatment in PD patients whose motor 

symptoms are associated with disability or impairment on QoL.106 

In addition to LD, dopamine agonists (DA), Monoamine Oxidase Inhibitors (IMAO) 

can be used alone (in the early disease stages) or as an add-on to LD. Catechol-O-

methyltransferase inhibitors (COMT-I) are usually added to the therapeutic regime once 

motor fluctuations emerge.107–111  

Despite the excellent initial response to dopaminergic replacement, disease 

progression brings the emergence of MC, with MF and dyskinesia.73,112 The emergence of 

MC is largely related to the abnormal PK and PD of LD. Despite the fact that the 

pathophysiological mechanism is not yet fully understood it’s probably related with the 

intermittent oral delivery of levodopa, as opposed to continuous physiological dopaminergic 

stimulation that associated with the relentless loss of nigrostriatal nerve terminals and 

reduced endogenous dopamine storage/release capacity, contributes to a pulsatile 

stimulation of dopaminergic terminals.113,114 

When they appear, an adaptation of prescription patterns is mandatory, mostly 

aiming to provide a more continuous dopaminergic stimulation.71,115 A common initial 

strategy consists in adjust the time and dose of oral LD, with a increasing number of intakes 

per day and a decreasing dose of LD per intake. Additionally, a COMT-I can be added as a 

strategy to increase the half-life of LD.71Nonetheless, in some of the patients these 

strategies will be insufficient to provide a good control of the off periods and at the same 

time preclude the emergence of bothersome peak-dose dyskinesia. In these cases, the 
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introduction of a device-aided therapy should be considered. An expert consensus has 

identified several indicators that, when present, should signal the presence of a 

inadequately controlled MF and the need to transition to a device-aided therapy. 68 

According to this consensus, the presence of OFF symptoms for more than two hours/ per 

day, the presence of dyskinesia for more than one hour/ per day and a prescription regime 

with 5 or more intakes of LD per day, should led to the consideration of a device-aided 

therapy.68 

Nowadays, three types device-aided therapies are available for patients in advance-

disease stages: Deep Brain Stimulation (DBS), Continuous subcutaneous apomorphine 

infusion (CSAI) and levodopa-carbidopa intestinal gel (LCIG) infusion. All of them are able 

to provide a continuous dopaminergic stimulation and being able to improve motor 

fluctuations, decrease dyskinesia, improve motor function and QoL. 116–118 

Since each one of them present a specific profile regarding side effects, effects in 

non-motor symptoms, and individualized approach should be undertaken when choosing a 

device-aided therapy for a specific patient (Figure 1.1). 116–119 
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Figure 1.1 –  Treatment options for the management of MF, from the early advanced stage to the appearance of 
troublesome MF in the severe advanced stage. Dotted lines indicate treatments with lower levels of evidence (to 
be considered with limitations or with few data available and still not marketed) Adapted from Fabbri M, Barbosa 
R, Rascol O, Neurol Ther. 2023  
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IB – Axial Symptoms in Parkinson’s Disease 
 

The emergence of axial signs, with gait impairment, freezing of gait (FOG), falls 

and postural instability, marks the entrance on an advance disease stage, characterized 

by a reduction on  63,79,80,120–122 mobility123,124, increased injuries,125 increased levels of 

dependence124 and reduced quality of live . 124,126–129 In addition, some studies have shown 

that the emerge of axial signs was temporally related to the appearance of some non-

motor symptoms as cognitive impairment and psychosis.78–80,121  

These symptoms appear to progress together, signaling disease progression and 

death. In fact, a chronological pattern on the apparition of these disability milestones has 

been previously described. 63,79,80 

Despite the significant impact on quality of life, level of independence, and overall 

mobility, there is currently no effective treatment available for axial signs.  Regardless of 

the initial good response to LD observed for mild gait difficulties, progression of axial signs 

is marked by a loss of LD responsiveness as well as an unsatisfactory response to surgical 

therapies. 123,124,127,128,130,131 

These treatment refractory conditions have a high socio-economic impact 

associated and constitute one of the major unmet needs of PD.132,133 

 

 a) Gait disorders 

 

 Gait disturbance is one of the key features of Parkinson’s disease, as remarked by 

James Parkinson in his “An Essay on the Shaking Palsy”.42  On this very first description of 

PD patients, the notion of a slowly progressive gait impairment is pointed out, with James 

Parkinson describing a progressive evolution of gait difficulties, starting from the time 

where the patient feels that  

“one of the legs is discovered slightly to tremble, and is also found to suffer fatigue 

sooner than the leg of the other side“  to the state were: “Walking becomes a task which 

cannot be performed without considerable attention. The legs are not raised to that height, 
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or with that promptitude which the will directs, so that the utmost care is necessary to 

prevent frequent falls”.42 

The final disease stages are marked by. “The patient walks now with great difficulty, 

and unable any longer to support himself with his stick, he dares not venture on this 

exercise, unless assisted by an attendant, who walking backwards before him, prevents 

his falling forwards, by the pressure of his hands against the fore part of his shoulders”.42 

This increasingly perception of severity of gait ultimately leading to falls, reflects 

well the progressive course of axial signs and its importance on signaling disease 

progression.134 

It was also on his seminal paper that James Parkinson introduced de notion of 

festination as a gait phenomenon where “patients, whilst wishing to walk in the ordinary 

mode, are forced to run”.42,135 

More than two centuries after the initial description of James Parkinson, the current 

understanding of gait impairments in PD patients is still limited.133,134 Gait alterations are 

present throughout the disease course, with a progressive worsening being observed from 

the early prodromal stages to the late-stages of disease. At this stage, gait becomes 

ultimately impossible with patients becoming dependent of walking-aids. 134,136–140 

At a biomechanical level, PD gait is characterized by a reduction in walking speed, 

shorter steps and reduced cadence. The association of an decrease step length and reduced 

foot clearance leads to the emergence of a shuffling gait a distinctive and recognizable 

feature of PD. 134,138,140 The decrease on speed, step length and reduced foot clearance are 

the reflection of the overall bradykinesia and hypokinesia observed in PD patients, with 

this hypokinetic features also being observed at the upper limbs.134,141 An asymmetric 

reduction of arm swing is a hallmark feature of PD patients, and recently, it has been 

shown that decreased arm swing is already present at the prodromal phases of PD, reflect 

the underlying asymmetrical basal ganglia neuropathology. 142 

PD patients can still increase walking speed, sometimes even to the same range as 

healthy controls (HC) but, and contrarily to HC, they do it so by increasing cadence instead 

of step length.143,144  
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Despite the fact that gait speed is significantly reduced in PD patients when 

compared to HC, and commonly used as an evaluation metrics, is important to note that 

reduced gait speed it’s not specific of PD patients and can be seen on a myriad of other 

neurologic and non-neurologic pathologies.134 

 In PD patients, gait becomes less automatic with patients  relying on their 

attentional resources to achieve optimal walking.134,138 Consequently, attentional processes 

have a main influence on gait, with a decrease on walking speed and step length, and an 

increase in the number of steps during dual tasking. A relationship between the complexity 

of the dual task and the associated gait worsening have been hinted by some authors but 

needs further validation.145–149 This dependence of attentional processes is often reported 

by the patients as an increase in gait difficulties while using mobile phones or searching 

for house keys in their pockets while walking.  In the early-disease stages, the realization 

of a dual task  during gait evaluation, may be put in evidence gait alterations that were 

otherwise too subtle to be noticed.134 

 Spatiotemporal gait metrics as speed, step length, step time are classically used to 

described PD gait. More recently other metrics have been explored, thought to better 

reflect the overall organization and control of gait. 150–152 Gait variability153–156, 

asymmetry150,157, and metrics as Harmonic ration (HR)158–161 and entropy162–164 are thought 

to provide a more nuanced understanding of the irregularities and complexity in the 

walking patterns of individuals with Parkinson's disease. (see chapter IB-cGait and 

Freezing assessment) 

 Disease progression is accompanied by an inexorable gait deterioration. To 

compensate the progressive slower gait, patients try to increase speed by increasing 

cadence, which translates in smaller and smaller steps sometimes triggering an episode of 

festination. 134,135,138 Festination is characterized by a progressive increase in speed and a 

shortening of step length, leading to a forward-leaning posture which contributes to an 

increased risk of falls.135 
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Advanced disease is also marked by an increase on FOG severity and 

frequency122,128,165, loss of postural reflexes and increase postural instability,166,167 postural 

changes with a consequent increase on risk of falling.123,131,137  

The progression towards more severe gait dysfunction, specially the emergence of 

FOG and postural instability,  is also associated to a decline on response to LD.134,168   

Involvement of  nondopaminergic pathways, as cholinergic and nor-adrenergic ones, are 

thought to be responsible to the emergence of gait disturbances not responsive to 

dopaminergic medication.134,168 In line with these, therapeutic trials with anticholinesterase 

inhibitors169 and blockers of noradrenaline reuptake170,171 have been pursuit but a clear 

amelioration of gait or FOG was not found. 

Throughout all the disease stages, the presence of non-motor symptoms as 

depression, anxiety or cognitive impairment can increase the already present gait 

problems, augmenting gait slowness, gait variability and triggering freezing episodes.134 

The presence of orthostatic hypotension has also been associated to a augmentation of 

gait and postural impairments. Understanding the extent to which gait problems are truly 

a motor symptom potentially amenable to improvement upon augmentation of 

dopaminergic therapy or the consequence of non-motor features (and in this case 

worsened by dopaminergic therapy) is of paramount importance, as it will influence 

therapeutic decisions, particularly given the exacerbation of orthostatic hypotension by 

dopaminergic medication.  

 

b) Freezing of gait 

  

 FOG is a distinctive gait disorder in which patients are unable to initiate or continue 

locomotion. FOG is classically defined as a “brief, episodic  absence  or marked  reduction  

of  forward  progression  of  the  feet despite  having  the  intention  to  walk.” Patients 

classically described FOG as “having the feet glued to the floor” or “being stuck in 

place”.122,172,173 
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 In 1987 James Parkinson remarked that PD patients had a “propensity to bend the 

trunk forwards, and to pass from a walking to a running pace”.42 This phenomenon is now 

recognized as festination a paroxystic gait disturbance closely related to FOG.  

However, a precise description of a freezing of gait (FOG) episode is not found in 

James Parkinson's essay. In 1887, Charcot wrote what is likely the first mention FOG in 

the literature : “elle ne part pas; il semble, qu’auparavant, elle ait besoin de s’equilibrer: 

elle est quelque sorte incertaine, ayant le tronc incline en avant; enfin elle se decide. Lente 

tout d’abord, la marche progressivement s’accélere.” 174 

In 1921 the notion of a “glued feet” is introduced in this description of Souques: 

“Un parkinsonian que j’ai observé, malade depuis dix ans, ne pouvait marcher que très 

péniblement, les pieds collés au sol. Or parfois, il pouvait courir et même soulever les pieds 

assez haut pour sauter un obstacle ». 174 

In 1948 Raymond Garcin, professor of neurology in Paris, France, and his assistant, 

Professor Roberto Melaragno described a phenomenon defined by a “bégaiement de la 

mise en route du mouvement” in patients with Parkinson’s disease. This translates literally 

by “"stuttering to start the movement".175  However, it was only in 1972 that Barbeau 

introduced the term "freezing." 174 

Since its initial description, several terms have been used to refer to FOG. (Table 

1.3) 

 

 

 

 

 

 

 

 

 

  

 

Table 1.3: Terms used to refer to FOG 

Frozen gait 

Akinesia paradoxica 

Start hesitation 

Marche a petit pas 

Piétinement 

Magnetic gait 

Ignition failure 

Gait apraxia 

Arrythmokinesia 
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Despite being more common in the later disease’s stages, with 80% of the patients 

presenting FOG,  21 to 27% present FOG on the early stages of PD. 165 Besides disease 

duration, FOG is correlated with disease severity (presence of motor fluctuations and 

dyskinesias), dysarthria, dementia and severity of overall axial involvement.172,176–178 More 

contradictory is the suggestion that a  relationship between FOG and chronic long-term LD 

may exists.172,179–183  Gender, sporadic or familial nature, and the age of onset of the 

disease don’t appear to be associated with the presence of FOG.   FOG is also not exclusive 

from PD, being present in other synucleinopathies like Multiple System Atrophy as also 

other atypical parkinsonism as Progressive supranuclear palsy and vascular 

parkinsonism.185–187 In addition, and despite most commonly affecting gait, freezing can 

also manifests during alternated movement of the upper limbs and during speech. 173,188–

191 

 FOG is one of the most frequent causes of falls in PD, contributing to high fall rates 

ranging from 35% up to 90%. Consequently, FOG seriously impacts normal daily life 

functioning and overall quality of life.172,173,192,193   

 Phenomenologically, different subtypes of FOG have been described according to 

the associated leg movement during the episode of freezing: (1) trembling in place, with 

alternating tremor of the legs but no effective forward motion ; (2) shuffling forward, with 

very short, shuffling steps with minimal forward movement; and (3) complete akinesia, 

where no movement of the limbs or trunk, can be observed. 194,195 

 FOG is considered an episodic gait phenomenon, emerging under different 

triggering factors. The factors that may trigger a FOG episode are not the same across 

individuals, with situations that may triggered a FOG episode being variable and normally 

organized in three big categories: motor, cognitive and affective (Table 1.4).  
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In 1995, Fahn distinguished five types of FOG, that were all related to motor 

triggers:  (i) start hesitation, when freezing was detected as the patient initiated walking; 

(ii) turn hesitation, when freezing emerge whilst making a turn; (iii) tight quarters 

hesitation, if FOG was noted when the patient passed through a narrow space; (iv) 

destination-hesitation, when a FOG episode appear as the patient approached a target (the 

final 2 m of the task), and (v) open space hesitation, when  patients experienced a 

spontaneous freezing episode whilst walking in an open space. 196 (Figure 1.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
Figure 1.2: Triggers of FOG episodes 

 

The strongest provocative factor of FOG is turning, followed by start hesitation, 

tight quarters hesitation or destination-hesitation.  

Table 1.4:  Main FOG triggers 

Motor Gait initiation 

Narrow spaces 

Turning 

Destination arrival 

Cognitive Cognitive load (e.g dual tasking) 

Affective Stress 

Anxiety 

Depression 
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Anxiety, depression and stressful situations that limit time or space are known FOG 

triggers of  FOG.122 Gait in FOG-patients is more attention-dependent, which explains the 

worsening on FOG when cognitive load increase, such as verbal fluency task and “serial 7 

calculation” task. Dual tasking and cognitive challenging situations, such as carrying a tray 

or bags, or talking on the phone while walking also aggravates FOG.148,172,197–199 On the 

reverse, the use of visual or auditory cues to help focus attention on gait, may lead to an 

improvement on FOG.200–203  

 FOG is most commonly observed in the OFF-medication state, with some studies 

showing that  95% of the patients experienced freezing on the OFF state whilst only 32% 

experience it on the ON-medication state.194 Consequently, FOG can also classified 

according to its response to LD. Most of the FOG episodes occur during the OFF-medication 

period, being totally, or almost totally, relieved by it (OFF-FOG).194 This is classically the 

type of FOG that will improve with surgery and that when present during pre-surgery 

evaluation doesn’t contra-indicate DBS surgery. On the other end of the spectrum are FOG 

episodes triggered or induced by LD, that will progressively increase in severity with 

increasing LD doses (ON-FOG).183,199,204 This is different from LD unresponsive-FOG 

whereas FOG is already present in the OFF-mediation state and persists despite 

dopaminergic treatment. More recently, a fourth type of FOG has been described – biphasic 

FOG - whereas, akin to biphasic dyskinesias, freezing is not present in the OFF state, 

emerges with intermediate doses of LD and disappears when LD doses are increased.205  

Distinguishing between all these subtypes of FOG has therapeutic value. 183Patients with 

OFF-FOG, ON-FOG or biphasic-FOG may be good surgical candidates whilst patients with 

unresponsive-FOG will not likely improve with DBS surgery.206 

Classically, gait has been divided in continuous and episodic gait disturbances, with 

FOG being classified as an episodic phenomenon due to its paroxystic nature.122 However 

this dichotomy has proved to be too simplistic not being able to capture the complexity of 

freezing.  Objective gait analysis using wearable devices or instrumented gait labs have 

enabled a better understanding of the biomechanical changes occurring during gait in PD 

patients with freezing.  207,208 
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In freezers, step length is shorter than non-freezers, both during treadmill and 

steady-state gait.209,210 Freezers have also higher gait variability, lower vertical, antero-

posterior and medio-lateral. Harmonic-ratio translating a less smother gait than their non-

freezers counterparts, with this alterations occurring even outside a clinical identifiable 

FOG episode.211–213 A higher asymmetry and loss of bilateral coordination of gait have also 

been identified.157,214,215 

Immediately before a freezing episode, step length and speed progressively 

decreases as the number of steps increases, with a consequent increased in cadence.  The 

double limb support phase  increases and premature onset of tibialis anterior and 

gastrocnemius muscle activities occurs. 209,216,217  Anticipatory postural adjustments (APA) 

have also been found to be different in PD patients with freezing when compared with their 

non-freezers counterparts. During a FOG episode, multiple APAs have been described, 

which can delay and even preclude the compensatory steps with consequent loss of 

balance. A relationship between this multiple APAs and the trembling of the knees 

commonly observed during a FOG episode has also been suggested.218,219  

This works has highlighted the fact that even outside FOG events, gait in PD-FOG 

patients is substantially different than in non-FOG patients. Accordingly, transient FOG 

episodes appear to emergence from a background of continuous gait alterations, that may 

predispose and set the stage for the emergence of this episodic gait disturbances.122,192 

 

c) Gait and Freezing assessment 

  

 Gait assessment has traditionally reposed on clinical observation. The MDS-UPDRS 

scale (and the former UPDRS scale) is the most widely used clinical rating scale 

for Parkinson’s disease (PD), consistently considered the gold standard for motor 

assessment in PD patients.  It is subdivided in 4 sections: the first two (MDS-UPDRS part 

I and part II) report to the subjective non-motor and motor experiences as reported by 

the patients; MDS-UPDRS Part III comprises the motor examination; and MDS-UPDRS part 

IV explores the presence of MC. (Figure 1.3) 
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Figure 1.3: MDS UPDRS Score Sheet. Source : Goetz C et al., 2008.220 

 

 Gait is assessed by the item 2.12 from the MDS-UPDRS part II and by the item 3.10 

from the MDS-UPDRS part III. Accordingly, to the MDS-UPDRS scale, gait assessment 

requires the patient to walk approximately 10 meters away from and toward an examiner. 

The overall score of gait should reflect the stride amplitude, stride speed, height of foot 

lift, heel strike during walking, turning, and the degree of arm swing. ranging from a score 

of 0 indicating no motor impairments to a score of 4 for patients unable to move 
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independently. Using a single item with a limited range of scores available, presents a clear 

limitation in utilizing the MDS-UPDRS III item 3.10 to assess gait.The Postural Instability 

and Gait Difficulty Score (PIGD) is constructed based on 5 MDS-UPDRS items (items 2.12- 

2.13 and 3.10-3.12) reporting gait and postural instability with higher scores reflecting 

greater PIGD severity. The PIGD score of the UPDRS is more commonly used for the 

classification of subtypes and less frequently as outcome. Despite the expanded range of 

possible scores, which facilitates improved classification and stratification of patients, some 

of the items used rely on patient self-report rather than objective gait assessment, which 

may pose a limitation in clarity and accuracy. Additional clinical scales have been used 

to evaluate gait in PD patients, even if they are not specific or specially constructed to the 

PD population: Tinetti Balance Scale, Berg Scale, the Mini-BESTest, and the Dynamic Gait 

Index/Functional Gait Assessment. 

Gait is also assessed by questionnaires, as the Generic Walking Scale [Walk-12G], 

Activities-specific Balance Confidence scale [ABC], Falls Efficacy Scale [FES], Fear of Falling 

Measure [FFM]. Here, gait assessment relies on the subjective patient self-report of gait 

difficulties and complains pertaining for a determinate period of time (e.g. last month).  Its 

subjective nature linked to the recall bias constitutes the main limitation of these 

questionnaires.   

 Trying to increase objectivity in gait evaluation, gait tests that assess either the 

time or distance walked by the patient are also used in clinical practice: 6- minute walk, 

10-m walk, functional reach, and Timed Up-and-Go. Overall these tests provide 

information regarding general gait characteristics as gait speed, but they lack the 

granularity needed to understand the biomechanical properties of parkinsonian gait since 

they only assess simple gait metrics. In addition, these tests present a high inter and intra-

rater variability, being influenced by instruction and tester bias, and by the overall patient’s 

status and compliance.  

 Instrumented walkways equipped with pressure sensors or motion-capture systems 

allow for detailed kinematic and kinetic analysis of gait. These systems provide a 

comprehensive understanding of gait parameters such as step length, stride length, and 
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gait variability, increasing objectivity in gait assessment whilst minimizing the level of inter 

and intra-rater variability. However instrumented walkways are typically located in 

controlled laboratory settings limiting the ecological validity of the assessment, as it may 

not fully capture the natural gait patterns of individuals with PD in real-world environments. 

Additionally, the high cost of these systems and the requirement for a high level of 

expertise to interpret the data have limited their accessibility and broader utilization. 

More recently, technological advances have produced relatively low-cost tools, that 

enable a better and more objective characterization of gait. Wearable devices such as 

smartphones, inertial sensors (eg, accelerometers and gyroscopes) and pressure-sensitive 

carpets suitable for quantifying gait, are rapidly replacing the complex camera-based 

motion-capture systems, allowing a more widespread use of this devices by clinicians and 

enabling them to get a more accurate, qualitative gait description.  

Wearable devices are portable and movable accessories that can be worn on the 

body or embedded in clothes. These devices include smart glasses, smart watches, smart 

clothes, or pressure shoes, among others. They contain both special hardware and 

software technology, with unique functions of collecting kinematic gait parameters, data 

processing, storage, and transmission. Currently, most of the wearable devices used in the 

field of PD are gyroscopes, accelerometers, or magnetometers. In addition to an objective 

and quantitative gait characterization, wearable devices may enable gait evaluation during 

long periods of time and in ambulatory settings, which enable clinicians to more accurately 

analyze the patients’ motion state in real time.221–223 

This has allowed a better understand of the biomechanical alterations observed in 

PD gait, enabling the decomposition of gait into several gait subcomponents with increases 

the granularity of gait evaluation. (Figure 1.4) In addition to the detection of subclinical 

gait changes, their progression could also be tracked. Even if the importance of this early 

detection it’s not totally yet understood, detecting some specific gait changes may be 

useful to identify patients who are in a higher risk to developed more severe gait changes. 

 This more detailed and fine-tuned approach to gait has enable to go beyond the 

analysis of the classical spatiotemporal variables as speed, step length and step time, to 
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asses gait domains that may provide important insights regarding motor control of gait 

and pathologic age-related locomotor dysfunction. Here, gait metrics as gait variability, 

and metrics reflecting stability and smoothness of gait (eg, HR and Entropy). 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

Gait variability refers to fluctuations in step length, step time, and other gait 

parameters from one stride to the next, translating the capacity to maintain a rhythmic 

and regular gait pattern.153,154,211 In PD, increased gait variability is often observed, 

reflecting difficulties in motor control and coordination. PD patients present higher step-

to-step variability when compared to  age-matched HC.155,156,224 This hold true even in the 

prodromal disease stages, with prodromal PD patients presenting significantly higher levels 

of gait asymmetry and variability than age-matched HC.225 In addition, gait variability 

appears to be higher in PD patients who fall and have FOG, when compared with non-

fallers and non-freezers ones.211,212,226,227 Also in non-PD elderly populations,  higher gait 

variability is associated to an increase risk of negative gait outcomes, mainly falls.156,228,229 

This suggests that gait variability metrics may provide clinicians and researchers with 

quantitative insights into the intricate motor control challenges that individuals with 

Parkinson's disease face during walking.153 

Figure 1.4 : A gait cycle can be broadly 

divided into two phases: stance and swing. The 

definitions of these phases are relative to a 

particular lower limb. During stance phase, the 

foot of the corresponding limb is on the ground, 

whereas in swing, the foot is no longer in 

contact with the ground, i.e., it is swinging 

through to move the body forward. 
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 While both spatiotemporal and variability metrics are important and describe much 

of the observable gait changes in PD, they fail to account for and explain more subtle 

alterations. In particular, they do not examine the dynamics of gait, failing to ascertain 

how gait changes over time, from one stride to the next within a given walk.153  

Harmonic ratio (HR) is a gait metric that has been increasingly explored in PD 

population. HR provides information about the smoothness and regularity of movement 

during walking, translating the overall rhythmicity and regularity of gait cycles.230  Previous 

studies have shown that PD patients have lower HR than HC translating into a greater gait 

arrhythmicity and irregularity160,161,230, with lower HR being observed in fallers vs non-

fallers.160,231  

Entropy quantify the regularity and predictability of walking patterns reflecting to 

the amount of disorder or randomness in a time series of gait data. 162 In PD, in increased 

gait entropy is often associated with gait impairment and disease progression, signaling a 

less regular and more variable walking patterns. The rationale is that as the disease 

advances, there is a breakdown in the regularity of gait patterns, leading to higher entropy 

values.162–164 

 Akin to HR, Entropy provides a more nuanced understanding of the irregularities 

and complexity in the walking patterns of individuals with Parkinson's disease. 

In addition, the use of wearable devices may provide important insights regarding 

the capacity of different treatment strategies to modulate individual gait metrics. 

 In line with this, it has already been shown that not all gait subcomponents have 

the same profile regarding their response to LD. For instance, spatiotemporal features such 

as speed, stride and step length or lower-body angular features such as hip flexion have 

all been shown to significantly improve with LD.  In contrast, cadence, stride/step and 

double support time seem to be LD-resistant. For certain gait features that may help 

monitor the severity of gait dysfunction and predict the emergence of negative gait 

outcomes (e.g., gait variability and metrics reflecting stability and smoothness of gait), the 

degree of modulation by LD is less well understood.  
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STN-DBS has been shown to improve most of the spatiotemporal gait and angular 

metrics, mimicking the results obtained with LD.  232–236 Regarding postural control and 

gait metrics related with variability, rhythmicity and regularity, the effects of STN-DBS 

have been more contradictory. 237–241 

  

FOG assessment 

 

 The assessment of FOG is even more challenging. The episodic and paroxystic 

nature of FOG, associated to the fact that patients often get better during medical 

assessments (kinesia paroxistica) makes FOG a symptom difficult to capture in the outside 

clinical evaluation. The improvement of FOG during medical visits has been explained by 

an increase attention on gait during medical examination, which can temporarily suppress 

FOG,  by the fact that hospital corridors are typically less narrow or crowded than furniture-

crammed house divisions or by the fact that during medical appointments patients are ON 

medication and FOG is typically more severe in the OFF state. 208,242 In addition to the fact 

that FOG is commonly not reproduced in the presence of a clinician, the identification of 

FOG by patients is also not optimal, since they may not recognize what an actual freezing 

episode looks like. Mimicking what a FOG episode may look may help the patients to 

recognize its presence in its daily live and increase the likelihood of capturing its presence.  

Despite all these limitations, FOG assessment is still mostly based on the patient’s 

retrospective self-assessment over a specific time period. Several questionnaires are 

commonly use to evaluate the presence of FOG.  The old Unified Parkinson’s Disease Rating 

Scale (UPDRS)243 had a single item (item 14) to specifically assess FOG as well the more 

recent and currently Movement Disorders Society (MDS)-UPDRS questionnaire (item 

2.13)220. The Freezing of Gait Questionnaire (FOG-Q) pulls together 6 questions that 

specifically assessed the presence and severity of FOG.244 FOG-Q question 3 “Do you feel 

that your feet get glued to the floor while walking, making a turn or when trying to initiate 

walking?” has proven to be as good as item 14 of UPDRS part 2 for distinguishing between 

freezers and non-freezers.  The original FOG-Q, was later revised by Nieuwboer and 
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colleagues into the New FOG-Q (NFOG-Q).245 NFOG-Q comes with an accompanying video 

showing the different types of FOG episodes making easier to the patients to to identify 

freezing behavior. Both the FOG-Q and the NFOG-Q show both high internal consistency 

and high reliability scores between people with PD and their caregivers. Consequently, they 

have been considered as “recommended” and “suggested”, respectively, instruments to 

assess posture, gait and balance, by the MDS Task Force. 244–246 However, a recent study 

has highlighted the NFOG-Q's insufficient capacity to detect small effect sizes, arguing 

against its use as the primary outcome for intervention studies. This underscores the 

necessity for more robust and objective freezing of gait (FOG) outcome measures..247 

  Despite the lowest incidence of FOG observed in medical visits when compared to 

the ambulatory setting, physical examination, and specially gait examination should be 

undertaken to assess the presence of FOG. The item 3.11 from the MDS-UPDRS part III 

allows clinicians to score the severity of FOG observed during a clinical visit. Here, the 

severity of FOG is assessed on a 0 to 4 scale, with FOG during straight walking considered 

to be more severe than FOG occurring during turning, starting or walking in a narrow 

space.220  

 The FOG score proposes an evaluation during a trajectory comprising four possible 

triggering circumstances (start hesitation, clockwise and counter clockwise turns, narrow 

space). This score considers also the different clinical subtypes of (shuffling vs leg 

trembling vs akinetic FOG) attributing to each one different degrees of severity.215,248  

However, it doesn’t account neither for all the possible triggers, nor to the frequency or 

the duration of FOG episodes.249  

What is clear, is that patients should be tested on a standardized gait trajectory 

featuring all the possible circumstances that may provoke FOG: gait initiation, crossing 

doors or narrow spaces, doing a half turn, walking while dual-tasking and also during 

normal, undisturbed walk in an open space. A full turn (360° turn) on top of the most 

common 180° turn should be performed, since it may most easily trigger a FOG episode, 

and may be especially useful in cases of asymmetric FOG.  208,249,250 
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 Gait can also be timed, number of FOG episodes counted in addition to the 

circumstances in which FOG appeared. This may help to assess FOG severity, monitor FOG 

progression, make patients more familiar to their FOG triggers and consequently enable to 

put in place strategies to prevent FOG.  

 A composite score based not only on the number of FOG episodes but also in their 

duration has also been used: short episodes (less than 10 seconds) are given a score of 1, 

medium-length episodes (lasting between 10 and 30 seconds) are given a score of 2 and 

episodes lasting for more than 30 seconds are scored as a 3. FOG has also been quantified 

regarding the percent of time frozen (total duration of freezing episodes/total gait 

duration). A recent study comparing FOG evaluation using number of FOG episodes or 

percent time frozen, found the last one to be more reliable. 251 However, all these 

evaluations remain observer-dependent, and it has been, shown on a recent study, that 

eve- across expert raters, despite a high reliability found for the percent of time frozen, 

only a moderate reliability was achieved when assessing the number of FOG episodes. 

A biomechanical characterization of FOG, based on data collected by wearable 

devices, has enable a more objective assessment of FOG episodes. Different algorithms 

and strategies have been proposed in order to the detect the occurrence and characterize 

the severity of freezing episodes, with two major different approaches being described in 

the literature: i) gait assessment outside the actual FOG episode, and ii) description of the 

FOG episodes themselves. 208 

In FOG patients, the overall gait structure has shown to be altered even outside the 

FOG episodes. When comparing with non-freezers, PD patients with FOG have higher levels 

of gait variability and asymmetry and lower synchronization between upper and lower 

limbs, translating a loss of stability and rhythmicity on the background gait. These 

continuous gait abnormalities have been also evaluated in ambulatory settings, during 

extended periods of time (3-days) enabling a more ecologic assessing of FOG. 252 These 

continuous assessment of gait outside the clinic corroborate previous findings that freezers 

had increased gait variability altered gait consistency during s community ambulation, even 

during optimal performance and outside FOG episodes. More important, it has also been 
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shown that kinematic metrics correlated well with the impact of FOG in daily-life function 

assessed by the NFOG-Q.252 

The assessment of the FOG episode itself has been performed using spectral 

analysis, where an abnormal peak in the 3-8 Hz band was found to occur concomitantly to 

a FOG episode. At the same time, a decrease in the physiologic 0.5-3Hz band 

corresponding to the normal gait was found. Consequently a “freezing band” situated 

within the frequency spectrum between the 3-8Hz, has found to reflect the high frequency 

trembling movement of legs during a FOG episode. A freezing index was also defined, 

based on a ration of the mean power on the 3-8Hz band/ mean power on the 0.5-3Hz 

band; the higher the ratio more likely a FOG episode will occur.  However, this approach 

was only able to detect the “trembling in place” subtype of FOG, missing the akinetic 

subtype 

 Using wearable sensors both in laboratory as in ambulatory settings, machine 

learning approaches (neural networks, decision trees, random forests, naïve Bayes, 

nearest neighbor, and support vector machines) have been  increasing used in order to 

identify the best set of features that identify a FOG episode. Here the percentage of time 

frozen and the number of FOG episodes have been used as the main outputs. This approach 

has proved to have a higher sensitivity than the previous ones, at the expenses, however, 

of a higher computation cost. 253 

 Reviewing all the studies using wearable devices to identify FOG, an overall 

sensitivity of 73-100%, specificity of 67-100% and accuracy of 68-96% was found, when 

looking to FOG detection in both controlled and uncontrolled conditions.   

 

d) Treatment of axial symptoms 

 

Effects of medical therapy on axial signs 

The response of gait to levodopa is not uniform throughout the disease course. In 

early disease stages, LD commonly improves speed and step length, reducing the overall 

gait slowness. At this stage gait alterations are mainly thought to be the reflection of the 

overall bradykinesia, which improves upon dopaminergic replenishment.  
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Despite being classically considered a dopamine-resistant symptom, especially in 

the early stages of the disease, FOG  predominantly occurs in the off-state, often improved 

by levodopa (LD) and other dopaminergic medications.128,183 

Besides LD,  it has been shown that dopamine agonists can improve some aspects 

of gait,  including gait initiation and turning. 254,255  However, dopamine agonists might 

lead to sedation, increased fall risk and  increase axial postural alterations. It has been 

suggested that IMAOS may have a role on improving FOG.255–257 However it’s possible that 

the improvement is due to an overall increase in dopaminergic stimulation and not from a 

specific effect of the IMAO. 

Disease progression is marked by a progressive worsening of gait and a loss of 

response to LD. The involvement of non-dopaminergic pathways, as cholinergic and nor-

adrenergic ones, is thought to be responsible for the emergence of gait features not 

amenable to modulation by dopaminergic treatment.  

In line with these, therapeutic trials with anticholinesterase inhibitors have been 

pursuit but despite a possible reducing in falls, a clear amelioration of gait or FOG was not 

found.169,258  

Trying to tackle the nor-adrenergic system, methylphenidate, an amphetamine-like 

psychomotor stimulant with inhibitory action on the striatal and cortical presynaptic 

transporter for dopamine and norepinephrine, has also been studied. In a first trial on PD 

patients with moderate gait disturbance, no significative improvement on gait, freezing or 

kinematic variables was found.170 However, a posterior trial addressing PD STN-DBS 

patients with refractory FOG had shown a beneficial effect of methylphenidate on freezing 

episodes.171  Amantadine (oral and intravenous) has also been essayed in FOG patients, 

and despite the presence of an uniform response across studies, it appears to may have a 

small benefit in freezing episodes, including in STN-DBS patients. 259–262 A single study has 

demonstrated the positive effect of caffeine, an adenosine A2A antagonist, in improving 

FOG.255,263 However, this result was not reproduced on further studies and further 

validations is needed.  The effect of botulinum toxin injections into the calf muscles has 

also been studied in an open-label study, yielding positive results on FOG. .264  Subsequent 
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double-blind placebo-controlled studies have failed to confirm this, and instead,  have 

suggested a potential increase in the risk of falls following the treatment.. 265,266  

 

Non-pharmacologic treatments 

 

The role of conventional physiotherapy in managing gait and other axial problems 

is well known and recognized. 267,268Additionally, in the recent years, a growing body of 

works has also highlighted the role of specific exercise programs in improving gait and 

FOG.269,270 Exercise programs including resistance training, aquatic therapy, dance, Nordic 

walking, balance and gait training and martial arts (Tai Chi and Qigong) have been proved 

to improve gait, freezing and falls at different level, with most forms of exercise showing 

clinical benefits on both spatial and temporal measures (ie, velocity, stride length, and 

cadence). 269,270 More recently, other alternative training methods have also been explored. 

Here, boxing has been shown to improve balance and gait271,272 and a trial about the use 

of trampoline beds as a possible therapeutic stagey is ongoing. 273 

Auditory, visual and attentional cues have also been used to improve gait in PD 

patients, with overall gait variability and rhythmicity being improved with the use of 

external cues.  200,201 

 In FOG patients the utilization of cues is also associated to a reduction on the 

number and duration of FOG episodes. The most common types of cues used are visual 

and auditory external cues that may prevent a FOG episode by increasing stride length and 

regulating cadence.274  Overall, they improve overall rhythmicity and variability of gait, 

decrease the likelihood of a freezing episode. Spatial cues, were classically delivered using 

lines on the floor or encouraging patients to focus on a specific target point in the distance 

More recently, more sophisticated system to deliver visual cues have been developed as 

laser shoes275 or laser beam associated to a rolling walker.276 Auditory rhythmic cues can 

be delivered by a metronome  with patients being instructed to match step frequency to 

the auditory rhythm. Walking to the beat of music or other rhythmic auditory sound can 

also serve as an auditory cue.  Besides external cues, internal cueing can also be used to 

improve FOG. Here an attentional strategy (“think about taking larger steps”) is used to 
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focus attention in specific components of gait and shift from automatic to goal-directed 

motor control. Internal cues may be more practical (not dependent on external devices) 

and has been shown to be equally effective as external spatial cues for improving step size 

and gait velocity. 277 Some patients found that when marching, skipping, running, walking 

backwards or sideways have an improvement on freezing. The adoption of a new walking 

pattern will use an alternate motor program that is likely overlearned and less dependent 

on the automatic mode of motor control. A summary of compensation strategies that can 

be used to improve gait and FOG in PD patients is provided in Table 1.5.  

 

Adapted from Tosserams A et all; Mov Disord Clin Pract. 2022 136 

 

Non-invasive neuromodulation has been increasingly explored as a possible 

therapeutic strategy to improve gait and FOG in PD patients.278 Repetitive Transcranial 

Magnetic Stimulation (rTMS) alone279–281 or associated to transcranial direct current 

stimulation (tDCS)282 has proven to be able to improve FOG, with Supplementary Motor 

Area (SMA) being the localization of choice.280  

The efficacity of thoracic spinal cord stimulation on gait and freezing has been 

assessed on a pilot study in five patients with advanced Parkinson’s disease. Improvement 

in gait metrics as step length and velocity, as well in the severity of FOG were observed. 

suggests that this procedure might improve gait and even freezing of gait.283  However, 

the mechanism of spinal cord stimulation is unclear and further research is needed to 

assess the long-term benefits of both this technique.  

Table 1.5 Compensatory gait strategies for gait impairment in Parkinson’s disease 

Compensatory strategy Principal mechanism  Examples 

External cueing Introduction of a goal-directed 
behavior by introducing a 
movement reference or target 

Walking to the rhythm of music 
Stepping over lines on the floor 

Internal cueing  Focused attention towards specific 
components of gait, to shift from 
automatic to goal-directed control 

Mental singing or counting 

Adopt a new walking pattern Use walking patterns that may be 
less overlearned and less 
dependent on the automatic mode 
of motor control 

Skipping 
Walking backwards or sideways 
Running 
Making skate movements 

Alternatives to walking Walking difficulty may be a task-
specific problem 

Riding a bycicle 
Skateboarding 
Riding a scooter 
Roller skating 
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Despite the increasing arsenal of therapies to manage gait disturbance and freezing, 

we are still far from being optimal in treating this debilitating motor symptoms.132  

 

IC. Deep Brain Stimulation  
 

The quest for a surgical treatment for PD started long before the introduction of LD. 

Between 1940 and 1960, the ablation of different basal ganglia structures (initially the 

pallidum and later the thalamus) was pursued in an attempt to mitigate parkinsonian motor 

symptoms. 284,285 Led sometimes by solid neuroanatomical and pathophysiological 

rationales, sometimes by surgical misadventures turned out strokes of serendipity, the 

surgical impetus would come to a halt in 1967 with the introduction of LD.284,285  

With the subsequent emergence of motor complications secondary to long-term 

levodopa treatments, and the difficult to manage them only with oral medication, the 90’s 

were marked by a renewed interest in PD surgery.286 Due to the improvement in tremor 

upon lesioning the thalamic ventralis intermedius nucleus (VIM), this nucleus was chosen 

as the first target for neuromodulation in patients with PD. 287However, and despite the 

dramatic benefit in tremor, the benefit of VIM-DBS on other parkinsonian motor symptoms 

was far satisfactory.287 After the discovery of the pathophysiologic role of the Subthalamic 

Nucleus (STN) in PD, DBS electrodes started to be implanted in this nucleus.288,289  In 1993, 

the first STN-DBS surgery for PD was performed in Grenoble by Benabid and Pollack's 

team. Since then, over 150,000 patients have been treated with DBS, averaging more than 

10,000 per year..290,291 

 Later, Globus Pallidus Internus (GPI)  was also introduced as a target for DBS, 

upon observations of motor improvement in PD patients after unilateral pallidotomy.292 

Despite its widespread use, being performed in more than 700 centers across the 

world, the mechanism of action of DBS is still not totally understood.  

A division between excitatory or inhibitory effects of DBS is probably too simplistic 

and its possible that the mechanism is not merely inhibitory or excitatory. A combination 

of both, with excitation of axonal projections and simultaneous inhibition of the neuronal 

cell bodies is probably a best explanation for the mechanism of action of DBS. Modulation 
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of the pathologically increased beta-band activity observed on the basal ganglia of PD 

patients has also been appointed as a mechanism of action.293–295  

In DBS surgery, electrodes are implanted into the deep structures of the brain in 

order to electrically stimulate specific structures, thereby modulating the dysfunctional 

neural circuits. (Figure 1.5) DBS enables a continuous electric stimulation, where three 

main parameters – voltage/amplitude, frequency and pulse width - can be adjusted in 

order to obtain the maximal benefit with the least adverse effects (AE) (larger therapeutic 

window). Therapeutic amplitudes for DBS (across all targets) normally range between 1 

and 3.6 V. Above that, minimal clinical improvements are observed and there is a 

significant increase of energetic cost. Frequency is normally set at 130 Hz. Except for 

tremor, little additional benefit is seen above that, and no additional benefit is seen on 

frequencies above 200 Hz. Lower frequencies (<10 Hz) may aggravate parkinsonian signs, 

but stimulations above 50 Hz can improve some axial symptoms. Pulse width seems to 

have the least important role in improving clinical signs in DBS patients. It is recommended 

to start stimulating with the lowest possible pulse width of 60 us. 296,297 

 

 

 
 

 
 
Figure 1.5 – Deep Brain Stimulation System with representation of DBS electrodes placed either at the level of 
the STN or the  level of GPI  Adapted from Senevirathne DKL et al, Cells. 2023298 and Okun MS, N Engl J Med. 
2012299 
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The superiority of STN-DBS and GPI-DBS over Best-Medical treatment (BMT) in 

advanced-stage PD patients, has been shown in several short-term follow-up 

studies.84,85,87,300,301  Here, a reduction of around 2.5 hours on OFF-time and a gain of 

around 4 hours of “ON” time without troublesome dyskinesias was shown. Additionally, 

(QoL) was significantly improved in the surgery group and a 50% reduction on the total 

medication doses was also observed on the patients submitted to DBS. 84,85,87,300,301 

Medium and long-term follow up studies have confirmed the persisted benefits of 

DBS surgery, with a persist benefit over motor complications, quality of live and medication 

reduction.  Moreover, when looking to the overall motor scores in the OFF-medication 

state, a significantly improvement with stimulation was observed up to 15 years after 

surgery.302–305 The benefit of DBS on the ON-medication state motor scores is nonetheless 

lost on the medium to long-term follow-up, with this being especially true for axial 

symptoms. 303,306 

There is an ongoing debate about the best target for DBS in PD. Both STN and GPI-

DBS appear to be equally effective in reducing UPDRS OFF-medication scores, with perhaps 

a slight advantage for STN. Additionally, quality of life (QoL) is equally improved with both 

targets.300 STN enables a highest reduction in medication requirements whilst GPI appear 

to have a slight better cognitive profile, less psychiatric side effects and better effect on 

the axial symptoms. Both are able to improve dyskinesia but whilst STN does it so by 

significantly reducing LD, GPI has a direct effect on dyskinesia suppression.307,308  

In addition to the GPI and STN, the Pedunculopontine Nucleus (PPN)309 and the 

Substantia Nigra pars reticulata (SNpr)310,311 have been studied as possible targets mostly 

for gait and FOG improvement.  Both for PPN and SNpr, programming approaches and 

outcomes have been highly variable across studies which limit further conclusions and a 

more widespread use of this targets on clinical practice. 

STN- DBS has also been studied in patients with less advanced PD.  In the 

EARLYSTIM trial, PD patients with relatively short disease   duration (mean 7.5   years) 

and   recent   onset   of levodopa-induced   motor   complications (less than 3 years) were 

randomized to either receive bilateral STN-DBS or best medical treatment. 87,312 At the end 
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of a  two-years follow-up, patients in the surgery group presented better QOL, less motor 

disability and less levodopa-induced MC than the ones in the BMT group.87 In addition, 

freezing and axial symptoms were also significantly improved on the surgery group (vs the 

BMT group).312 

The discussion about the best timing for surgery is still ongoing. "If some advocate 

for surgery to be performed as early as the first MC  arises, citing the potential for greater 

improvement in QoL compared BMT, consideration should also be given to the surgical AE 

to which the patient will be exposed, as well as the patient's own expectations Adding to 

this, there is the ongoing debate about the potential neuroprotective and disease modifying 

role of DBS.89,92,94,96  Up to now, only animal studies have shown a potential role of DBS 

on delaying disease progression, with studies in PD patients not being able to provid the 

same straightforward results. 91,94 In fact, proving a disease modifying effect in DBS 

cohorts poses several methodological and ethical difficulties that may preclude adequate 

conclusions. 89,96 

The real therapeutic value of DBS needs to consider the possible adverse effect of 

this procedure. The prevalence of AEs has been evaluated in several reviews and 

multicentric retrospective studies, adding to the data included in the RCT. AEs occur in less 

than half of patients, but the coexistence of more than one AE per patient is not uncommon. 

Intracerebral hemorrhage is one of the most feared complications with a risk of 1-5%.  

Infection of the hardware is a severe hardware-related complication with an incidence 

ranging for 1.5–22%. Postprocedural seizures have also been reported, with an estimated 

incidence of 2.4%. Less life-threatening AE includes weight gain, mood/behavioral 

disorders, apathy, increased suicide risk, dysarthria, gait disorders, dyskinesia, dystonia 

and decreased verbal fluency.313–316 Some of this side effects may be the result of 

stimulation spread to areas outside the STN or GPI, while others are possible due to a 

combination of events, from disease progression, lesional effect during electrode insertion 

and medication side effects.  The utilization of new imaging techniques as functional MRI 

or functional and structural connectivity studies may help not only to understand the brain 
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networks involved in the emergence of a specific side effect but also to guide deep brain 

stimulation reprogramming.317–320  

According to current recommendations, a levodopa challenge test (LCT) using a 

suprathreshold dose of LD should be performed before surgery in order to access the 

degree of motor response to LD, since motor response to LD is considered to be the best 

predictor of the STN-DBS outcomes at least on short follow up studies.321,322 Nonetheless, 

more recent studies have shown that the correlation between LD responsiveness and 

stimulation response is far from perfect, with the LCT posing important limitation on the 

prediction of individual responses to stimulation.206,323–325This appears to be particularly 

true for the PIGD score, were axial-motor scores in the pre-surgery Medication-OFF 

condition, appear to alone, better predict surgery outcomes than the response to the 

LCT.326,327 Nonetheless, a decreased on the motor scores of more than 33% upon a LCT is 

still required to LD responsiveness is still used as a selection criteria.206,321,328 

In the recent years, and partially sparked by the appearance of multiple 

manufacturers of DBS technology on the global market, advances in DBS technology have 

been made, that will certainly extend the scope of its application and are expected to yield 

additional benefits, both clinically and scientifically. 317 Contrary to the traditional open-

loop traditional DBS systems, closed-loop or adaptive DBS systems aim to adjust 

stimulation based on real-time feedback from the patient's brain activity or other 

physiological indicators. This has the potential to optimize therapy and reduce side 

effects.329,330 The recent years have also seen the appearance of directional leads, enabling 

to sculpt the volume of tissue activated, allowing a more precise targeting of specific brain 

areas and better customization of therapy, potentially leading to improved symptom 

control and reduced side effects. 331,332 

New devices with remote monitoring and programming capabilities have been 

developed, enabling healthcare providers to adjust DBS settings without patients needing 

to physically visit the clinic. This advancement can enhance patient convenience, reduce 

the necessity for frequent in-person appointments, and democratize access to specialized 

healthcare. 
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Altogether, these developments will further enhance the management of patients 

with DBS-PD, resulting in safer and less invasive procedures that are more accurate and 

efficacious. Moreover, this technology holds the potential to be applied to a greater 

proportion of patients.. 317,332,333 

  

Effects of DBS on Axial Symptoms 

 

The benefits of STN-DBS on gait impairments and FOG remain conflicting, with 

symptoms improving in some patients, remaining unaltered in others and worsening in 

another subgroup.127,232,326 

In a cohort of 331 PD patients, falls and FOG were assessed at baseline and after 

one year of STN-DBS surgery.326 Whilst 42% of the patients who presented FOG at baseline 

became FOG free after surgery, 50% of the patients who didn’t had FOG before surgery 

developed FOG. ON-FOG and Resistant-FOG were the only subtypes of FOG whose 

prevalence increased after STN-DBS. Regarding severity, a trimodal distribution can be 

observed with FOG severity improving in 37%, remaining unchanged in 34.5% and 

increasing in 28.5%. Similar numbers were found for falls, with falls severity decreasing in 

28%, remaining unchanged in 52.6% and increasing in 22.5%. 326 

LD responsiveness before surgery has been deemed as a principal predictor of 

symptom improve after surgery.321 In this sense patients with LD-resistant axial signs 

would not be amenable to improvement and have been excluded from surgical programs. 

On the other hand, patients who have a LD-responsive axial signs would be expected to 

improve after surgery, with simulation mimicking the effect of LD. However, some DBS-

STN will develop treatment-resistant axial symptoms despite an initial pre-surgery 

response to LD.  

More recent works have questioned the role of LCT in predicting axial outcomes 

after STN-DBS sugery206,324 with, on the reverse, and association between baseline OFF-

state severity of gait and freezing, but not with the acute response to LD, and posterior 

worsening of these axial features have been reported.326,327 Nonetheless, patients with LD-
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resistant axial signs are classically excluded from surgical protocols 206,321 even if some 

isolated finding have suggested that axial non-LD responsive signs may improve with STN-

DBS. 334 The use of a objective gait metrics on gait assessment at the pre-surgery 

evaluation may help to identify the patients which will more likely benefit from surgery. 

Here, a previous work has shown that among kinematic measures, preoperative LD 

response of stride length and range of motion showed the highest correlation with favorable 

FOG outcomes. 335 These findings still need be reproduced in larger and independent 

cohorts, but with the increasing use of wearable devices for gait evaluation, they may 

become important tools for patient’s assessment and counseling.   

When looking to both medium and long-term follow-up cohorts, despite the 

persistent significative benefit of stimulation observed on bradykinesia and tremor scores, 

the same benefit is not reproduced on gait, postural instability, posture and speech 

disorders.  In the Toronto cohort PD STN-DBS patients were followed up for 10 years after 

surgery. At the end of the 10 years follow-up, axial symptoms presented a progressive 

loss of stimulation benefit that was accompanied by a similar loss of a response to LD.303  

This suggest that disease progression, with loss of dopamine sensitivity, probably due to 

involvement of non-dopaminergic pathways, would be the reason for the emergence of 

axial symptoms non-responsive to stimulation.  

In a recent meta-analysis aiming to assess the short- and long-term effect of 

stimulation on gait and FOG, a persistent beneficial effect was observed for both outcomes 

on the Medication-OFF condition with, nonetheless, the magnitude of improvement 

progressively decreasing throughout the follow-up. On reverse, on the Medication-ON 

condition, no addition improvement on gait or FOG was observed with stimulation. 336 

From all the axial features, gait appears to be the one most likely to respond to LD.  

Using quantitative gait analysis to evaluate gait changes up stimulation and LD, both 

stimulation and LD appear to improve spatiotemporal gait metrics as speed and step and 

stride length, with stimulation appearing to have a higher magnitude of effect than LD. 

Regarding metrics related with gait rhythmicity, disagreement has been shown between 

studies, with some showing an improvement of gait-variability metrics by stimulation 
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whereas others shown no impact of stimulation on these variables. One explanation for the 

differences encountered can be the different ways used to measure variability. 

Nonetheless, gait variability is a parameter classically non-responsive to LD.   

Cavallieri and collaborators have assessed the effect of stimulation and LD on gait 

using an instrument TUG test.233 Both stimulation and medication were found to improve 

speed but dopaminergic therapy presented a more marked effect. The same study also 

shows an improvement in the duration of turns, approaching it to the physiological levels. 

This may be important since slower and wider turns have been associated to higher risk of 

falls and freezing. As the authors highlight, despite the improvement in gait provided by 

both stimulation and medication, the improvement in axial symptoms was less relevant 

than the improvement in other cardinal symptoms as tremor, rigidity and bradykinesia.233  

Suboptimal targeting, a stimulation-induced effect, induction of structural brain 

lesion by the stimulation electrodes and disease progression have all been appointed as 

putative causes for the deterioration and emergence of axial signs after surgery.104  

The experience accumulated throughout the years have shown that both levodopa 

and DBS are effective in controlling and significative improving akinesia, rigidity and tremor 

which are the clinical correlates of dopaminergic neuronal loss at the level of SNpc.  Axial 

signs, on the other hand, are thought to result also from the involvement of non-

dopaminergic pathways and the with the reduced responsiveness to levodopa of axial 

motor signs being a well-recognized feature of advanced Parkinson’s disease. Accordingly, 

the observed reduction in the beneficial effect of DBS, and progressively emergence of 

axial signs non-responsive to therapy probably reflects disease progression and extension 

of the pathological process beyond the nigro-striatal dopaminergic system.  

Nonetheless, in some patients acute/subacute worsening of gait akinesia and FOG 

occurring in the immediate post-operative period has been related to current spread 

beyond the subthalamic region. The mechanisms have not been totally clear but one study, 

evaluating 12 patients, has shown that gait deterioration was associated to electrode 

misplacement with stimulation of more dorsal and anterior parts of the STN. On the other 

hand, other studies have found that increasing gait akinesia could be observed on distal 
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stimulation, due to current diffusion to the pallidothalamic fibers running into the Ansa 

lenticularis.  

To improve FOG and gait refractory to DBS therapy, different approaches have been 

tried, mainly focused in alternative stimulation paradigms. Low-frequency stimulation 

(LFS) (80-60 Hz)i, stimulation on the PPN309, co-stimulation of the STN and the SNr 310,311, 

asymmetric STN stimulation344,345 and interleaved-interlink (IL-IL) stimulation346,347, have 

all been tried in small cohorts. LFS have proved to be useful in improving FOG both in the 

short and long-term but a worsening in appendicular signs poses some limitations to its 

use.339,340,343 The results of PPN and SN stimulation are more contradictory, with small 

cohorts, different methodologies limiting further conclusions. Two studies have used an 

asymmetric STN stimulation in patients with refractory FOG. In both of them, voltage was 

decreased on the least affected side on 30-50%. Contradictory results steamed from both 

studies and no other further studies have been conducted  to explore this therapeutic 

strategy.344,348 A first study using IL-IL stimulation has shown subjective improvements in 

several axial metrics as gait, balance and speech prompting the realization of a RCT who 

confirmed the initial results.346,347 However, and despite all these possible therapeutic 

strategies, STN-DBS patients who evolve to present severe gait and FOG symptoms 

refractory to stimulation and treatment, remain a therapeutic challenge.  
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Chapter II. Aims and methodological approach 
 

The present thesis aimed to establish the frequency, identify risk factors, and 

understand the mechanisms of gait impairment and FOG that emerge after STN-DBS 

surgery. The ultimate goal is to contribute to improvements in selection and prognosis 

establishment of PD patients submitted to STN-DBS surgery by predicting their individual 

risk for developing axial signs after the procedure. Leveraged by inertial sensor-based 3D 

kinematics, gait and FOG will be studied under various therapeutic conditions to elucidate 

the impact of stimulation and levodopa (LD) on gait impairments. At last, based on our 

data, we want to contribute to improve therapeutic management of post-surgery FOG and 

gait impairment.  

 

Complementary methodological approaches were adopted to successfully achieve the 

different aims of the research work. 

 

Aim 1: To identify the frequency and risk factors for post-surgery gait impairment and 

FOG in PD STN-DBS patients 

 

To address the first aim of this thesis two studies with distinct designs were 

implemented. In a retrospective study, data from a cohort of PD patients who underwent 

STN-DBS surgery and were followed up for 8 years was analyzed. It was hypothesized that 

in this group of PD patients with a long disease duration, the development of FOG and gait 

impairment would mirror the behavior observed in non-surgical PD cohorts. 

 

The development and risk factors of FOG and gait impairment were then validated in a 

second prospective study in a different population. In this study, 18 PD patients were 
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followed for 18 months after surgery. In addition to clinical evaluation, gait analysis was 

performed both pre- and post-surgery using wearable devices. 

 

Aim 2: To explore the role of objective gait analysis using inertial-sensor based 3D-

kinematics in STN-DBS PD patients and surgical candidates  

 

To address the second aim of the study, three studies employing two different 

methodological designs were conducted. Initially, a prospective study was undertaken 

involving a group of 18 PD patients who underwent STN-DBS surgery. Gait analysis using 

3D-kinematics was performed at baseline and 18 months post-surgery, assessing the 

distinct effects of stimulation and LD on various kinematic gait metrics. 

 

A cross-sectional study was conducted in advanced PD patients subjected to an LD 

challenge test. The study aimed to evaluate the role of 3D-kinematics in detecting motor 

changes induced by LD administration and compare it with the gold-standard clinical 

assessment. 

 

Finally, a third study involved 17 PD STN-DBS patients experiencing severe freezing of 

gait (FOG). Kinematic analysis and an automatic FOG detection model were employed to 

achieve a more standardidzed objective quantification of FOG. 

 

Aim 3: To identify the role of stimulation and LD in freezing of gait in PD STN-DBS 

patients: is FOG after STN-DBS, stimulation induced? 

 

To address this question, we conducted a cross-sectional study in a cohort of 17 PD 

STN-DBS patients who exhibited severe FOG in their best-functional condition. We 

assessed the individual effects of LD and STN-DBS on FOG outcomes. Our hypothesis 

posited that therapy-refractory FOG in PD-STN DBS patients is predominantly associated 

with disease progression and a reduced sensitivity to LD. 
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Chapter III. Long-term follow-up of subthalamic 
nucleus deep brain stimulation in patients with 
Parkinson’s disease: an analysis of survival and 
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and risk factors for post-surgery gait impairment and FOG in STN-DBS patients  
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Background 
 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a well-recognized 

and effective treatment for patients with advanced Parkinson’s Disease (PD).133,208,221,291,349 

Prior studies have shown that STN-DBS significantly improves levodopa-induced motor 

complications (MC), motor symptoms and quality-of-life (QoL) in the short-to-medium 

term  (6 to 12 months and up to 5 years ) 84,350–352with a sustained benefit being observed 

in long-term follow-up studies  (up to 15 years).302–304,327,353 However, data on the long-

term survival and disability milestones is more limited.89,354 

 Despite improvements in MC and appendicular signs upon STN-DBS, axial signs 

such as gait, freezing-of-gait (FOG), postural instability and dysarthria fail to experience 

comparable benefit in both medium- and long-term follow-ups,303,305,327,353 probably 

reflecting disease progression and the involvement of non-dopaminergic pathways 

unresponsive to stimulation.304,305,327 Indeed, studies on non-DBS patients have found that 

the emergence of these axial signs tend to cluster with the development of certain non-

motor symptoms (e.g. psychosis, cognitive impairment, and autonomic dysfunction), and 

that such association is strongly correlated with disease progression.63,78,79 Accordingly, 

the development of dementia and hallucinations, occurrence of falls and nursing home 

placement represent important PD milestones that mirror disease progression, reflect 

disease severity and offer valuable insights into its prognosis. Additionally, gathering 

knowledge of the development of these disability milestones is important for assessing 

long-term safety of DBS.  Of particular note, the concept of “late-stage disease” can be 

translated into this DBS population, whereby despite no longer disabled by tremor, rigidity 

or severe MC, patients still suffer from axial, dysautonomic, cognitive and behavioral 

symptoms non-responsive to stimulation (and dopaminergic) therapy that predominate 

the clinical picture.63,355 

Taking this into consideration, the aim of this study was to characterize the long-

term survival of PD patients submitted to STN-DBS surgery and to identify the emergence 
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of and the delay until the occurrence of disability milestones: falls, FOG, hallucinations, 

dementia, and institutionalization.  

 

Material & Methods 
 

Design: a longitudinal retrospective study 

Primary objective: to assess mortality of PD patients submitted to bilateral STN-

DBS after a follow-up of 8 years. 

Secondary objective: to determine the frequency and the determinants of disability 

milestones (falls, FOG, hallucinations, dementia, and institutionalization) in the same 

population of patients. 

Patients: All PD patients undergoing bilateral STN-DBS from 2006 to 2012 at 

Hospital Santa Maria were included in the study. Patients implanted in the globus pallidus 

internus were excluded (n=2). PD was diagnosed according to the UK Brain Bank criteria356 

and the criteria for DBS were: i) presence of clinically significant levodopa-induced MC not 

optimally controlled with medication, ii) £ 70 years-old, iii) a ≥ 33% reduction in the Unified 

Parkinson’s Disease Rating Scale (UPDRS)243 motor score after a supra-threshold levodopa 

dose, iv) no dementia, v) no major/refractory  psychiatric illness, and vi) no postural 

instability or FOG in the best ON state. Patients who had the leads or the implanted pulse 

generator definitively removed during the follow-up were identified and censored at the 

time of DBS system removal.  

 

Study Outcomes:  

 

Primary outcome - mortality during the 8 years after DBS.  

Secondary outcomes - occurrence of any of the following disability milestones: falls; 

FOG; hallucinations; dementia; and institutionalization.   

All patient data was retrospectively retrieved and analyzed from baseline and up to 

8 years post-surgery. Data was extracted from every single hospital visit of patients. 
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Patients were followed-up until the time of death or the end of the follow-up period (8 

years), whichever occurred first.  

 

Assessment tools 

 

Falls: defined as a fall report by the patient or caregivers on two consecutive visits. 

FOG: defined by the presence of FOG observed by the clinician on two consecutive 

visits. Both falls and FOG were considered only after 6 months into the post-surgical period, 

as we considered 6 months the time required for treatment stabilization.  

Dementia: defined according to the diagnostic criteria of the DSM-V. 

Institutionalization: the date of placement in a nursing home was either the specific 

date recorded in files or the date of the visit when institutionalization was first mentioned. 

Additional baseline pre-surgery data was collected: age and duration of disease at 

surgery, gender, scores of parts II (activities of daily living) and III (motor) of the UPDRS 

in both OFF and ON states, scores of part I (mental) and IV (motor complications) of 

UPDRS, Hoehn and Yahr (H&Y) stage and Schwab and England score in both ON and OFF 

state, percentage of response to a supra-threshold dose of levodopa. The percentage of 

patients with a significant gait impairment (score ≥2 on item 29 of the UPDRS-III) or 

postural instability (score ≥2 on item 30 of the UPDRS-III) in the OFF state were calculate.  

Clinical phenotype, i.e. postural instability/gait disorder (PIGD) and tremor dominant 

(TD),47 and  levodopa-equivalent daily doses (LEDD) (mg/day) were calculated as 

previously described.357 Data from formal neuropsychological evaluation including the 

MMSE score were collected. As our institution started using the MDS-UPDRS220 only from 

2012 onwards, the MDS-UPDRS II and III scores were converted from the corresponding 

UPDRS ones using the available conversion formula,allowing for the standardization of the 

entire cohort.358 
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Data Analysis 

 

Clinical and demographic characteristics were described as mean ± standard 

deviation or percentages, as appropriated. Two group comparisons were performed using 

Mann-Whitney U-test for continuous variables or Chi-square tests for categorical variables. 

Multicollinearity was tested using Spearman coefficients between all possible pairs of 

variables (Supplementary Figure S3.1). 

For the primary outcome, Cox proportional hazards regression analysis was 

performed to allow handling multiple quantitative and categorical variables simultaneously. 

The time-dependent survival was fit using each individual variable, and variables of interest 

were subsequently selected for statistical variable adjustment and multivariable 

regression. The log-rank (Mantel-Cox) test was used for comparison of the survival curves 

between groups and estimation of the respective hazard ratios (Mantel-Haenszel). For 

secondary outcomes, the primary outcome (i.e., death) hindered the occurrence of the 

secondary outcome in a time-dependent way. Thus, competing risk analysis were 

performed and cumulative incidence calculated for all secondary outcomes, as previously 

reported.359 Then, multivariable regression analysis in the presence of competing risks was 

performed using the semiparametric proportional hazards model (i.e. sub-distribution 

hazards of cumulative incidence functions) based on the Gray’s test, in order to assess the 

contributions of different variables (adjusted and non-adjusted) to the development of 

secondary outcomes.360 For all models, a backwards stepwise regression model was used, 

removing independent variables until all contributing variables had a p-value < 0.2. 

Analysis and graphical representations as cumulative incidence, survival or forest plots was 

performed using R 4.0.4 and the analysis pipeline can be found at [https://github.com/Le-

bruit-de-nos-pas/PD_Milestones_STN-DBS]. Exact p-values, hazard ratios and 95% 

confident intervals are reported. 

Data availability statement: Anonymized data of this study will be available from the 

corresponding author on reasonable request from any qualified researcher, following the 
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EU General Data Protection Regulation. analysis pipeline can be found at 

[https://github.com/Le-bruit-de-nos-pas/PD_Milestones_STN-DBS]. 

 

Results 
 

a) Clinical and demographic baseline characteristics  

 

109 patients underwent STN-DBS during the study period. Clinical and demographic data 

are presented in Table 3.1. During follow-up, 8 patients were censored: 7 due to system 

removal because of infection (at months 5, 35, 45, 57, 61, and 2x 95) and 1 was referred 

to another institution and lost to follow up (at month 72).  84 patients reached the end of 

the 8-year follow-up: mean age of 68.6 ± 7.6, mean disease duration of 21.38 ± 4.38 

years, mean H&Y 2.8 ± 1.1, mean LEDD of 600.90 ± 370.14 mg (vs 1252.66 ± 521.17 

mg at baseline; average reduction of 49.64 ± 29.52 %, p < 0.001). Stimulation parameters 

at the end of follow-up in Table 3.2. 
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Table 3.1 – Demographic and clinic characteristics of study participants 

Variable under study  

Gender: male, n=109 55 (54.1%) 

Age at disease onset (x̅ ± SD, n = 104) 47.9 ± 7.9 

Age at surgery (x̅ ± SD), n=109 61.3 ± 7.5 

Disease duration at surgery (y ± SD), n=104 13.8 ± 5.5 

UPDRS II OFF-MED (x ̅ ± SD), n=98 25.7 ± 32.7 

UPDRS II ON-MED (x ̅ ± SD), n=98 8.9 ± 5.9 

UPDRS III OFF-MED (x ̅ ± SD), n=105 44.5 ± 13.4 

UPDRS III ON-MED (x ̅ ± SD), n=105 18.8 ± 17.6 

UPDRS IV (x ̅ ± SD), n=98 9.5 ± 4.9 

MDS-UPDRS IV (x ̅ ± SD), n= 9 9.1 ± 5.3 

H&Y OFF MED (x ̅ ± SD), n=105 2.8 ± 0.2 

H&Y ON MED (x ̅ ± SD), n=105 2.0 ± 1.0 

SE OFF (x ̅ ± SD), n=100 51.9 ± 20.2 

SE ON (x̅ ± SD), n=100 86.6 ± 14.9 

Levodopa % response (x ̅ ± SD) n=106 57.6 ± 13.5 

LEDD mg (x ̅ ± SD), n=107 1252.6 ± 521.2 

Item 29  UPDRS III OFF ≥2, n=105 65 (61.9%) 

Item 30  UPDRS III OFF ≥2, n=105 43 (41.0%) 

Phenotype, n=95 

              Tremor-dominant 

              PIGD 

              Indeterminate 

 

45 (47.4%) 

39 (41.1%) 

11 (11.6%) 

MMSE score (x ̅ ± SD), n=100 27.8 ± 2.1 

Neuropsychological diagnosis, n=90 

             Normal 

             Mild Cognitive impairment 

 

71 (78.9%) 

19 (21.1%) 

 
Values are presented as mean ± SD. SE: Schwab and England ADL; LEDD: levodopa equivalent daily dose; PIGD: 

postural instability gait disorder; MMSE: mini mental state examination. UPDRS: Unified Parkinson Disease Rating 

Scale; MDS-UPDRS: MDS-Unified Parkinson's Disease Rating Scale 
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Values are presented as mean ± SD and pertain to those recorded at the end of follow-up. Patients are stratified 

by stimulation mode: monopolar, bipolar, interleaving, double monopolar. Some patients on Monopolar 

stimulation have low frequency, which explains a higher value for voltage. 

 

b) Mortality 

 

Seventeen patients died during the study, accounting for a mortality rate at the end 

of follow-up of 16%. On average, patients died 62.1 ± 21.3 months after surgery (Figure 

3.1), at a mean age of 69.9 ± 6.0 years. The presence of disability milestones in the 

follow-up did not significantly alter the mortality rate (Figure 3.1). In the patients who 

died during follow-up, falls preceded death by 34.6 ± 13.7 months, FOG by 35.8 ± 21.4, 

dementia and hallucinations by 18.5 ± 14.5 and 18.7 ± 14.4, respectively. None of the 

patients who died were institutionalized.  

 

 

 

 

 

Table 3.2 – Stimulation parameters at the end of follow-up 

 Right STN (n=83) Left STN (n=83) 

 

Monopolar (%) 

         Voltage (mV ) 

         Pulse width (µs) 

         Frequency (Hz) 

Bipolar (%) 

          Voltage (mV) 

          Pulse width (µs) 

          Frequency  (Hz)  

Interleaving 

          Voltage (mV) 

          Pulse width (µs) 

          Frequency (Hz) 

Double monopolar    

 

81.9% (68) 

3.91 ± 0.46 

63.1 ± 10.3 

123 ± 17.1 

14.5% (12) 

3.78 ± 0.64 

64.2 ± 9.96 

131 ± 6.69 

3.6% (3) 

3.6 ± 1.25 

60.0 ± 0 

125 ± 0 

0% 

 

85.5% (71) 

3.06 ± 0.47 

62.5 ± 9.67 

124 ± 17.1 

12.0% (10) 

3.87 ± 0.69 

62 ± 6.32 

130 ±1.58 

1.2% (1) 

5.0 ± 0 

60 ± 0 

125 ± 0 

1.2% (1) 

Voltage (mV)  2.6 ± 0 

Pulse width (µs)  60 ± 0 

Frequency (Hz)  130 ± 0 
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Non-adjusted, univariate analysis showed that a preoperative higher UPDRS part II 

score in OFF (HR 1.012, C.I. 1.005-1.020, p = 0.001) and older age at surgery (HR 1.108, 

C.I. 1.008-1.218, p = 0.034) significantly increased mortality rates (Figure 3.1). On 

multivariate analysis, age at surgery (HR 1.121, C.I. 1.035-1.463, p = 0.019) and the 

preoperative UPDRS part III score in OFF (HR 0.942, C.I. 0.890 - 0.996, p = 0.037) were 

significant drivers of overall mortality (Figure 3.1). 

 

 

 

 
Figure 3.1: Survival plots for the entire cohort (a) and for the same cohort split between patients developing a 

given milestone and those failing to do so. Comparisons performed using Log-rank (Mantel-Cox) tests (b)  

Unadjusted univariate analysis (c) and multivariate analysis of predictors for mortality (d). Each and every single 

variable is adjusted for all other variables in the respective plot. Multivariable regression analysis in the presence 

of competing risks was performed using the (semiparametric proportional hazards model) sub-distribution 

hazards of cumulative incidence functions based on the Gray’s test. A backward elimination method for selection 

of variables was using a cut-off of 0.2. Variables including in the initial model were the same for all the outcomes 

studies: Gender, age at surgery, disease duration at surgery,  UPDRS II OFF-MED,  UPDRS II ON-MED, UPDRS 

III OFF-MED, UPDRS III ON-MED, H&Y OFF MED >2, LEDD, Item 29  UPDRS III OFF ≥2,  Item 30  UPDRS III OFF 

≥2,  Phenotype (Tremor/ PIGD/ Indeterminate, Neuropsychological diagnosis ( Normal/  Mild Cognitive 

impairment). 
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c) Disability Milestones 

 

 Falls were the most likely event during follow-up (Figure 3.2 and 3.3), with a 

competing risk-adjusted probability of 73% at 8 years post-DBS (95% C.I., 63.6 - 89.7%). 

The average time from surgery to first fall was 40.4 ± 25.4 months. FOG was observed in 

47% (95% C.I., 37.7 - 56.6%) of the cohort (Figure 3.2 and 3.4). The average time from 

surgery to FOG was 39.6 ± 28.4 months. In turn, the competing risk-adjusted probability 

of developing hallucinations was 32% (95% C.I., 23.1- 40.9%) (Figure 3.2 and 3.5), 

with an average time from surgery to hallucinations of 60.0 ± 20.7 months. 34% of 

patients developed dementia (95%C.I., 25.4 - 43.6%) (Figure 3.2 and 3.6), with an 

average time from surgery to dementia diagnosis of 56.2 ± 21.2 months. Only 6% of the 

cases were institutionalized (95% C.I., 2.4 - 11.7%) (Figure 3.2 and 3.7), after 62.3 ± 

22.0 months of surgery.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2- Summary incidence plot across all events under study adjusted for competing risks (falls, freezing, 

hallucinations, dementia, mortality, and institutionalization). For the sake of visibility, values on the X-axis 

correspond to the base 10 logarithmic of the number of elapsed months to event (1 -> 10 months, 1.5 -> 32 

months, 2 -> 100 months) 
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d) Determinants of axial milestones  

 

Fallers had worse baseline scores in UPDRS II (28.0 ± 38.3 vs 19.9 ± 6.7, p=0.015) 

and UPDRS III item 30 (postural instability) (1.6 ± 1.0 vs 1.0 ± 1.1, p= 0.022) in OFF 

than non-fallers (Table 3.3). The baseline variables that in univariate analysis were 

significantly associated with falls are show in Figure 3.3. When adjusting for confounders, 

older age at surgery (HR 1.184, 95% C.I., 0.779 - 1.086, p = 0.004) remained significant 

associated with falls (Figure 3.3). The cumulative incidence of falls was significantly higher 

among patients who also developed FOG during follow-up (86%, 95% C.I., 71.8 – 93.2%) 

compared to those who did not (62%, 95% C.I., 47.8 – 73.5%, p = 0.010) and in those 

who developed hallucinations (85% %, 95% C.I., 67-94% vs 67%, 95% C.I., 55-77%, p 

= 0.039) (Figure 3.3). 

 

 

 

 

 
Figure 3.3- Estimated cumulative incidence curves for Falls, with mortality treated as competing risk. Shaded 

lines represent (upper and lower) 95% confidence intervals (a) Estimated cumulative incidence plots of falls, with 

equality between plots based on the Gray’s test (i.e. comparison of the weighted averages for the sub-distribution 



Freezing of gait and gait impairment after STN-DBS 

79 
 

hazards of each event of interest) (b) Unadjusted univariate analysis (c) and multivariate analysis of predictors 

for falls  (d). Each and every single variable is adjusted for all other variables in the respective plot. Multivariable 

regression analysis in the presence of competing risks was performed using the (semiparametric proportional 

hazards model) sub-distribution hazards of cumulative incidence functions based on the Gray’s test. A backward 

elimination method for selection of variables was using a cut-off of 0.2. Variables including in the initial model 

were the same for all the outcomes studies: Gender, age at surgery, disease duration at surgery,  UPDRS II OFF-

MED,  UPDRS II ON-MED, UPDRS III OFF-MED, UPDRS III ON-MED, H&Y OFF MED >2, LEDD, Item 29  UPDRS 

III OFF ≥2,  Item 30  UPDRS III OFF ≥2,  Phenotype (Tremor/ PIGD/ Indeterminate, Neuropsychological diagnosis 

( Normal/  Mild Cognitive impairment). 

 

 

 

 
Values are presented as mean ± SD. LEDD: levodopa equivalent daily dose; PIGD: postural instability 

gait disorder; MMSE: mini mental state examination; UPDRS: Unified Parkinson Disease Rating Scale; 

MDS-UPDRS: MDS-Unified Parkinson's Disease Rating Scale 

 

 

Table 3.3 – Demographic and clinic characteristics of fallers vs non-fallers at baseline evaluation 

 Fallers (n = 79) Non-Fallers (n=30) p-value 

Gender: male, n=109 39 20 0.105 

Age at surgery (x̅ ± SD), n=109 61.4 ± 7.0 60.8 ± 8.7 0.905 

Disease duration at surgery (y ± SD), n=104 13.9 ± 5.4 13.5 ± 5.9 0.694 

UPDRS I  (x ̅ ± SD), n=98 2.6 ± 1.5 2.6 ± 1.9 0.564 

UPDRS II OFF-MED (x ̅ ± SD), n=98 28.0 ± 38.3 19.9 ± 6.7 0.015 

UPDRS II ON-MED (x ̅ ± SD), n=98 9.3 ± 6.5 8.3  ± 4.1 0.928 

UPDRS III OFF-MED (x ̅ ± SD), n=105 44.7 ± 13.5 43.9 ± 13.3 0.886 

UPDRS III ON-MED (x ̅ ± SD), n=105 19.1 ± 7.8 18.2 ± 7.2 1.00 

H&Y OFF MED (x ̅ ± SD), n=105 2.8 ± 1.1 2.6 ± 0.9 0.182 

H&Y ON MED (x ̅ ± SD), n=105 2.0  ± 0.2 1.9 ± 0.3 0.066 

Levodopa % response (x ̅ ± SD)n=106 57.5 ± 13.2 58.0 ± 14.5 0.686 

LEDD mg (x ̅ ± SD) , n=107 1238.8 ± 507.7 1288.3 ± 561.6 0.687 

Item 29  UPDRS III OFF MED (x ̅ ± SD) , n=105 1.9 ± 1.6 1.6 ± 1.2 0.473 

Item 30  UPDRS III OFF MED (x ̅ ± SD), n=105 1.6 ± 1.0 1.0 ± 1.1 0.022 

Item 29 UPDRS III ON MED (x ̅ ± SD), n=105 0.4 ± 0.6 0.2  ± 0.5 0.112 

Item 30 UPDRS III ON MED (x ̅ ± SD), n=105 0.5  ± 0.6 0.3 ± 0.5 0.384 

Phenotype, n=95 

          Tremor 

          PIGD 

          Indeterminate 

 

30 

30 

9 

 

15 

9 

2 

0.442 

MMSE score (x ̅ ± SD), n=100 27.9 ± 1.8 27.7 ± 2.7 0.763 

Neuropsychological diagnosis, n=90 

         Normal 

         Mild Cognitive impairment 

 

51 

16 

 

20 

3 

0.272 
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 Freezers had significantly higher baseline scores in UPDRS III item 29 (gait) in OFF 

than non-freezers (2.0 ± 0.9 vs 1.6 ± 1.5, p = 0.029) (Table 3.4). Univariate analysis 

showed that longer disease duration at surgery (HR 1.070, 95% C.I., 1.010 - 1.140, p = 

0.021), higher preoperative UPDRS part III score in ON (HR 1.080, 95% C.I. 1.020 - 1.140, 

p = 0.012) and higher preoperative UPDRS part II score in OFF (HR 1.010, 95% C.I. 1.010 

- 1.020, p = 0.000) significantly modulated the rate FOG (Figure 3.4). When adjusting 

for confounders, older age at surgery (HR 1.186, 95% C.I. 1.050 – 1.340, p = 0.006) and 

higher UPDRS part II score in OFF (HR 1.024, 95% C.I., 1.012 - 1.040, p = 0.000) were 

significantly associated with freezing. (Figure 3.4) The cumulative incidence of freezing 

was significantly higher in the fallers (56%, 95% C.I., 44.0 – 65.9%) when compared to 

the non-fallers (25%, 95% C.I., 10.6 – 41.6%, p = 0.007) (Figure 3.4) 

 

 

 

 

Figure 3.4- Estimated cumulative incidence curves for FOG, with mortality treated as competing risk. Shaded 

lines represent (upper and lower) 95% confidence intervals (a) Estimated cumulative incidence plots of falls, with 

equality between plots based on the Gray’s test (i.e. comparison of the weighted averages for the sub-distribution 

hazards of each event of interest) (b) Unadjusted univariate analysis (c) and multivariate analysis of predictors 
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for FOG (d). Each and every single variable is adjusted for all other variables in the respective plot. Multivariable 

regression analysis in the presence of competing risks was performed using the (semiparametric proportional 

hazards model) sub-distribution hazards of cumulative incidence functions based on the Gray’s test. A backward 

elimination method for selection of variables was using a cut-off of 0.2. Variables including in the initial model 

were the same for all the outcomes studies: Gender, age at surgery, disease duration at surgery, UPDRS II OFF-

MED, UPDRS II ON-MED, UPDRS III OFF-MED, UPDRS III ON-MED, H&Y OFF MED >2, LEDD, Item 29 UPDRS III 

OFF ≥2, Item 30  UPDRS III OFF ≥2,  Phenotype (Tremor/ PIGD/ Indeterminate, Neuropsychological diagnosis ( 

Normal/  Mild Cognitive impairment). 

 

 

Table 3.4 – Clinical and demographic characteristics of freezers vs non-freezers at baseline 

evaluation 

 FOG Patients (n = 51) No-FOG patients (n=58) p-value 

Gender: male, n=109 30 (58.8%) 29 (50%) 0.356 

Age at surgery (x̅ ± SD), n=109 62.2 ± 6.6  60.4 ± 8.1 0.224 

Disease duration at surgery (y ± SD), n=104 13.88 ± 4.1 13.7 ± 6.7 0.358 

UPDRS I  (x ̅ ± SD), n=98 2.7± 1.6 2.4 ± 1.7 0.115 

UPDRS II OFF-MED (x ̅ ± SD), n=98 23.0 ± 6.3  28.3± 45.4 0.324 

UPDRS II ON-MED (x ̅ ± SD), n=98 8.2 ± 6.2 9.7±5.7 0.127 

UPDRS III OFF-MED (x ̅ ± SD), n=105 44.9 ± 12.2 44.0 ± 14.5 0.486 

UPDRS III ON-MED (x ̅ ± SD), n=105 17.9 ± 7.2 19.7 ± 7.9 0.217 

H&Y OFF MED (x ̅ ± SD), n=105 2.9 ± 1.0 2.7 ± 1.0 0.241 

H&Y ON MED (x ̅ ± SD), n=105 2.0 ± 0.3 2.0 ± 0.2 0.104 

Levodopa % response (x ̅ ± SD)n=106 59.6 ± 13.3  56.3 ± 13.3 0.133 

LEDD mg (x ̅ ± SD) , n=107 1320.6±524.1 1190.8±515.4 0.204 

Item 29  UPDRS III OFF MED (x ̅ ± SD) , n=105 2.0 ± 0.9 1.6 ± 1.5 0.029 

Item 30  UPDRS III OFF MED (x ̅ ± SD), n=105 1.3 ± 1.0 1.5 ± 1.1 0.268 

Item 29 UPDRS III ON MED (x ̅ ± SD), n=105 0.3 ± 0.6  0.3 ± 0.6 0.414 

Item 30 UPDRS III ON MED (x ̅ ± SD), n=105 0.5 ± 0.7 0.4 ± 0.5  0.624 

Phenotype, n=95 

              Tremor 

              PIGD 

              Indeterminate 

 

22 

20 

4 

 

23 

19 

7 

0.680 

MMSE score (x ̅ ± SD), n=100 27.9 ± 1.5 27.7 ± 2.5 0.610 

Neuropsychological diagnosis, n=90 

             Normal 

             Mild Cognitive impairment 

 

35 

7 

 

36 

12 

0.334 

Values are presented as mean ± SD. LEDD: levodopa equivalent daily dose; PIGD: postural instability gait 

disorder; MMSE: mini mental state examination; UPDRS: Unified Parkinson Disease Rating Scale; MDS-UPDRS: 

MDS-Unified Parkinson's Disease Rating Scale 
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e)  Determinants of hallucinations, dementia and institutionalization 

   

The preoperative UPDRS part II score in OFF (HR 1.010, C.I. 1.010 - 1.020, p < 

0.001) significantly modulate the rate of hallucinations (Figure 3.5), dementia (Figure 

3.6) and institutionalization (Figure 3.7) in univariate, non-adjusted analysis. After 

adjustment for confounders, no variable remained significantly associated with 

hallucinations (Figure 3.5). As for dementia, both older age at surgery (HR 1.029, C.I. 

1.000 - 1.374, p = 0.05) and preoperatory UPDRS part II score in OFF (HR 1.026, C.I. 

1.014 - 1.037, p < 0.001) and ON (HR 0.996, C.I. 0.711 - 0.962, p = 0.014) significantly 

modulated the rate of event development (Figure 3.6). In the case of institutionalization, 

multivariate analysis showed that both preoperatory higher UPDRS part II score in OFF 

(HR 1.010, 95% C.I., 1.010 - 1.020, p < 0.001) and older age at surgery (HR 1.190, C.I. 

1.070 - 1.320, p = 0.001) were significant drivers of institutionalisation (Figure 3.7). 

 

 

 

 

 

 
Figure 3.5- Estimated cumulative incidence curves for hallucinations, with mortality treated as competing risk. 

Shaded lines represent (upper and lower) 95% confidence intervals (a) Unadjusted univariate analysis (b) and 

multivariate analysis of predictors for hallucinations (c). Each and every single variable is adjusted for all other 

variables in the respective plot. Multivariable regression analysis in the presence of competing risks was 

performed using the (semiparametric proportional hazards model) sub-distribution hazards of cumulative 
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incidence functions based on the Gray’s test. A backward elimination method for selection of variables was using 

a cut-off of 0.2. Variables including in the initial model were the same for all the outcomes studies: Gender, age 

at surgery, disease duration at surgery, UPDRS II OFF-MED, UPDRS II ON-MED, UPDRS III OFF-MED, UPDRS III 

ON-MED, H&Y OFF MED >2, LEDD, Item 29 UPDRS III OFF ≥2,  Item 30  UPDRS III OFF ≥2,  Phenotype (Tremor/ 

PIGD/ Indeterminate, Neuropsychological diagnosis ( Normal/  Mild Cognitive impairment). 

 

 

 

 

 

 

 

 

 
Figure 3.6- Estimated cumulative incidence curves for dementia, with mortality treated as competing risk. 

Shaded lines represent (upper and lower) 95% confidence intervals (a) Unadjusted univariate analysis (b) and 

multivariate analysis of predictors for dementia (c). Each and every single variable is adjusted for all other 

variables in the respective plot. Multivariable regression analysis in the presence of competing risks was 

performed using the (semiparametric proportional hazards model) sub-distribution hazards of cumulative 

incidence functions based on the Gray’s test. A backward elimination method for selection of variables was using 

a cut-off of 0.2. Variables including in the initial model were the same for all the outcomes studies: Gender, age 

at surgery, disease duration at surgery, UPDRS II OFF-MED, UPDRS II ON-MED, UPDRS III OFF-MED, UPDRS III 

ON-MED, H&Y OFF MED >2, LEDD, Item 29 UPDRS III OFF ≥2,  Item 30  UPDRS III OFF ≥2,  Phenotype (Tremor/ 

PIGD/ Indeterminate, Neuropsychological diagnosis ( Normal/  Mild Cognitive impairment). 
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Figure 3.7- Estimated cumulative incidence curves for institutionalisation, with mortality treated as competing 

risk. Shaded lines represent (upper and lower) 95% confidence intervals (a) Unadjusted univariate analysis (b) 

and multivariate analysis of predictors for institutionalisation (c). Each and every single variable is adjusted for 

all other variables in the respective plot. Multivariable regression analysis in the presence of competing risks was 

performed using the (semiparametric proportional hazards model) sub-distribution hazards of cumulative 

incidence functions based on the Gray’s test. A backward elimination method for selection of variables was using 

a cut-off of 0.2. Variables including in the initial model were the same for all the outcomes studies: Gender, age 

at surgery, disease duration at surgery, UPDRS II OFF-MED, UPDRS II ON-MED, UPDRS III OFF-MED, UPDRS III 

ON-MED, H&Y OFF MED >2, LEDD, Item 29 UPDRS III OFF ≥2, Item 30  UPDRS III OFF ≥2,  Phenotype (Tremor/ 

PIGD/ Indeterminate, Neuropsychological diagnosis ( Normal/  Mild Cognitive impairment). 
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Discussion 
 

The mortality and incidence of major disability milestones of 109 PD patients 

followed-up for 8 years after STN-DBS have been studied using a competitive risk analysis. 

This cohort had an excellent benefit from DBS, with a 50% reduction in the LEDD at the 

end of follow-up. Mortality rate was low (overall 16%), with survivors presenting a mean 

age of 69 and mean disease duration of 22. For those who died, the mean time to death 

was about 5 years after surgery. Falls developed in three-quarters of patients, whereas 

FOG afflicted nearly half. Mean time to falls and FOG after surgery was about 3 years. 

About one-third of the patients developed hallucinations and dementia, on average 5 years 

after STN-DBS. Nursing home institutionalization occur in a small percentage of patients 

and took place on average 5 years after DBS  

 

Mortality  

 

Across different studies, highly variable mortality rates have been reported (from 

17 to 61%) in long-term DBS cohorts303,304,361–364, probably reflecting high heterogeneity 

of study populations regarding disease and follow-up duration.  We have herein observed 

figures for cumulative mortality and cumulative incidence of falls, dementia, and 

hallucinations similar to those recently reported by Mahlknecht et al.364 for STN-DBS, who 

found a mortality rate of 17% after 7 years of follow-up. Age and disease duration at 

surgery were similar in both studies.364 Likewise,  a similar survival was found after 7 years 

of follow-up in a cohort with a similar age at surgery.363 The importance of comparing 

cohorts with similar demographic characteristics is reinforced by the increase in mortality 

rates with older age at surgery.363,365 Older age at PD onset has been associated with 

increased mortality366,367  however, findings from Kempster et al. have instead suggested 

that death (and disability milestones) occurs at around the same age regardless of the age 

at PD onset.79,80 In our cohort, the mean age of death is around 70 years old, similar to 

what has been previously observed despite the longer disease duration.79,80  Thus, 
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mortality would be related to biological age more than to disease duration, or age of 

disease-onset.      

Interestingly, regarding the milestone-to-death interval, we have found a similar 

temporal relationship as previous studies,79 reinforcing the idea that the late phase of PD 

(independently of age-of-onset, disease duration and DBS) follow a stereotyped pattern, 

with the appearance of milestones preceding death. 

 

Falls and FOG  

 

Falls and FOG were both the earliest and the most frequent disability milestones 

and tended to occur at around the same time after surgery. The incidence of falls surpassed 

that of freezing in the long run.  In previous studies, falls were present in 61% of a DBS 

cohort followed-up during > 8 years364  and in 64% of patients 7 years after surgery.365 In 

the same study, 64% of the patients also developed FOG.365  Different sample sizes and 

methods used to assess FOG and falls could explain the different rates between studies. A 

time-depended deterioration of axials signs after surgery303,305,327,365,368 has been 

suggested and can explain the  lower incidence of falls (32% of 260 patients) in a study 

with shorter disease duration at surgery (6 ± 3.8 years) and shorter follow-up time 

(median 3.1 years).  

Older age at STN-DBS was a strong driver of increase rates of both falls and 

freezing.  Several studies have shown an association between age and the occurrence of 

falls and freezing361,362. Besides age at DBS, only a worse baseline UPDRS II OFF score was 

an independent predictor of freezing, but not falls. Our results reinforce the previously 

highlighted importance of baseline disease severity, namely in OFF, for future incidence of 

axial disability milestones, irrespectively of levodopa responsiveness.327,351 Interesting, 

though, is the finding that the impairment on ADL in the OFF state is a predictor of axial 

disability milestones. When selecting patients for DBS, special attention should be given to 

the performance of patients in ADL in the OFF state, besides their objective motor 
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disability, since it can help to identify patients with a higher risk of developing disability 

milestones.   

 Even though FOG is not often assessed when studying disability milestones in 

advanced disease63,79,80 we have decided to evaluate freezing because it is a symptom 

associated with significant disability and deterioration in QoL, and most often unresponsive 

to levodopa. The response of FOG to DBS-STN has been controversial and as such, there 

is a need for future studies to accurately characterize its response to DBS.  

 

Hallucinations and Dementia 

  Cognitive/behavioral milestones had a lower incidence than axial symptoms in our 

study. The rates of hallucinations and dementia after STN-DBS have been highly variable 

across studies, ranging from 18 to 61% for hallucinations 89,361,362,364,365,369 and from 5 to 

61% for dementia.304,305,361,364,369 An association between hallucinations and dementia (i.e., 

similar incidence and close temporal relationship) has been previously reported63,79, 

pointing to a common pathophysiology. On the one hand, a higher cortical burden of Lewy 

body pathology as well as a higher load of Alzheimer’s disease neuropathological changes 

have been associated with both dementia and hallucinations.79,80 On the other hand, the 

presence of cortical Lewy bodies appears not to be correlated with motor milestones, 

indicating that cortical pathology is specifically implicated in the development of cognitive 

milestones.369 

Likewise, older age is a risk factor for dementia in PD361,362  which might explain the 

higher risk of dementia in those patients older at STN-DBS.  

 

Nursing home placement  

We found a much lower rate of admission to nursing home facilities compared to 

other post-DBS305,362,364,365  and non-DBS studies. 76Nonetheless, a previous study of 

Portuguese late-stage non-DBS patients also found a lower frequency of nursing home 

admissions than that reported in the Swedish and Dutch counterparts.76 Sociocultural 
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stigma together with inadequate social support systems are likely to explain such lower 

institutionalization rates. 364,370 

 

  The present study lacks a control group, but comparing the observed numbers with 

comparable size historical cohorts77,78, one is lead to conclude that STN-DBS patients still 

developed the same disability milestones  than non-DBS PD patients,  but at a lower rate 

despite similar disease duration.77,78,370 One possible explanation is the difference in age 

at PD onset, with DBS patients being relatively younger at disease onset (47 vs 54, 56, 

and 61 years old at disease onset) and at the end of follow-up.77,78,370 Accordingly, a 

negative correlation between age at disease onset and time-to-development of the first 

disease milestone has been previously reported.63,79  When compared to the Sydney 

cohort, a delay of 10 to 15 years in achieving the same level of disability milestones was 

found in the Toronto study.365 A younger age of onset in the Toronto study was the 

explanation for the difference in findings, suggesting that the disease progresses relatively 

slowly in younger patients but disability milestones are reached at similar ages 

independently of age at disease onset.63,80,365  Our data supports this hypothesis.  

Interestingly, even though STN-DBS patients are a particular sample of PD patients, 

considering that more frequently includes patients with younger age at onset, highly 

responsive to levodopa and no dopaminergic resistant axial symptoms before surgery, they 

still end up developing the same disability milestones (Figure 3.2). Additionally, MC have 

been well-controlled with STN-DBS, this study shows that surgery does not prevent the 

development of such milestones.   

 In contrast to the usual sequence of events reported in late-stage non-DBS PD 

patients63,79,  we have observed the development of falls antedating that of hallucinations. 

The decrease in dopaminergic medication after surgery and the lack of cognitive 

impairment before DBS may explain such a difference.364 
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Strength and limitations 

 

 The present study is, to the best of our knowledge, the largest long-term cohort of 

STN-DBS PD patients comprising incidence rates and predictors of PD disability milestones. 

The relatively comprehensive baseline characterization has allowed for the dissection of 

pre-surgical clinical and demographic variables of relevance for the development of 

disability milestones after STN-DBS surgery. However, the retrospective nature of the 

study precludes a systematic evaluation of the patients regarding assessment time and 

instruments used.  To minimize errors inherent to this type of design, we chose very clear 

and objective definitions for the identification of disability milestones. Like most long-term 

DBS follow-up studies, our study lacks a control group. To minimize this limitation, we 

tried to discuss our finding using historical DBS and non-DBS cohorts previously reported 

in the literature.  

 

Conclusions 

Long-term mortality rate is low after STN-DBS, with older age at surgery and 

baseline motor impairment being the best predictors. Disability milestones follow a 

consistent progression (mostly at very late disease stages) suggesting the same 

neurodegenerative process dictating disease progression in non-DBS patients to also be 

the predominant one among DBS patients. With biological age as the most important 

driver, there is a case to be made in support of STN-DBS surgery being performed earlier 

rather than later.  
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Supplementary Figure S3.1. Graphical Spearman correlation matrix of clinical variables of interest with r score 

(a) and p-values (b). 
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Chapter IV. Gait impairment and Freezing of gait after 
18 months of subthalamic nucleus deep brain 
stimulation: a prospective study  
 

 

 

In this chapter, the research work was developed under Aim 1 with the objective of 

determining the frequency and identifying risk factors associated with post-surgery gait 

impairment and FOG in patients who underwent STN-DBS surgery. Additionally, this 

research delved into Aim 2, aiming to investigate the significance of objective gait analysis 

through inertial sensor-based 3D-kinematics in motor assessment of patients with 

Parkinson's disease who underwent STN-DBS. More specifically, the study sought to assess 

the distinct roles of stimulation and medication in relation to various gait metrics. 
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Background 
 

Subthalamic Nucleus Deep Brain Stimulation (STN-DBS) is an effective treatment 

for Parkinson’s disease (PD), significantly reducing motor fluctuations, dyskinesias and 

increasing quality of life.84,85,87,371 In addition, motor signs such as rigidity, bradykinesia 

and tremor appear to be particularly improved.   However, the effect of STN-DBS on axial 

signs such as freezing of gait (FOG) and gait impairment is still under debate.127 

Because gait and FOG outcomes were not considered primary endpoints in previous 

large-scale, randomized controlled trials, evidence regarding the effect of STN-DBS in 

these symptoms is still scarce. 127,312 Some studies report an improvement, whilst in others 

a worsening, or a lack of effect is observed. 127 

FOG increases in severity and frequency with disease duration,372 significantly 

affecting quality of life,373 increasing the risk of falls374 and reducing independence. In most 

of the cases, FOG improves with LD (OFF-FOG) but in rare cases can be induced by 

dopaminergic medication.375 Regarding the effect of STN-DBS, some studies report an 

improvement, whilst in others a worsening, or a lack of effect is observed. 127Alternative 

DBS approaches to diminish FOG has also been investigated, yielding somewhat 

contradictory results.310,337,344,376 

In addition, the factors that may contribute to the aggravation of FOG after surgery 

or the predictive factors for the postoperative outcome of FOG have not been clearly 

identified. Higher axial scores at baseline326, longer disease duration312 and small levodopa 

equivalent daily dose (LEED) reduction post-surgery377, have all been associated to a 

higher risk of FOG worsening. On the reverse, improvement of axial signs during the LD 

challenge test doesn’t appear to predict the response to STN-DBS surgery.326,327  

  Recently, sensor based kinematic features have been used to assess the effect of 

STN-DBS on gait outcomes. Kinematic analysis provides a quantitative and more 

standardized analysis, with higher temporal and spatial resolution which allows for the 

detection of subtle changes in gait patterns. Previous studies have highlighted the role of 

stimulation in improving stride length and velocity and range of motion (ROM) at the lower 
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limbs 236,335,378,379, with more contradictory effects on gait variability metrics.379,380 The role 

of these individual gait metrics to predict gait and FOG outcomes after STN-DBS surgery 

has not been clearly identified but a previous work have suggested that they may be 

useful.335 

Our main goal was to prospectively assess the effect of STN-DBS on the frequency 

and severity of FOG and gait impairment after surgery. In addition, we tried to uncover 

baseline clinical and kinematic dimensions that could be used to identify patients at higher 

risk of developing or aggravating axial signs after STN-DBS.  Since our previous study 

failed to show a role on motor response to LD in predicting FOG outcomes (Chapter III), 

we specifically look to the role of LD-induced changed in individual  kinematic metrics as 

predictors of FOG response. The individual effects of LD and stimulation on kinematic gait 

metrics were further investigated. 

 

 

Methods 
 

Objectives: Assess the effect of STN-DBS on FOG and gait impairment in 

comparison to the preoperative state (off and on-medication) 

 

Study Population 

We included 18 consecutive PD patients submitted to STN-DBS surgery between 

2020 and 2021. All of them were selected for STN-DBS for surgery according to the 

CAPSIT-PD protocol.321 DBS surgery followed standard stereotactic techniques, and 

postoperative neuroimaging confirmed lead position. The DBS programming parameters 

and medication were optimized in post-surgery by a movement disorders specialist. 

Patients submitted to DBS of the Globus pallidus internus (GPi) were excluded.  
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Study Design:A prospective study with an 18-months follow-up, using clinical 

evaluation and inertial sensor-based 3D-kinematics 

 

Patient’s assessment:  

All patients were assessed at baseline, before surgery,  and at 18 months after 

STN-DBS surgery.  

At the baseline all patients were evaluated in two conditions: (i) clinical off-state 

after overnight withdrawal of dopaminergic medication (MedOFF) and (ii) clinical on-state 

(MedON) assessed 1-hour after administration of a suprathreshold dose of levodopa 

corresponding to 150% of the usual morning dose of antiparkinsonian medication 

converted to levodopa equivalents doses. In both conditions motor impairment was 

assessed using  MDS-UPDRS part III, axial sub-score (items 3.9-3.12 from the MDS-UPDRS 

part III), akinesia sub-score (items 3.4-3.8 and item 3.14), tremor sub-score (items 3.15 

to 3.18), Hoehn and Yahr scale and the Stand-Walk and Sit test (SWS-test). The SWS test 

is a standardized, timed test where subjects walk a 14-meter distance between sitting and 

standing. The overall duration of the test (time to walk 14 meters, SWS time) and the 

number of FOG episodes (#FOG episodes) were recorded. FOG was defined as a transient 

incapacity to move forward, despite the intention to walk, including both akinetic and 

"trembling in place" forms.173,192 Patients performed the SWS test three times, and 

individual patient data was averaged to report results.  

At 18-months, clinical evaluations were conducted under four different conditions, 

by the following order: i) Medication OFF/Stimulation ON (MedOFF/StimON), ii) Medication 

OFF/Stimulation OFF (MedOFF/StimOFF), iii) Medication ON/Stimulation OFF 

(MedON/StimOFF), iv) Medication ON/Stimulation ON (MedON/StimON). The "OFF-drug" 

condition was assessed after 12 hours of medication withdrawal. A levodopa challenge test 

(LCT) was performed with the same dose of LD used on the pre-surgery LCT. Patients were 

evaluated with the stimulation settings that had shown the best clinical results over the 

previous 6 months (MedOFF/StimON and MedON/StimON conditions). A 30 minutes 
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interval was kept between evaluations when stimulation was changed(MedOFF/StimON to 

MedOFF/StimOFF and MedONStimOFF to MedON/StimON) .  

In all conditions, both at baseline  and at follow-up post-surgery evaluation, the 

same clinical assessment was conducted.   

The presence of a gait disorder was defined by a score ³2 in the item 3.10 of the 

MDS-UPDRS III. The presence of FOG was defined by a score ³1 in the item 3.11 of the 

MDS-UPDRS III. Gait and FOG were further classified into: 1) OFF Gait/FOG (present only 

in the OFF medication/stimulation condition); 2) OFF+ON Gait/FOG (present in the OFF-

treatment condition and persisting in the ON-treatment condition – unresponsive 

Gait/FOG); 3) ON Gait/FOG (present exclusively in the ON-treatment condition).204,326 The 

percentage of each type of FOG/Gait impairment was calculated at baseline and at 18-

months.   

Data pertaining to MDS-UPDRS part I, II and IV scores, modified AIMS score, 

Freezing of Gait Questionnaire (FOG-Q), were collected both at baseline and post-surgery 

visit. Medication (baseline and post-surgery) and stimulation parameters (post-surgery) 

were also collected at each visit.  

 

Wearable sensor-based gait analysis: 

During the SWS test, both at baseline (12 patients) and post-surgery (18 patients) 

evaluations, patients wore seven wearable sensors. Each IMU consisted of a tri-axial 

accelerometer, a gyroscope and a magnetometer (Xsens Technologies, Enschede, The 

Netherlands), that was fixed to a patient’s body using a Velcro elastic band. The inertial 

sensors were positioned in pelvis, right and left thighs, legs and feet. (Figure 4.1) 
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Figure 4.1 – Body sensor placement (a, head, arms, wrists, back, legs, and feet), data collection pipeline (b) 

and step-by-step representation of the SWS test (c) 

 

The data collected from the IMUs were processed using the KINETIKOS cloud-based 

platform to reconstruct each subject's body motion using a 3D kinematic biomechanical 

model. Each trial out of the 3 SWS trials were individually computed and final results were 

averaged. A final dataset consisted of 25 variables organized into 4 domains (spatio-

temporal, asymmetry, variability, and non-linear metrics) selected based on their 

relevance in the literature.150,151,381 (Table 4.1) For spatiotemporal variables, coefficients 

of variation (e.g. standard deviation of variable X score / mean of variable X score) and 

asymmetries [(variable X score on the right side – variable X score on the left side) / 

(variable X score on the right side + variable X score on the left side)] were calculated.  
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Table 4.1: Kinematics variables under study across the different gait domains 

Domain Metric Unit Descriptizon 

Spatio-

temporal 

Speed  Meters per 

second 

The forward speed of the subject, measured as the forward 

distance traveled during the gait cycle divided by the gait cycle 

duration 

Step Length meters Distance between the heel contact point of one foot and that of 

the other foot (left/right) 

Stride Length meters Distance between the successive heel contact points of the 

same foot 

 Cadence steps per 

minute 

Number of steps per minute, counting steps made by both feet 

Step Time seconds Time period between the heel contact point of one foot and that 

of the other foot (left/right) 

Stride Time seconds Time period between successive foot contacts of the same 

limbs (= cycle time) 

Stance Time seconds Time period of the cycle during which part of the foot touches 

the ground (left/right)  

 
Swing Time seconds Time period of the cycle during which the foot is in the air and 

does not touch the ground (left/right)  

 

Double Support Time seconds Time period of the cycle when both feet touch the ground 

(left/right)  

Single Support Time seconds Time period of the cycle when the foot touches the ground 

(left/right)  

Variability Speed Variability 

Step Time Variability 

Step Width Variability 

Stride Time Variability 

Stride Length Variability 

Double Support Time 

Variability 

Stance Fraction 

Variability 

-  Fluctuation in spatiotemporal characteristics from one stride to 

the next 

Non-linear Entropy : measures the 

probability that a similar 

pattern in sign is 

repeated and followed by 

additional similar 

patterns, thus indicating 

regularity of a time series 

  

AP .Quantification of a system antero-posterior regularity  

Vert Quantification of a system vertical regularity  

ML Quantification of a system medio-latera regularity  

Harmonic Ratio AP smoothness of antero-posterior walking acceleration  
 

Harmonic Ratio Vert smoothness of vertical walking acceleration  
 

Harmonic Ratio ML smoothness of medio-lateral walking acceleration  
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AP, antero-posterior; ML, medio-lateral, Vert, Vertical; 

 

Statistical Analysis 

 

Our main outcome measures were the changes in the percentage of patients and 

severity in FOG and gait impairment between baseline and end of FUP, relative to the same 

preoperative treatment condition.  

Summary statistics were presented as mean ± SD, median ± IQR, or proportion 

[n]. The Mann-Whitney U test or the Wilcoxon Signed Rank Test were performed whenever 

comparing to independent or dependent (paired data) groups, respectively. Whenever 

stratifying the patients across multiple groups, the Kruskal-Wallis Rank Sum Test with post 

hoc Dunn's test for multiple comparison adjustment or the Friedman Test with Bonferroni 

correction were employed in the case of non-paired or paired data, respectively. 

Proportions across multiple groups were compared using the Fisher's exact test followed 

by multiplicity adjusted pairwise comparisons. For all analyses based on inferential 

statistics, a multiplicity-adjusted 2-tailed p-value of <0.05 will be set as the threshold for 

statistical significance. Visualizations depicting standardized mean responses were based 

on the average response divided by the respective standard deviation and may be positive 

or negative, depending on the direction of change. Correlations between the delta in items 

3.11 or 3.10 from the Pre-OP OFF to the Post-OP MedON/StimON states were made with 

the delta in kinematic or clinical variables the Pre-OP MedOFF to the Pre-OP MedON states. 

A positive correlation implies that these variables moved in tandem, while a negative 

correlation suggests they moved in opposite directions. For instance, the delta in speed 

Center-of-Mass AP Antero-posterior center of mass displacement 

Center-of-Mass Vert Vertical center of mass displacement 

Center-of-Mass ML Medio-lateral center of mass displacement 

Asymmetry Step Time Asymmetry, 

Step Length Asymmetry, 

Stance Time Asymmetry, 

Swing Time Asymmetry 

Step Length asymmetry 

-  differences in the bilateral behavior of lower limbs during 

walking 
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exhibited a negative correlation with the delta in item 3.11. This observation indicates that 

the more speed increased during the levodopa challenge in the Pre-OP phase (i.e., the 

more responsive it was), the more the 3.11 item experience a reduction (opposite duration) 

in the Post-OP evaluation. Raw accelerometer/gyroscope/magnetometer data was 

processed using the Python programming language. Statistical analysis and figure 

rendering was carried out using the R programming language, except for the Sankey plots 

which were rendered in JavaScript. 

 
 
Results 
 

18 PD patients (78% male), age at disease onset 50.11 ± 9.46 years and age at 

surgery  60.72 ± 8.35 years, respectively (Table 4.2) were included. A 51% reduction on 

LEDD was observed from baseline to the end of FUP. MDS-UPDRS motor score and akinesia 

subscores presented a significant reduction from baseline MedOFF condition to post-

surgery MedON/StimON condition (49.9 ± 2.6 vs 30.7 ± 2.4, p<0.01; 20.4 ± 1.1 vs 13.3 

± 1.3, p<0.05, respectively), whilst a non-significant reduction in axial subscore was 

observed (5.5 ± 0.7 vs 2.9 ± 0.6, p>0.05).  When comparing the baseline MedON condition 

to the post-surgery MedONStimON condition, a significantworsening on the axial subscore 

was observed (1.1 ± 0.3 vs 2.9 ± 0.6, p<0.05). A significant improvement in the MDS-

UPDRS IV score was observed at the end of FUP.  

Full demographic, clinical data and stimulation parameters presented at end of FUP 

are depicted in Table 4.2, 4.3, S4.1, S4.2 and Figure 4.2. 
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Figure 4.2 - (A) MDS-UPDRS III score; (B) Akinesia sub-score, (C) Tremor score, (D) axial score, (E) MDS-

UPDRS I  (F) MDS-UPDRS II score (G) MDS-UPDRS IV score assessed  at baseline and at 18-moths after STN-

DBS surgery across different medication and stimulation conditions, with higher scores indicate higher severity 

of motor symptoms; (H) LEDD at baseline, pre-surgery assessment and at 18-months post-surgery assessment; 

(I) Response in the LCT at baseline and post-surgery assessment (left side image)) and post-op assessment of 

response to LD (A), stimulation (B) and combined effects of stimulation and medication (C) when compared with 

the OFF-treatment condition (right side image). Akinesia score: sum of items 3-4 to 3.8 and 3.14; Tremor Score: 

sum of items 3.15 to 3.18; Axial score, sum of items 3,9-3,12; OFFPreOP, Medication OFF at baseline; ONpreOP: 

Medication ON at baseline; MedONStimON: MedicationON/stimulation ON; 

MEDOFF/StimOFF:medicationOFF/stimulation OFF; MedONStimOFF: Medication ON/Stimultion OFF; 

MedOFFSTIMON: MedicationOFF/StimulationON; LEDD: levodopa equivalent daily dose; LCT: levodopa challenge 

test 
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Table 4.2- Summary clinicodemographic statistics 

Feature Mean ± SD   (or n [%]) 

Gender (Male)  14 [78%] 

Age at disease onset (years) 50.11 ± 9.46    

Age at DBS surgery (years) 60.72 ± 8.35   

Age at evaluation (years) 58.89 ± 13.52  

Disease duration at STN-DBS 
surgery (years) 13.61 ± 14.43    

Disease duration at evaluation 
(years) 17.72 ± 3.36    

Elapsed time since STN-DBS 
surgery (months) 19.22 ± 7.60    

LEDD Pre-OP (mg) 1436 ± 540    

LEDD Post-OP (mg) 678 ± 364    

MDS-UPDRS I OFF Pre-OP 12.76 ± 4.67    

MDS-UPDRS I ON Pre-OP 8.65 ± 4.16    

MDS-UPDRS II OFF Pre-OP 20.78 ± 6.95    

MDS-UPDRS II ON Pre-OP 9.48 ± 7.42    

MDS-UPDRS IV Pre-OP 8.59 ± 2.74    

MDS- UPDRS IV Post-OP 2.89 ± 3.03    

LCT dose Pre-OP (mg) 471 ± 153    

LCT dose Post-OP (mg) 469 ± 154    

MDS-UPDRS I OFF Post-OP 12.39 ± 4.57    

MDS-UPDRS I ON Post-OP 12.06 ± 5.09    

MDS-UPDRS II OFF Post-OP 17.44 ± 8.00    

MDS-UPDRS II ON Post-OP 16.50 ± 8.67    

MMSE Pre-OP 27.15 ± 1.87    

Data is presented as average and standard deviation; STN-DBS: subthalamic nucleus deep brain stimulation; 

LEDD: levodopa equivalent daily dose; MDS-UPDRS: MDS-Unified Parkinson's Disease Rating Scale; LCT: 

Levodopa challenge test; Pre-Op: pre-operative assessment; Post-op: post-operative assessment; MMSE: Mini 

mental state evaluation 
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Table 4.3 - Stimulation parameters at the end of follow-up (n=18) 

Parameter STN-Right STN-Left 

Stimulation mode 
Monopolar:  
Bipolar: 
Interleaving  
Directional 

12[67%]  
2[11%]  
1[6%]  
3[17%] 

13[72%]  
2[11%]  
1[6%]  
2[11%] 

Voltage (mV) 2.8 ± 0.8    2.9 ± 0.8    

Frequency (Hz) 112 ± 29    113 ± 29    

Pulse width 63.89 ± 16.50    64.44 ± 18.86    

             Data is presented as mean and standard deviation  
 

 

1– Evaluation of Gait impairment after STN-DBS surgery 

a) OFF medication Condition 

At baseline OFF-medication state, gait impairment was present in 15 (83%) patients 

with an average gait score of 1.9 ± 0.2. In the post-surgery evaluation, stimulation did 

not significantly change the severity of gait impairment (MedOFF baseline: 1.9 ± 0.2 vs 

MedOFFStimON post-surgery: 1.8 ± 0.2, p>0.05) whilst it was associated to a non-

significant increase on the percentage of patients presenting gait impairment (MedOFF 

baseline: 83% vs MedOFFStimON:94% post-surgery, p>0.05). 

Regarding the MedOFF/StimOFF condition, a mild non-significant improvement in 

both the percentage of patients (100% vs 94%) and the severity of gait impairment (2.3 

± 0.1 vs 2.2 ± 0.1, p> 0.05) was observed with stimulation (MedOFF/StimON). (Figure 

4.3) 

Full data is presented in Supplementary Table S4.1, S4.2, S4.3, S4.4. 

 

b) ON medication Conditi 

At baseline, pre-surgery assessment, medication-ON state average gait score was 

0.5 ± 0.1 with only 1 patient presenting gait impairment. In the post-surgery evaluation, 

stimulation was associated to an increase on both severity (MedON baseline: 0.5 ± 0.1 vs 

MedONStimON post-surgery: 1.8 ± 0.2, p<0.05) and percentage of gait impairment 

(MedON baseline: 6% vs MedONStimON post-surgery:78% , p<0.05). (Figure 4.4) 



Freezing of gait and gait impairment after STN-DBS 

103 
 

When compared with the MedONStimOFF condition, stimulation (MedONStimON) 

didn’t change neither the severity (1.8 ± 0.2 vs 1.8 ± 0.2, p>0.05) neither the percentage 

of  patients with gait impairment (78% vs 78%, p>0.05) (Figure 4.4) 

Full data is presented in Supplementary Table S4.1, S4.2, S4.3, S4.4. 

 

c) Gait impairment subtypes: 

Accompanying this post-surgery shift towards more unfavorable gait outcomes, at  

baseline 78% of the patients presented gait impairment exclusively in OFF-treatment 

condition, with 17% of the patients being free of gait alterations. At the end of FUP all 

patients developed some type of gait impairment, with an exclusively OFF-treatment gait 

changes present in 22% of the patients and a unresponsive- gait impairment in 78% of 

the patients.  (Figure 4.4, Supplementary Table S4.3, S4.4) 
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Figure 4.3: Effect of stimulation in Gait impairment from baseline to 18-months FUP: (A) Gait score 

assessed  at baseline and at 18-moths after STN-DBS surgery across different medication and stimulation 

conditions, with higher scores indicating higher severity of motor symptoms; (B) Sankey charts depicting the 

sub-type of gait impairment from the baseline, pre-surgery assessment to the 18-months post-surgery 

assessment; (C) Sankey charts depicting the percentage of gait impairment at baseline, pre-surgery assessment,, 

and at the  18-months post-surgery assessment, in the different treatment conditions. OFFPreOP, Medication OFF 

at baseline; ONpreOP: Medication ON at baseline; MedONStimON: MedicationON/stimulation ON; 

MEDOFF/StimOFF:medicationOFF/stimulation OFF; MedONStimOFF: Medication ON/Stimultion OFF; 

MedOFFSTIMON: MedicationOFF/StimulationON; Pre-OP None: no gait impairment at baseline evaluation; Pre-

OP OFF Gait: Gait impairment presented exclusively at the OFF state at baseline evaluation; Pre-op OFF+ON 

Gait/FOG: Gait impairment present at the OFF and ON state at baseline evaluation – unresponsive gait 

impairment ; Post-OP None: no gait impairment post-surgery; Post-op OFF Gait: Gait impairment presented 

exclusively at the OFF state post-surgery; Post-op OFF+ON Gait: Gait impairment  presenting at the OFF and ON 

state at baseline evaluation – unresponsive Gait impairment. Gait impairment was defined as a presence of a 

score ³ 2 on item 3.10 of MDS-UPDRS part III and FOG as presence of a a score ³ 1 on item 3.11 of MDS-UPDRS 

part III. 

 

 

2 – Evolution of FOG after STN-DBS surgery 

 

a) OFF-medication state  

 At baseline, OFF-medication FOG was present 13 (72%) patients, with an average 

FOG score of 1.6 ± 0.3. At 18-months post-surgery, stimulation was able to reduce the % 

of FOG (MedOFF baseline: 72% vs MedOFFStimON post-surgery: 39%), as well the 

severity of FOG (1.6 ± 0.3 vs 0.9 ± 0.3, p> 0.05).  

When comparing with the MedOFF/StimOFF condition, stimulation 

(MedOFF/StimON) non significantly decreased severity (1.4 ± 0.3 vs 0.9 ± 0.3, p>0.05) 

and percentage of patients presenting FOG (72% vs 39%, p>0.05). (Figure 4.4, 

Supplementary Table S4.1, S4.2, S4.3, S4.5)  

 

b) ON-medication state 

  On the medication-ON condition at baseline, the  average FOG score was of 0.2 ± 

0.1 with only 2 (11%) patients presenting FOG. At the post-surgery evaluation, stimulation 

had no impact neither on the percentage nor severity of on-medication FOG, with a trend 

for slight worsening on both percentage (MedON baseline:11% vs MedONStimON post-
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surgery: 28 %) and severity (MedON baseline: 0.2 ± 0.1 vs MedONStimON post-surgery: 

0.4 ± 0.2, p<0.05) of FOG being observed  

 When repeating the LCT at 18 months after surgery, a higher percentage of patients 

presented FOG with an also higher severity, when compared to the same state before 

surgery (MedON baseline: 11% vs MedONStimOFF post-surgery: 39%; (MedON baseline: 

0.2 ± 0.1 vs MedONStimOFF post-surgery: 0.7 ± 0.3, p>0.05, respectively) (Figure 1, 

Table 2 and 3) 

On the post-surgery ON-medication state (MedON/StimOFF), stimulation 

(MedON/StimON) was associated to a non-significant improvement on FOG percentage 

(39% vs 28%) and severity (0.7 ± 0.3 vs 0.4 ± 0.2, p> 0.05 (Figure 4.5, 

Supplementary Table S4.1, S4.2, S4.3, S4.5)  

 

c) FOG subtypes 

From baseline to the end of follow up, the proportion of each subtype of FOG was 

also altered: at baseline 22% of the patients were free of FOG, with 67% of the cohort 

presenting FOG exclusively on the OFF-treatment condition. At the end of the FUP, the 

percentage of OFF-treatment FOG decreased (44%), at the expense of an increase on the 

percentage of treatment-resistant FOG (28% vs 6% at baseline). The only patient 

presenting a LD-induced FOG at baseline, become non-freezer at the end of FUP. (Figure 

4.5, Supplementary Table S4.3, S4.5) 

According to the FOGQ, 72% of patients were classified as freezers at the end of 

FUP, with a mean FOGQ score of 9.4 ± 5.9. .4(Figure 4, Table 4.6 and 4.7) (Figure 4.5) 
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Figure 4.4: Effect of stimulation in FOG from baseline to 18-months FUP: Figure 4.4: (A) Freezing score 

assessed  at baseline and at 18-months after STN-DBS surgery across different medication and stimulation 

conditions, with higher scores indicating higher severity of motor symptoms; (B) Sankey charts depicting the 

sub-type  FOG from the baseline, pre-surgery assessment to the 18-months post-surgery assessment; (C) 

percentage of patients classified as Freezers or non-freezers at 18-months post-surgery assessment according to 

the FOG-Questionnaire. Patients were classified as “freezers if they scores more than 1 point in the FOG-Q 

question 3; (D) Sankey charts depicting the percentage of and FOG at baseline, pre-surgery assessment,, and at 

the  18-months post-surgery assessment, in the different treatment conditions. OFFPreOP, Medication OFF at 

baseline; ONpreOP: Medication ON at baseline; MedONStimON: MedicationON/stimulation ON; 

MEDOFF/StimOFF:medicationOFF/stimulation OFF; MedONStimOFF: Medication ON/Stimultion OFF; 
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MedOFFSTIMON: MedicationOFF/StimulationON; Pre-OP None: no FOG at baseline evaluation; Pre-OP OFF FOG: 

FOG presented exclusively at the OFF state at baseline evaluation; Pre-op OFF+ON GFOG: FOG presenting at the 

OFF and ON state at baseline evaluation – unresponsive FOG; Pre-OP ON FOG: FOG presenting exclusively at the 

ON condition at the baseline evaluation;  Post-OP None: no FOG post-surgery; Post-op OFF Gait/FOG: Gait 

impairment/FOG presented exclusively at the OFF state post-surgery; Post-op OFF+ON FOG: FOG presenting at 

the OFF and ON state at baseline evaluation – unresponsive FOG; Post-OP ON FOG: FOG presenting exclusively 

at the ON condition at the baseline evaluation. FOG was defined by the presence of a score ³ 1 on item 3.11 of 

MDS-UPDRS part III. 

 

 

3 – The role of medication and stimulation on modulating kinematic-driven 

metrics  

 

a) Baseline MedOFF vs MedON  

 Spatiotemporal gait metrics as speed 0.64 ± 0.14 vs 0.88 ± 0.18, p<0.05), step 

length (0.33 ± 0.05 vs 0.46 ± 0.06, p< 0.05) and stride length (0.71 ± 0.10 vs 0.96 ± 

0.13) were significantly improved by medication as was the step time variability (0.16 ± 

0.13 vs 0.05 ± 0.02, p<0.01). A significant increase on  vertical Entropy was also observed 

(1.15 ± 0.49 vs 1.69 ± 0.49, p<0.05). (Table 4.4 and 4.5) 

 

b) Post-surgery MedOFF/StimOFF vs MedONStimOFF vs MedOFFStimON 

Regarding kinematic gait metrics, no significant differences were observed from the 

MedOFF/StimOFF condition to either stimulation alone (MedOFF/StimON) or LD alone 

(MedON/StimOFF) condition. (Table 4.4) 

However, some particular gait metrics were distinctly modulated by LD and 

stimulation (MedONStimOFF vs MedOFFStimON). When compared with the 

MedOFFStimOFF condition, an increase on speed, step length and stride length was 

observed under LD (MedONStimOFF) whilst stimulation (MedOFFStimON) decreased this 

metrics. Step width variability was increased by stimulation (MedOFFStimON) but 

decreased by LD (MedONStimOFF). (Table 4.4 and Figure 4.6) 
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Figure 4.6: The delta of each kinematic variable representing the change from the Post-OP MedOFF/StimOFF to 

the Post-OP MedOFF/StimON (dark blue) and Post-OP MedON/StimOFF (red) condition. A positive value means 

that there was an increase in that specific metrics from the OFF/OFF to the medication-only or stimulation-only 

condition, whilst a negative value represents a decrease on that specific value from the OFF/OFF to the 

medication-only or stimulation-only condition.  

 

 

c) Stimulation effects: Baseline Med-OFF vs Post-surgery MedOFF/StimON and Baseline 

Med-ON vs Post-surgery MedON/StimON 

When comparing with the baseline OFF-medication condition, at the post-surgery 

assessment, stimulation significantly increased step width variability (0.41 ± 0.18 vs 1.54 

± 0.36, p<0.01) and medio-lateral entropy (1.55 ± 0.41 vs 1.91 ± 0.13, p<0.05), whilst 

reducing step length variability (0.60 ± 0.17 vs 0.29 ± 0.08, p<0.05).  

 In the medication-ON condition, stimulation was associated with a significantly 

decreased speed (0.88 ± 0.18 vs 0.69 ± 0.11), step (0.46 ± 0.06 vs 0.37 ± 0.06) and 

stride length (0.96 ± 0.13 vs 0.77 ± 0.12) and a significant increase in step width 

variability (0.32 ± 0.08 vs 1.45 ± 0.52), step time variability (0.05 ± 0.02 vs 0.11 ± 0.11) 

and antero-posterior entropy (0.54 ± 0.49 vs 1.56 ± 0.35).  
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Overall, in both medication conditions, stimulation was associated to a slower, more 

arrhythmic and irregular gait when compared with baseline evaluation. (Table 4.4 and 

4.5) 

 

 

Table 4.4- Summary kinematic statistics 

 Kinematic Variable 

    Mean ± SD    

[Pre-OP] 
OFF/OFF 

[Pre-OP] 
ON 

[Post-OP] 
OFF/OFF 

[Post-OP] 
Med-

OFF/Stim-ON 

[Post-OP] 
Med-

ON/Stim-OFF 

[Post-OP] 
ON/ON 

Speed (m/s) 0.64 ± 0.14  0.88 ± 0.18  0.58 ± 0.15  0.56 ± 0.17  0.68 ± 0.15  0.69 ± 0.11  
Cadence (steps/min) 116. ± 10.4  114. ± 13.0  107. ± 15.7  115. ± 28.1  115. ± 12.8  112. ± 9.89  

Step Time (s) 0.54 ± 0.06  0.53 ± 0.05  0.58 ± 0.11  0.57 ± 0.10  0.54 ± 0.04  0.55 ± 0.04  
Step Lenght (m) 0.33 ± 0.05  0.46 ± 0.06  0.32 ± 0.06  0.30 ± 0.09  0.36 ± 0.08  0.37 ± 0.06  
Stride Time (s) 1.07 ± 0.12 1.06 ± 0.10  1.19 ± 0.28  1.14 ± 0.21  1.07 ± 0.08  1.11 ± 0.09  

Stride Length (m) 0.71 ± 0.10  0.96 ± 0.13  0.66 ± 0.14  0.64 ± 0.18  0.75 ± 0.15  0.77 ± 0.12  
Step Width (m) 0.16 ± 0.00  0.16 ± 0.00  0.15 ± 0.00  0.16 ± 0.00  0.15 ± 0.00  0.15 ± 0.00  
Speed Variability 0.35 ± 0.15  0.30 ± 0.10  0.38 ± 0.14  0.39 ± 0.13  0.38 ± 0.13  0.36 ± 0.20  

Stride Time Variability 0.49 ± 0.81  0.04 ± 0.02  0.61 ± 1.14 0.10 ± 0.10  0.08 ± 0.08  0.29± 0.26  
Stride Lenght 

Variability 0.19 ± 0.09  0.11 ± 0.06  0.16 ± 0.06  0.18 ± 0.06  0.17 ± 0.06  0.14 ± 0.04  

Step Width Variability 0.41 ± 0.18 0.32 ± 0.08  0.47 ± 0.25  1.54 ± 0.36  0.37 ± 0.08  1.45 ± 0.52  
Step Length 
Variability 0.60 ± 0.17  0.22 ± 0.05  0.26 ± 0.07  0.29 ± 0.08  0.27 ± 0.08  0.25 ± 0.06  

Step Time Variability 0.16 ± 0.13 0.05 ± 0.02  0.10 ± 0.05  0.14 ± 0.17  0.11 ± 0.10  0.11 ± 0.11  
Step Time Asymmetry 0.04 ± 0.05  0.02 ± 0.01  0.03 ± 0.02  0.05 ± 0.08  0.04 ± 0.05  0.04 ± 0.06  

Step Lenght 
Asymmetry 0.09 ± 0.11  0.13 ± 0.13  0.22 ± 0.14  0.20 ± 0.13  0.20 ± 0.13  0.17 ± 0.19  

Stance Time  
Asymmetry 0.02 ± 0.02  0.01 ± 0.01  0.01 ± 0.01  0.02 ± 0.02  0.02 ± 0.02  0.02 ± 0.02  

Swing Time 
Asymmetry 0.05 ± 0.04 0.03 ± 0.02  0.03 ± 0.02  0.05 ± 0.05  0.05 ± 0.04  0.04 ± 0.04  

Doubble Support 
Asymmetry 0.05 ± 0.05  0.06 ± 0.03  0.05 ± 0.04  0.10 ± 0.13  0.08 ± 0.06  0.10 ± 0.08  

Single Support 
Asymmetry 0.05 ± 0.05  0.03 ± 0.02  0.05 ± 0.04  0.06 ± 0.05  0.05 ± 0.05  0.04 ± 0.06  

Entropy Antero-
posterior 0.66 ± 0.41 0.54 ± 0.49  1.25 ± 0.51  1.46 ± 0.57  1.32 ± 0.57  1.56 ± 0.35  

Entropy Vertical 1.15 ± 0.49  1.69 ± 0.49  1.69 ± 0.41  1.79 ± 0.34  1.88 ± 0.20  1.79 ± 0.39  
Entropy Medio-lateral 1.55 ± 0.41  1.68 ± 0.53  1.84 ± 0.23  1.91 ± 0.13  1.81 ± 0.37  1.85 ± 0.24  

Harmonic ratio 
Antero-posteior 0.98 ± 1.11 1.32 ± 0.72  0.92 ± 0.55  0.96 ± 0.66  1.03 ± 0.62  0.71 ± 0.30  

Harmonic ratio 
Vertical 0.82 ± 0.67  1.54 ± 0.93  0.86 ± 0.42  0.80 ± 0.56  0.79 ± 0.61  0.83 ± 0.82 

Harmonic ratio Medio-
lateral 3.77 ± 2.46  3.32 ± 1.90  3.77 ± 2.04  2.73 ± 1.59  4.42 ± 2.74  4.30 ± 1.90  

 
Data is presented as mean and standart deviation and median and IQR. OFFP preOP, Medication OFF at baseline; 

ON preOP: Medication ON at baseline; MedON/StimON post-op: MedicationON/stimulation ON at 18 months post-

surgery evaluation; MedOFF/StimOFF post-op:medicationOFF/stimulationOFF at 18 months post-surgery 

evaluation; MedONStimOFF post-op: MedicationON/StimultionOFF at 18 months post-surgery evaluation; 

MedOFF/StimON post-op: MedicationOFF/StimulationON at 18 months post-surgery evaluation 
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preOP OFF, Medication OFF at baseline; preOP ON: Medication ON at baseline; Post-OP OFF/ON: MedicationOFF/StimultionONat 

18 months post-surgery evaluation; post-op ON/ON: MedicationON/StimulationON at 18 months post-surgery evaluation 

 

 

 

 

 

 

4 - Predictors of FOG and Gait impairment 

  

Table 4.5 - Pairwise comparisons for kinematic variables between Pre-OP OFF, Pre-OP Med-ON and 
Post-OP Med-ON/Stim-ON 

[Friedman rank sum test followed by bonferroni-adjusted pairwise comparisons using Wilcoxon signed rank 
test] 

 Kinematic Variable 

  Group comparison    

[Pre-OP] OFF vs [Pre-
OP] ON 

[Pre-OP]OFF vs [Post-
OP]OFF/ON 

[Pre-OP]ON vs 
[Post-OP] ON/ON 

Speed (m/s) *    * 
Cadence (steps/min)      

Step Time (s)      
Step Lenght (m) *   **  
Stride Time (s)      

Stride Length (m) *   **  
Step Width (m)      

Speed Variability      
Stride Time Variability     

Stride Lenght 
Variability      

Step Width Variability   ** **  
Step Length 
Variability  **  *   

Step Time Variability     * 
Step Time Asymmetry      

Step Lenght 
Asymmetry      

Stance Time  
Asymmetry      

Swing Time 
Asymmetry      

Doubble Support 
Asymmetry      

Single Support 
Asymmetry      

Entropy Antero-
posterior    **  

Entropy Vertical *  *   
Entropy Medio-lateral      

Harmonic ratio 
Antero-posteior      

Harmonic ratio 
Vertical      

Harmonic ratio Medio-
lateral      
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A reduction in FOG severity at 18 months post-surgery (calculated as the difference in FOG 

scores from the baseline OFF-medication condition to the post-surgery MedON/StimON 

condition) was correlated with the pre-operative response to LD of several gait metrics. A 

LD-induced decreased in Entropy on the medio-lateral plan (r=0.63) correlated better with 

the FOG outcomes, than the pre-operative LD-response of axial score (r= 0.57). 

Additionally, pre-operative LD response of HR AP (r = -0.46), HR ML (r = -0.46), Entropy 

AP (r = 0.46), Stride time (r = 0.39), stride time variability (r= 0.38), were all better 

associated to FOG improvement than the baseline LD-response of MDS-UPDRS III (r = 

0.34) (Figure 4.7, Supplementary Table S4.6) 

 

  

 

* 
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Figure 4.7 – Correlation between post-surgery FOG outcomes (delta 3.11) and LD response of individual 

kinematic metrics, MDS-UPDRS III and axial score at baseline. The delta 3.11 represents the change from the 

OFF Pre-OP to the ON Post-OP state (3.11 MedONStimON – 3.11 Pre-op MedOFF). A higher value indicates they 

got worst. A more negative (lower) value, indicates they got better. This metric was subjected to a Spearman 

correlation analysis with the Kinematics/UPDRS/Axial Score from the OFF to the ON state. A positive correlation 

implies that these variables move in tandem, while a negative correlation suggests they move in opposite 

directions. For example, the speed exhibits a negative correlation. This means that as the speed increased during 

the levodopa challenge in the Pre-OP phase, the more the 3.11 showed a reduction in the Post-OP evaluation. *, 

p-value <0.05 

 

 Regarding gait impairment, a reduction on gait severity at the end of FUP 

(calculated as the difference in Gait scores (item 3.10 MDS-UPDRS part III) from baseline 

OFF-medication condition to the post-surgery MedON/StimON condition) was mostly 

correlated with a baseline LD-reduction in Axial and MDS-UPDRS III scores (r=0.60, r= 

0.58, respectively) (Figure 4.8, Supplementary Table S4.7) 

 

 

 

 
 

Figure 4.8: Correlation between post-surgery Gait impairment outcomes and LD response of individual kinematic 

metrics, MDS-UPDRS III and axial score at baseline. The delta 3.10 represents the change from the OFF Pre-OP 

to the MedON/StimON Post-OP state (3.10 MedONStimON – 3.10 Pre-op MedOFF). A higher value indicates they 

got worst. A more negative (lower) value, indicates they got better. This metric was subjected to a Spearman 
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correlation analysis with the Kinematics/MDS-UPDRS/Axial Score from the OFF to the ON state in the baseline 

evaluation. A positive correlation implies that these variables move in tandem, while a negative correlation 

suggests they move in opposite directions.  

 

The same analysis was performed for the MDS-UPDRS part III. Here, a LD-induced 

decreased in Entropy in the medio-lateral plan (r=0.63) was better correlated with motor 

outcomes than the LD-response of the MDS-UPDRS III score (r=0.55). HR in the medio-

lateral and antero-posterior plane were also well correlated with the post-surgery change 

on MDS-UPDRS part III. (Figure 4.9, Supplementary Table S4.8) 

 

 
 

Figure 4.9: Correlation between post-surgery MDS-UPDRS III outcomes  and LD response of individual kinematic 

metrics, MDS-UPDRS III and axial score at baseline. The delta MDS-UPDRS III represents the change from the 

OFF Pre-OP to the MedON/StimON Post-OP state (MDS-UPDRS III MedONStimON – MDS-UPDRS III Pre-op 

MedOFF). A higher value indicates they got worst. A more negative (lower) value, indicates they got better. This 

metric was subjected to a Spearman correlation analysis with the Kinematics/MDS-UPDRS/Axial Score from the 
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OFF to the ON state in the baseline evaluation. A positive correlation implies that these variables move in tandem, 

while a negative correlation suggests they move in opposite directions.  
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Discussion 
 

In this study, we assessed the frequency of FOG and gait impairment in both 

medication-OFF and medication-ON states, comparing values from baseline to the 18-

month post-surgery evaluation. Our aim was to enhance the understanding of FOG and 

gait impairment evolution post-surgery and to evaluate the role of stimulation on improving 

FOG and gait disturbances.    

Our findings reveal an increase in the percentage of patients experiencing FOG and 

gait impairment following STN-DBS, particularly in the on-medication states. This increase 

is likely linked to a rise in the proportion of patients exhibiting unreponsive- gait alterations. 

Stimulation was not associated to an additional benefit on medication-ON FOG, whilst a 

non-significative improvement in medication-OFF FOG was observed with stimulation. The 

impact of stimulation on gait impairment is, however, less clear. 

 

Therapy-resistant FOG and gait impairment increases 18 months after STN-DBS  

 

The effect of STN-DBS on FOG and other axial signs is still under debate. A positive effect 

of STN-DBS on FOG and gait outcomes specially on the OFF-medication condition has been 

suggested, mostly from data provided by uncontrolled, retrospective studies.326,336,368,382 

One small prospective, non-randomized study comparing STN-DBS patents with Best 

medical treatment (BMT) showed that STN-DBS was associated to a reduction on FOG 

occurrence and severity. 377  A subsequent prospective trial, randomized 251 patients with 

PD to either STN-DBS surgery or BMT. Within the first 2 years after surgery, FOG and other 

axial signs improved in the medication-off condition compared to best medical treatment. 

312 Another small, prospective non-controlled study, showed an improvement on freezing 

severity from the baseline OFF-medication condition to the 6-months MedON/StimON 

state.335 The first two studies assessed FOG based on the patients-self reported FOG, using 

either the New Freezing of Gait Questionnaire or the item 2.14 of UPDRS part II. No 

objective assessment of FOG was made in these previous studies, and the estimation of 

both the frequency and severity of FOG in the different stimulation and medication 
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conditions is consequently limited. Trying to overcome these limitations, a more recent 

study assessed theseverity of FOG in 52 STN-DBS patients using video-based FOG analysis. 

Similar to previous results, a positive effect on off-medication FOG was observed, whilst a 

the benefit on on-medication FOG was less consistent. 382  

 In the present study, and according to previous results, both the severity and the 

percentage of OFF-medication FOG was improved by stimulation, both when compared 

with baseline (medication-OFF state) and with the off-medication condition after-surgery. 

Consequently, a reduction on the percentage of patients presenting with OFF-Freezing was 

found at 18 months after surgery.  

These results show that stimulation effectively reduces the severity of off-

medication FOG, albeit to a lesser extent than the reduction observed with a 

suprathreshold LD dose during the pre-surgery evaluation. A lower magnitude of motor 

improvement in the post-surgery LCT (when compared with the tone performed at 

baseline) suggest some loss of dopamine sensitivity, a common marker of disease 

progression.127,351,382  

A previous work have also hypothesized that the apparent  decrease on LD response 

after STN-DBS surgery could be due to a reduced sensitization of the post-synaptic 

dopaminergic receptor.351 Even if the reduction in dopaminergic receptor sensitivity can 

play a role, disease progression also exists, as shown by an increase in off-medication 

motor scores.  

In the on-medication state, stimulation did not yield further improvement, and a 

slight deterioration in both severity and the percentage of individuals experiencing FOG 

was observed by the end of the follow-up period. Here, we believe that the worsening of 

FOG outcomes on the best-functional state is again the result of disease progression. 127,383 

The same pattern was observed for the axial sub-score but not for the tremor sub-score, 

which reinforces the idea that disease progression with involvement of non-dopaminergic 

structures will determinate the emergence of LD and stimulation non-responsive axial 

signs. This phenotype, with mild rigidity and bradykinesia but increasing burden of axial 
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symptom, has been previously described in long-term DBS cohorts as representing new 

phenotype of PD patient, -  ‘long-term DBS syndrome’.127 

 In contrast to previous studies312,336 which predominantly FOG using item 2.14 of 

the UPDRS II scale, we opted for a more objective assessment of FOG. Although FOG is a 

paroxysmal event that may be overlooked in a single evaluation, the MDS-UPDRS Part II 

captures symptoms present over the last week220, making it unsuitable for assessing 

transitions between treatment states occurring within a shorter timeframe. 

 Similar to findings regarding FOG, prior studies on gait impairments have reported 

a sustained and statistically significant improvement in post-operative gait scores, reaching 

a peak at 6–15 months and persisting up to 48 months.336 In our work, even if different 

assessment tools have been used, a worsening on both the percentage and severity of Gait 

scores were observed on the OFF-medication condition.  Similar results were observed on 

the on-medication condition, where a worsening on both gait impairment severity and 

presence was observed from the baseline evaluation to the end of FUP. Even if one can 

envisage that some degree of disease progression may justify the lack of responsivity to 

stimulation (in patients previously LD responsive) one is led to question the existence of a 

deleterious effect of STN-DBS on gait.   

To address this question effectively, a randomized controlled trial comparing STN-

DBS patients with BMT- patients (but suitable for STN-DBS) is necessary. Prioritizing gait 

outcomes, this trial should incorporate gait evaluations using wearable devices and explore 

various kinematic variables.  

Whist most studies have shown an improvement on spatiotemporal gait metrics 

with STN-DBS, mimicking the results obtained with LD, 232,234,235,384,385 deleterious effects 

of STN-DBS on postural control and gait have been found regarding several kinematic gait 

parameters, mostly related with gait rhythmicity and regularity.237–240,386,387  If these 

effects are directly related to DBS or also a reflection of disease progression is still not 

clear, but it has been shown that a distinct modulation by levodopa and stimulation 

regarding some gait metrics may exist. 232,237,386 In our study, we have found dissimilar 

effects of LD and stimulation regarding several gait metrics which may impact the overall 
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outcomes in gait. Accordingly, stimulation but not LD, is associated to a slower gait, with 

high asymmetry and variability, and associated to lower levels of rhythmicity and 

predictability. This was translated clinically in  a worsening on gait scores under stimulation 

(but not medication) when compared with the baseline OFF-treatment condition.  We 

acknowledge that the interpretation of these results should be taken with caution 

considering our small sample, higher inter-individual variability and the limited statistic 

power. Bigger, independent studies could help us clarify these findings and elucidate the 

roles of stimulation and LD in modulation of gait biomechanics. 

 

Kinematic gait analysis in the prediction of post-surgery FOG and gait outcomes 

 

 The specific factors responsible for the worsening of FOG or gait following STN-DBS 

remain unclear. In particular, there is a lack of clearly identified predictive factors for the 

postoperative outcomes of these debilitating motor symptoms. Previous works have yield 

contradictory results. Karachi and collaborators have found that the post-surgery FOG 

severity was strongly correlated with the baseline FOG severity in the OFF-medication 

state, independently of LD responsiveness. 326 Looking to gait, not specifically to FOG, 

levodopa responsiveness of the UPDRS III came out as the stronger predictor of gait 

outcomes. 336 More recently, preoperative levodopa response of FOG has shown a high 

correlation with favorable post-surgery FOG outcomes. In the same study, modulation of 

specific gait metrics by LD, as stride length and range of motion also showed strong 

correlation with good FOG outcome. 335 

 Classically, a LCT is performed at baseline to predict magnitude of motor 

improvement after surgery. 206,321,328,388 However, the role of the LCT has been questioned, 

as the relationship between pre and post-surgery motor improvements have not been 

consistently reproduced.323,324,351,389,390 These observations appear particularly relevant 

regarding axial outcomes. 324,389–391 Nonetheless, patients with LD-resistant axial signs, 

including FOG, are classically excluded from surgical protocols 206,321.  In this work, we 
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used both the classical MDS-UPDRS III assessment and kinematic metrics response to LD 

to predict the outcomes of FOG and gait impairment. 

 Interestingly, the response to LD of several kinematic metrics as Entropy, Harmonic 

ratios and stride time variability presented a stronger correlation with FOG outcomes than 

the response to LD of the MDS-UPDRS part III score. These metrics have been increasingly 

appointed as reflecting overall gait rhythmicity, structure and organization 

153,159,162,163,392,393 and being important predictors of negative gait outcomes as falls and 

FOG outcomes226,227,231,394. Regarding gait impairment, axial and MDS-UPDRS motor 

response to LD seem to be the ones with the strongest correlation with gait outcomes. 

Nonetheless, several kinematic metrics were also strongly correlated with post-surgery 

gait outcomes. Moreover, Entropy in the medio-lateral plan presented a higher correlation 

with the overall post-surgery motor response (represented by the delta of UPDRS part III) 

than the pre-surgery motor response during the LCT. Additionally, variables such as HR 

also showed high correlation with the post-surgery motor response, thus reinforcing the 

idea that gait parameters reflecting the overall structure and organization of gait may 

provide valuable insights for predicting post-surgery motor outcomes. 

The  integration of  mobile health technologies into the routine assessment and care 

of patients with PD is increasing. The improvements in sophistication, versatility, and 

wearability of the different wearable devices have enabled motor assessment to leave the 

clinics and gain the ambulatory settings, enabling a more ecologic and comprehensive view 

of the motor behavior of PD patients. 395–397. In line with this, exploring the use of kinematic 

metrics as possible predictor of post-surgery FOG and gait outcomes is not only, more 

feasible than ever, but also needed. 

Our results are limited by the small sample size, which constitutes a major limitation 

and precludes generalization of our results, nonetheless, we believe that pave the way for 

the exploration of the role of kinematic metrics in the prediction of STN-DBS outcomes in 

bigger cohorts.  
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Conclusion 
 

 Based on the MDS UPDRS III, this study shows that STN-DBS is able to significantly 

improve overall motor scores on the OFF-medication condition, but with FOG and gait 

impairment being less amenable to modulation by stimulation. In the ON-medication state, 

a slight worsening on FOG and gait scores is observed, probably related to disease 

progression, and emergence of non-dopaminergic features. 

Overall, a shift towards less favorable gait and FOG profiles was observed in our 

cohort of patients 18 months after STN-DBS surgery, where despite a decrease on the 

percentage of patients presenting FOG/gait impairment on the OFF condition, an increase 

on the percentage of therapy-resistant gait alterations was observed.  
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Supplementary Material – Chapter IV 
 

 

 

 

 

Data is presented as mean and standard deviation. Akinesia score: sum of items 3.4 to 3.8 and 3.14; Tremor 

Score: sum of items 3.15 to 3.18; Axial score, sum of items 3,9-3,12; OFFPreOP, Medication OFF at baseline; 

ONpreOP: Medication ON at baseline; MedON/StimON: MedicationON/stimulationON; 

MedOFF/StimOFF:medicationOFF/stimulationOFF; MedONStimOFF: Medication ON/Stimultion OFF; 

MedOFFSTIMON: MedicationOFF/StimulationON; H&Y: Hoehn and Yahr; AIMS: Abnormal Involuntary Movements 

Scal 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S4.1 – Summary FOG/Gait Impairment-related statistics across 
evaluations 

Variable 
OFF ON MEdOFF/Stim

OFF 
MedON/Si

mOFF 
MedOFF/StimO

N 
MEdON/Stim

ON 

Pre-OP (Mean ± SE) Post-OP (Mean ± SE) 

MDS-
UPDRS 

III 

49.9 ± 
2.6 23.2 ± 2.0 54.4 ± 

2.1 39.7 ± 2.6 40.7 ± 1.9 30.7 ± 2.4 

Axial 5.5 ± 0.7 1.1 ± 0.3 5.9 ± 0.9 3.5 ± 0.7 4.6 ± 0.8 2.9 ± 0.6 

Akinesia 20.4 ± 
1.1 9.7 ± 1.2 23.7 ± 

1.0 17.3 ± 1.2 17.4 ± 0.9 13.3 ± 1.3 

Tremor 4.4 ± 1.3 1.8 ± 0.6 3.3 ± 0.8 2.0 ± 0.6 1.8 ± 0.4 0.9 ± 0.24 

Item 
3.10 1.9 ± 0.2 0.5 ± 0.1 2.3 ± 0.1 1.8 ± 0.2 2.2 ± 0.1 1.8 ± 0.2 

Item 
3.11 1.6 ± 0.3 0.2 ± 0.1 1.4 ± 0.3 0.7 ± 0.3 0.9 ± 0.3 0.4 ± 0.2 

H&Y 
score 2.3 ± 0.6 2.0 ± 0.0 2.3 ± 0.7 2.1 ± 0.5 2.2 ± 0.4 2.1 ± 0.2 

AIMS 
score 0.9 ± 2.0 16.1 ± 11.9 0.8 ± 1.3 3.7 ± 4.7 1.7 ± 2.2  4.8 ± 5.9 
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Supplementary Table S4.2 – Summary FOG/Gait Impairment-related statistics across evaluations 

                                

Variable 

OFF 
Pre-OP 
vs ON 
Pre-OP 

OFF 
Pre-OP 
vs 
OFF/OFF 
Post-OP 

OFF Pre-
OP vs 
Med-
ON/Stim-
OFF 
Post-OP 

OFF Pre-
OP vs 
Med-
OFF/Stim-
ON Post-
OP 

OFF Pre-
OP vs 
Med-
ON/Stim-
ON Post-
OP 

ON Pre-
OP 
OFF/OFF 

ON Pre-
OP Med-
ON/Stim-
OFF 
Post-OP 

ON Pre-
OP vs 
Med-
OFF/Stim-
ON Post-
OP 

ON 
Pre-OP 
vs 
ON/ON 
Post-
OP 

OFF/OFF 
Post-OP 
vs Med-
ON/Stim-
OFF 
Post-OP 

OFF/OFF 
Post-OP 
vs Med-
OFF/Stim-
ON Post-
OP 

OFF/OFF 
Post-OP 
vs 
ON/ON 
Post-OP 

Med-
ON/Stim-
OFF Post-
OP vs 
Med-
OFF/Stim-
ON Post-
OP 

Med-
ON/Stim-
OFF 
Post-OP 
vs Med-
ON/Stim-
ON Post-
OP 

Med-
OFF/Stim-
ON Post-
OP vs 
ON/ON 
Post-OP 

MDS_ 
UPDRS 

III 
**       ** ** ** **   ** ** **   ** ** 

Axial **         ** * * * *   **     * 

Akinesia **       * ** * **   ** ** **     * 

Tremor                               

Item 
3.10 **         ** * ** **             

Item 
3.11 *                             

H&Y 
score 

               

AIMS 
score ****     **** *** **** *       

 

 

Akinesia score: sum of items 3.4 to 3.8 and 3.14; Tremor Score: sum of items 3.15 to 3.18; Axial score, sum of 

items 3,9-3,12; OFFPreOP, Medication OFF at baseline; ONpreOP: Medication ON at baseline; MedON/StimON: 

MedicationON/stimulationON; MedOFF/StimOFF:medicationOFF/stimulationOFF; MedONStimOFF: Medication 

ON/Stimultion OFF; MedOFFSTIMON: MedicationOFF/StimulationON; H&Y: Hoehn and Yahr; AIMS: Abnormal 

Involuntary Movements Scale 
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Gait impairment was defined as a presence of a score ≥ 2 on item 3.10 of MDS-UPDRS part III and FOG as 

presence of a score ≥ 1 on item 3.11 of MDS-UPDRS part III. OF FP preOP, Medication OFF at baseline; ON 

preOP: Medication ON at baseline; MedON/StimON post-op:  MedicationON/stimulation ON at 18 months post-

surgery evaluation; MedOFF/StimOFF post-op:medicationOFF/stimulationOFF at 18 months post-surgery 

evaluation; MedONStimOFF post-op: MedicationON/StimultionOFF at 18 months post-surgery evaluation; 

MedOFF/StimON post-op: MedicationOFF/StimulationON at 18 months post-surgery evaluation 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S4.3 – Proportion of patients with OFG/Gait 
Impairment across evaluations 

Condition 
% Gait Impairment % Freezing-of-Gait 

No (%) Yes (%) No (%) Yes (%) 

OFF Pre-OP 3 (17%) 15 (83%) 5 (28%) 13 (72%) 

ON Pre-OP 17 (94%) 1 (6%) 16 (89%) 2 (11%) 

OFF/OFF Post-OP 0 (0%) 18 (100%) 5 (28%) 13 (72%) 

Med-ON/Stim-OFF 
Post-OP 4 (22%) 14 (78%) 11 (61%) 7 (39%) 

Med-OFF/Stim-ON 
Post-OP 1 (6%) 17 (94%) 11 (39%) 7 (39%) 

ON/ON Post-OP 4 (22%) 14 (78%) 13 (72%) 5 (28%) 
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Gait impairment was defined as a presence of a score ≥ 2 on item 3.10 of MDS-UPDRS part III a. OFFP preOP, 

Medication OFF at baseline; ON preOP: Medication ON at baseline; MedON/StimON post-op: 

MedicationON/stimulation ON at 18 months post-surgery evaluation; MedOFF/StimOFF post-

op:medicationOFF/stimulationOFF at 18 months post-surgery evaluation; MedONStimOFF post-op: 

MedicationON/StimultionOFF at 18 months post-surgery evaluation; MedOFF/StimON post-op: 

MedicationOFF/StimulationON at 18 months post-surgery evaluation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S4.4: Pairwise comparisons for the proportion of patients with Gait Impairment 

across evaluations  

[Fisher's exact test followed by multiplicity adjusted pairwise comparisons] 

 OFF Pre-OP ON Pre-OP 
OFF/OFF Post-

OP 

Med-ON/Stim-OFF 

Post-OP 

Med-OFF/Stim-ON 

Post-OP 

OFF Pre-OP - 0.00017 1.00000 1.00000 1.00000 

ON Pre-OP 0.00017 - 1.00000 0.00060 0.0000080 

OFF/OFF Post-OP 1.00000 
0.000001

4 

- 1.00000 1.00000 

Med-ON/Stim-OFF 

Post-OP 
1.00000 

0.00060 1.00000 - 1.00000 

Med-OFF/Stim-ON 

Post-OP 

1.00000 0.000008

0  

1.00000 1.00000 - 

ON/ON Post-OP 1.00000 0.00060 1.00000 1.00000 1.00000 
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Supplementary Table S4.5:   Pairwise comparisons for the proportion of patients with FOG across 

evaluations  

[Fisher's exact test followed by multiplicity adjusted pairwise comparisons] 

 
OFF Pre-

OP 

ON Pre-

OP 

OFF/OFF 

Post-OP 

Med-ON/Stim-OFF 

Post-OP 

Med-OFF/Stim-ON 

Post-OP 

OFF Pre-OP - 0.011 1.000  1.000   1.0000 

ON Pre-OP 0.011 - 0.011 1.0000 1.0000 

OFF/OFF Post-OP 1.000   0.011 - 1.0000 1.0000 

Med-ON/Stim-OFF 

Post-OP 
1.000 

1.0000 1.0000 - 1.0000 

Med-OFF/Stim-ON 

Post-OP 

1.0000 1.0000 1.0000 1.0000 - 

ON/ON Post-OP 0,255 1.0000 0.255 1.000 1.000 

 
FOGs presence was defined by a  score ≥ 1 on item 3.11 of MDS-UPDRS part III. OFFP preOP, Medication OFF at 

baseline; ON preOP: Medication ON at baseline; MedON/StimON post-op: MedicationON/stimulation ON at 18 

months post-surgery evaluation; MedOFF/StimOFF post-op:medicationOFF/stimulationOFF at 18 months post-

surgery evaluation; MedONStimOFF post-op: MedicationON/StimultionOFF at 18 months post-surgery evaluation; 

MedOFF/StimON post-op: MedicationOFF/StimulationON at 18 months post-surgery evaluation 
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Supplementary Table S4.6: Correlation between change in FOG scores from the 

baseline medOFF state to the post-surgery MedONStimONstate  (D 3.11) and 

baseline change in clinical and kinematic metrics  

D 3.11 vs Correlation coefficient (r) p-value 

Entropy ML  0.63 0.0386 

Axial subscore 0.57 0.0674 

HR AP  -0.46 0.1506 

HR ML  -0.46 0.1576 

Entropy AP 0.45 0.1601 

Stride Time (s) 0.39 0.2310 

Stride Time Variability 0.38 0.2433 

MDS-UPDRS III score 0.34 0.3127 

Stride Length Variability 0.30 0.3624 

Step Time Asymmetry -0.30 0.3702 

Cadence (steps/min)  -0.28 0.4105 

Step Time (s)  0.21 0.5337 

Step Length Asymmetry  0.19 0.5714 

HR Vert   -0.18 0.5907 

Step Width (m)  0.17 0.6200 

Speed (m/s)  -0.15 0.6498 

Stride Length (m)  -0.15 0.6699 

Step Length Variability  -0.15 0.6699 

Stance Time Asymmetry -0.15 0.6699 

Swing Time Asymmetry -0.15 0.6699 

Single Support Asymmetry  -0.13 0.7006 

Speed Variability -0.12 0.7212 

Step Length (s)  -0.08 0.8159 

Step Width Variability  0.07 0.8480 

Step Time Varibility  0.05 0.8912 

Doubble support Asymmetry  -0.04 0.9129 

Entropy Vert  -0.01 0.9673 

 

The delta 3.11 represents the change from the OFF Pre-OP to the MedON/StimON Post-OP state (3.11 

MedONStimON – 3.11 Pre-op MedOFF). A higher value indicates they got worst. A more negative (lower) value, 

indicates they got better. HR, Harmonic-ratio; AP, antero-posterior; ML, medio-lateral; Vert, vertical 
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Supplementary Table S4.7: Correlation between change in Gait scores from the baseline 

medOFF state to the post-surgery MedONStimONstate  (D 3.10) and baseline change in 

clinical and kinematic metrics  

D 3.10 vs  Correlation coefficient (r) p-value 

Axial Sub-score  0.60 0.0526 

MDS-UPDRS Part III 0.580 0.0609 

Stance Time Asymmetry  -0.58 0.0639 

Swing Time Asymmetry -0.58 0.0639 

Single Support Asymmetry -0.56 0.0733 

Step Lenght Variability -0.49 0.1250 

Step Length Asymmetry -0.46 0.1551 

HR Vert 0.17751865 0.44 0.1775 

Speed (m/s)  0.37 0.2559 

Cadence (steps/min)  0.37 0.2559 

Step Width Variability  0.36 0.2706 

Step Length (m)  0.32 0.3424 

Stride Length (m)  0.32 0.3424 

Entropy ML -0.31 0.3596 

Stride Time Variability 0.29 0.3953 

Speed Variability -0.25 0.4618 

HR ML 0.25 0.4618 

Stride Length Variability 0.18 0.5973 

Entropy AP -0.16 0.6305 

Entropy Vert -0.15 0.6530 

Step Time Variability 0.14 0.6873 

Step Time Asymmetry -0.11 0.7454 

Step Width (m)  0.08 0.8169 

HR AP -0.07 0.8410 

Step Time (s)  -0.05 0.8896 

Double support Asymmetry -0.04 0.9140 

Stride Time (s)  -0.01 0.9877 

 

The delta 3.10 represents the change from the OFF Pre-OP to the MedON/StimON Post-OP state (3.10 

MedONStimON – 3.10 Pre-op MedOFF). A higher value indicates they got worst. A more negative (lower) 

value, indicates they got better. HR, Harmonic-ratio; AP, antero-posterior; ML, medio-lateral; Vert, 

vertical 
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Supplementary Table S4.9: Correlation between change in MDS-UPDRS III scores from 

the baseline medOFF state to the post-surgery MedONStimONstate  (D MDS-UPDRS III) and 

baseline change in clinical and kinematic metrics  

D MDS-UPDRS III vs  Correlation coefficient (r) p-value 

Single Support Asymmetry -0.58 0.0622 

MDS UPDRS III 0.55 0.08152 

Stance Time Asymmetry  -0.53 0.0947 

Swing Time Asymmetry  -0.53 0.0947 

Cadence (steps/min)  0.42 0.1994 

Step Length Asymmetry -0.39 0.2334 

Step Width (m)  0.32 0.3454 

Speed Variability  -0.30 0.3766 

Entropy ML -0.23 0.4918 

Double Support Asymmetry  0.21 0.5272 

Step Time Asymmetry  -0.20 0.5637 

HR AP 0.20 0.5637 

HR Vert 0.18 0.6012 

Stride Time (s)  -0.15 0.6492 

Step Time (s)  -0.15 0.6689 

Stride Length Variability 0.13 0.6989 

Entropy AP 0.12 0.7186 

Step Time Variability  0.12 0.7289 

Stride Length (m)  -0.10 0.7591 

Entropy Vert  -0.10 0.7591 

Step width variability 0.04 0.9047 

HR ML 0.03 0.9258 

Step Length (s)  -0.03 0.9258 

Stride Time Variability  0.03 0.9364 

Speed (m/s)  0.02 0.9469 

Step Length Variability  0.00 1.000 

 

The delta MDS-UPDRS III represents the change from the OFF Pre-OP to the MedON/StimON Post-OP 

state (3.10 MedONStimON – 3.10 Pre-op MedOFF). A higher value indicates they got worst. A more 

negative (lower) value, indicates they got better. HR, Harmonic-ratio; AP, antero-posterior; ML, medio-

lateral; Vert, vertical 
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Chapter V. “3D kinematics quantifies gait 
responsiveness to levodopa earlier and to a more 
comprehensive extent than the MDS-UPDRS” 
 

In this chapter, the research work was developed under Aim 2, to explore the role of 

objective gait analysis using 3D-kinematics for gait assessment in STN-DBS PD patients  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Freezing of gait and gait impairment after STN-DBS 

130 
 

 

 

Background 
 

Gait dysfunction is an important motor sign in Parkinson’s Disease (PD). Even if 

initially recognized as a late disease feature, we now know that it can be present in early 

PD patients and in prodromal disease states.2,134,225,398,399 PD gait is classically described 

as slower than that of age-matched subjects, consisting of shorter and slower steps with 

more time spent under double support. In addition, reduced range-of-motion (ROM) at the 

level of the hip and knees, decreased arm swing, increased gait variability and asymmetry 

have all likewise been previously reported.134,400,401 Despite not being disease-specific, 

these gait changes may have prognostic implications, with increased gait variability being 

associated with a higher risk of falls.  

While symptoms such as tremor, rigidity and bradykinesia display dramatic 

responses to levodopa (LD), the extent to which other features of PD, including gait, speech 

disturbance, postural instability and freezing-of-gait (FOG) respond to LD is still a matter 

of debate.168,402 Remarkably, different gait subcomponents respond differently to LD. For 

instance, spatiotemporal features such as speed, stride and step length152,403 or lower-body 

angular features such as hip flexion have all been shown to significantly improve with 

LD.404,405 In contrast, cadence, stride/step and double support time seem to be LD-

resistant.152,406 Certain gait features, such as gait variability and metrics reflecting stability 

and smoothness of gait have come to be recognized as insightful regarding motor control 

of gait and pathologic age-related locomotor dysfunction.231 However, up to now, a limited 

number of studies has assessed the effect the levodopa on a limited number of gait 

domains, using different assessment strategies that are hard to conciliate and thus have 

generated conflicting ideas in regards to dopa sensitivity.142,152–154,231,241  

Wearable sensors such as inertial measurement units (IMUs) have come to provide 

useful insights on gait dysfunction in PD, enabling the deconstruction of gait into several 

subcomponents and reflecting distinct dimensions of disease progression.134,407–409 To date, 

studies exploiting 3D kinematics to evaluate gait responsiveness to LD have employed a 
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limited number of gait features (mostly spatiotemporal) and have compared between two 

medication states only (OFF vs Best-ON).    Unfortunately, such an approach fails to fully 

ascertain the complete temporal dynamics of locomotor responses to LD (i.e., when, and 

how different gait subcomponents change from OFF to the Best-ON).  A comprehensive 

analysis of the biomechanical responsiveness to LD with high granularity over time is still 

lacking.   

The aim of the present study was to characterize the responsiveness and temporal 

evolution of different gait subcomponents in PD patients in OFF and different ON states 

upon levodopa administration using both wearable sensors and the gold-standard MDS-

UPDRS motor part III, thus pinpointing to which extent different motor disturbances may 

be amenable to levodopa rescuing and modulation. 

 
Material and Methods 
 

Design: This study employs a matched cross-sectional design. 

Primary Objective: The primary objective of this study is to assess gait and motor 

responses to a levodopa challenge test over time by employing inertial sensor-based 3D 

movement analysis in conjunction with the gold-standard clinical assessment tool MDS-

UPDRS (Part III).  

Participants: We recruited patients with Parkinson's disease (PD) who had 

developed motor complications due to levodopa treatment (advanced-stage PD) and were 

being assessed for deep brain stimulation (DBS) surgery. PD diagnosis was made according 

to the UK Brain Bank criteria. Patients with concomitant osteo-articular or neurological 

disorders significantly affecting their gait were excluded from the study. We also recruited 

age-matched (±3 years) and gender-matched healthy individuals who did not have PD 

(referred to as Healthy Controls or HC) in a 1:2 ratio. HC participants were selected from 

non-consanguineous family members or caregivers attending the outpatient clinic. 

Exclusion criteria for HC included any diagnosis of osteo-articular or neurological disorders 

(except for headaches, which were accepted), which could substantially impair their 
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walking. Healthy participants underwent examinations to rule out the presence of any 

movement disorders. 
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Assessment tools: 

Clinical evaluation 

Parkinson's disease (PD) patients underwent a levodopa challenge test (LCT) as 

part of the standard selection process for deep brain stimulation (DBS).321 The LCT was 

conducted in the morning after a minimum dopaminergic medication withdrawal of 12 

hours or more.328  Patients were initially evaluated in their OFF medication state and 

subsequently assessed at 20, 40, 60, and 80 minutes following the administration of a 

suprathreshold levodopa (LD) dose, equivalent to 150% of their usual morning levodopa 

dose. The transition to the patient's "Best-ON" state was determined collaboratively by 

both the patient and the researcher, occurring at varying time points for different 

individuals. Motor assessment was conducted using the full MDS-UPDRS part III scale in 

both the OFF and "Best ON" states.220  A shortened version, sMDS-UPDRS-III, was 

completed at each time point. The sMDS-UPDRS-III sub-score was derived from items 3.1, 

3.3, 3.4, 3.8, 3.10, 3.11, 3.12, 3.15, and 3.17. A short version of the MDS-UPDRS was put 

in place in order to minimize patient fatigue during the evaluations, as the entire procedure 

consisting of both clinical and kinematic evaluations at each 20 min interval is particularly 

hard for the cohort in cause. Previous studies have used abbreviated versions of the MDS-

UDPRS.  This abbreviated score was constructed similarly to previous versions of the 

UPDRS part III, with the inclusion of additional items related to gait, freezing, and postural 

instability.410,411 Having a shortened version of the MDS-UPDRS is likely to impact data 

granularity and thus its sensitivity. However, under the available circumstances, a short 

version had to be enforced.  Specific sub-scores of the MDS-UDPRS III were also evaluated: 

Axial Sub-Score: (items 3.1, 3.10, 3.11, and 3.12), tremor sub-score (items 3.15 to 3.18.), 

rigidity sub-score (item 3.3) and akinesia sub-score (items 3.4 to 3.8 ). 

It's important to note that the tremor, rigidity, and akinesia scores were calculated 

only for the OFF and Best-ON states for consistency. Disease severity was measured using 

the H&Y stage.412 Parkinsonism was considered asymmetric when the right-to-left 

differences were equal to or greater than 5 on the sum of the MDS-UPDRS items 3.3, 3.4, 
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3.6, 3.8, and 3.15-3.17. 413.31 The side with the highest clinical score was designated as 

the "worst side. The clinical phenotypes, including postural instability and gait disturbance 

(PIGD) or tremor dominant (TD), were defined according to previously accepted 

definitions.47 In addition to evaluating MDS-UPDRS part III items 3.10 and 3.11, gait was 

also assessed by instructing patients to walk three times along a 7-meter-long corridor 

(comprising going, turning, and returning) at a self-selected pace while wearing a complete 

set of 15 IMUs. 

Demographic and clinical variables, including age at disease onset, age at 

assessment, disease duration, gender, response to the levodopa challenge test (LCT) as a 

percentage, levodopa-equivalent daily dose (LEDD) in milligrams per day, levodopa dose 

during the LCT, the Abnormal Involuntary Movement (AIMS) scale to dyskinesia 

assessment and the Freezing of Gait Questionnaire (FOG-Q) were gathered.244,357 The FOG-

Q is a self-reported questionnaire consisting of six items designed to evaluate Freezing of 

Gait (FOG). The first two items focus on common gait difficulties, while the remaining four 

items assess the frequency and duration of FOG episodes.244  

Motor performance in the healthy control group was evaluated using the motor part 

of the MDS-UPDRS scale. Gait was assessed in a manner similar to that described for PD 

patients, with participants wearing the same set of IMUs, as detailed above. 

 

Kinematics evaluation 

 Each Inertial Measurement Unit (IMU), provided by Xsens Technologies in 

Enschede, The Netherlands, was equipped with a tri-axial accelerometer, gyroscope, and 

magnetometer. IMUs are small, weightless, cube-shaped sensors affixed to the body using 

Velcro elastic bands (Figure 4.1) The sensor orientation was as follows: X pointing 

downward, Y pointing to the right of the subject, and Z pointing backward, ensuring 

comfort and pain-free wear. 

These IMUs were positioned on the head, chest, both arms, forearms, hands, pelvis, 

both thighs, legs, and feet. Data acquisition and processing were conducted using the 

KINETIKOS cloud-based platform, a Class IIa medical device with a CE mark, developed 
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by KINETIKOS in Coimbra, Portugal. The platform facilitated the reconstruction of each 

participant's body motion by employing a 3D kinematic biomechanical model of the skeletal 

system, covering the head, thorax, upper and lower extremities, and their corresponding 

joints. 

The reconstruction process involved the application of inverse kinematics, utilizing 

a global optimization procedure that aimed to minimize the weighted sum of squared 

distances between the orientations of the experimental IMUs and the IMU frames of the 

model in each frame.35 

 From the reconstructed 3D biomechanical model, a total of 56 kinematic variables 

were computed. When dealing with spatiotemporal and angular features measured on both 

sides of the body, the "worst-side" score was selected based on clinical assessment. 

For angular metrics, the maximum, minimum, and mean values were calculated for 

both the range of movement (ROM) and mean velocities. In the analysis, only the mean 

value was considered. Spatiotemporal variables were assessed using coefficients of 

variation (e.g., the standard deviation of variable X score divided by the mean of variable 

X score) and asymmetries, which were computed as (variable X score on the right side - 

variable X score on the left side) divided by (variable X score on the right side + variable 

X score on the left side). Non-linear variables were chosen based on clinical relevance, as 

established in previous studies (see Table 4.1). The final dataset comprised 56 variables 

categorized into 7 domains, including pace, rhythm, asymmetry, postural control, gait 

dynamics, non-linear features, and angular metrics (Table 4.1). It's worth noting that 

previous publications have typically characterized gait using a five-domain framework, 

which encompasses pace, rhythm, variability, asymmetry, and postural control.401,414,415 

To such gait modeling, we have added non-linear,153,231  and angular (ROM, angular 

velocities) domains. Non-linear features included metrics such as Harmonic ratios (HR), 

Entropy and Displacement of Center-of-Mass (CoM). Linear features are considered to be 

indicative of the integrity of the underlying motor control system, as they quantify the 

variability of a pattern over time. 
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Statistical analysis 

Descriptive statistics for demographic, clinical and kinematic data were done for 

continuous [mean and standard deviation (SD)] and categorical (count and percentage) 

variables. Due to its repeated measures nature, kinematic variables and MDS-UPDRS 

motor part III scores across 5 different time-points (OFF, 20-, 40-, 60- and 80-min post 

LD) were compared using the Friedman test with Conover post-hoc correction for multiple 

comparisons. A comparison of PD patients between OFF and Best-ON states as well as with 

their respective matched HC was done using the Kruskal-Wallis test with Dunn’s post-hoc 

correction. Whenever comparing only 2 individual paired groups, the Wilcoxon test was 

employed. High-dimensional data in the raw data space was projected onto a two-

dimensional reduced map using t-Distributed Stochastic Neighbor with Principal 

Component Analysis initialization and a perplexity of 30 for visualization purposes. A p-

value <0.05 (adjusted for multiple comparisons) was considered statistically significant. 

Data analysis was performed in Python (version 3.9.3). 
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Results 
 

a) Clinical and demographics  

 

This study included seventeen Parkinson's disease (PD) patients with a mean age 

of 60.5 ± 8.1 years, of whom 58% were male. The average duration of PD was 12.1 ± 5.1 

years. Additionally, thirty-four healthy controls, with a mean age of 60.68 ± 8.9 years and 

58% male, were included. In the OFF state, the mean MDS-UPDRS part III score for PD 

patients was 50.4 ± 11.3 points, which improved to 21.8 ± 8.9 points in the Best ON state, 

reflecting a mean improvement of 56 ± 15.3%. The mean levodopa dose administered 

during the Levodopa Challenge Test (LCT) was 552.9 ± 134.0 mg (Table 5.1). 

 

 

Table 5.1: clinical and demographic variables 

Demographic variable PD (n=17) Healthy Controls (n=34) 
Gender: male 10 (58.%) 20 (58.8%) 

Age at disease onset (x̅ ± SD) 48.6 ± 10.9 - 
Age at evaluation (x̅ ± SD) 60.5 ± 8.1 60.7 ± 8.8 

Disease duration at evaluation (y ± SD) 12.1 ± 5.1 - 
LEDD mg (x ̅ ± SD) 1357.4 ± 602.4 - 

Levodopa dose LCT (x ̅ ± SD, mg) 552.9 ± 134.0 - 
LCT % response (x ̅ ± SD) 55.9 ± 15.3 - 

MDS - UPDRS I OFF-MED (x ̅ ± SD) 11.0 ± 5.9 - 
MDS -UPDRS I ON-MED (x ̅ ± SD) 6.9 ± 2.6 - 

MDS -UPDRS II OFF-MED (x ̅ ± SD) 20.5 ± 9.0 - 
MDS -UPDRS II ON-MED (x ̅ ± SD) 6.2 ± 6.2 - 

MDS - UPDRS III OFF-MED (x ̅ ± SD) 50.4 ± 11.3 0.9 ± 1.3 
MDS - UPDRS III BEST-ON (x ̅ ± SD) 21.8 ± 8.9 - 

MDS - UPDRS IV (x ̅ ± SD) 7.2 ± 4.0 - 
H&Y OFF MED (x ̅ ± SD) 2.6 ± 1.0 - 
H&Y ON MED (x ̅ ± SD) 2.1 ± 0.2 - 
SE OFF MED  (x ̅ ± SD) 57.1 ± 21.4 - 
SE ON MED (x ̅ ± SD) 88.2 ± 15.2 - 

AIMS score OFF MED (x ̅ ± SD) 0.6 ± 1.5 - 
AIMS score ON  MED (x ̅ ± SD, mg) 15.2 ± 10.5 - 

Phenotype 
PIGD 

Tremor 

- 
14 
3 

- 

FOG-Q total Score 11.1 ± 5.4 - 
Question 3 FOG-Q 2.1 ± 1.3 - 

Data is expressed as mean ± standard deviation as appropriate.  LEDD, levodopa equivalent daily dose; LCT, 

Levodopa Challenge Test;  MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease Rating Scale; 

OFF-MED, OFF Medication; ON-MED, ON Medication; H&Y, Hoehn and Yahr Scale; SE, Schwab and England ADL 

scale; AIMS, Abnormal Involuntary Movement Scale;  PIGD, postural instability/gait difficulty; FOG-Q, Freezing 

Of Gait Questionnaire 
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b) Clinical assessment of levodopa responsiveness using the MDS-UPDRS part III 

Significant changes in MDS-UPDRS part III scores were observed upon levodopa 

(LD) administration from 40 minutes onwards. These changes were evident in the total 

score, individual items, and total axial scores (refer to Figure 5.1 and Table 5.2). On 

average, the time to reach the "Best ON" state was 63.5 ± 12.3 minutes. Notably, 

significant changes between the OFF and Best ON states were detected in rigidity, the 

MDS-UPDRS III total score, axial, tremor, rigidity, and akinesia sub-scores at 

approximately this time point (Table 5.3). 
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Figure 5.1: Swarm-violin plots of clinical variables under study over time after the administration of levodopa 

(d-j) and overall sub-scores between the OFF and Best ON states (k-o). Each group depicts a different time-point 

after the administration of a levodopa dose corresponding to 150% of the usual morning antiparkinsonian 

medication dose. From baseline up to 80 minutes post-administration. Each clinical variable only significantly 

differs from baseline from 40 min onwards. For metrics assessed on both sides of the body (d-h) only the scores 

from the worst side were included in this analysis. Refer to the respective table for the complete statistical analysis 

thereof using the Friedman test with Conover posthoc correction for multiple comparisons or the Wilcoxon signed-

rank test. Axial score (items 3.1, 3.10, 3.11, 3.12). Short MDS-UPDRS III (items 3.1, 3.3, 3.4, 3.8, 3.10, 3.11, 

3.12, 3.15, 3.17). Tremor score (items 3.15-3.18). Rigidity Score (item 3.3). Bradykinesia (items 3.4-3.8). *p-

value < 0.05 (vs left-most, OFF condition). 
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Data are expressed as mean standard deviation, MDS UPDRS, Movement Disorders Society Unified Parkinson's 
Disease Rating Scale 
 
 
 
 

 

Data are expressed as mean and standard deviation; post hoc P-values were calculated after applying the 

Connover correction; ROM,range-of-movement; Vel, velocity; AP, Antero-posterior; Vert, vetical; ML, Medio-

lateral; HR, Harmonic-ratio; CoM, Center-of-mass 

 

 

Table 5.3: Kinematic variables in OFF, Best-ON and Healthy Controls 

Variable 
Mean ± SD 

Kruskal–Wallis test Posthoc Dunn's Test 

H 
statistic p-value 

Z-score Bonferroni corrected p-value 

OFF Best-ON Healthy-
Controls 

OFF-Best 
ON 

OFF-
Control 

Best ON - 
Control OFF-Best ON OFF-Control Best ON - Control 

Speed (m/s) 0.56 ± 0.27 0.93 ± 0.24 0.90 ± 0.18 21.841 <0.001 -3.954 -4.316 0.250 <0.001 <0.001 1.203 

Cadence (steps/min) 96.41 ± 
40.38 

116.38 ± 
14.72  108.12±11.19 3.091 0.213 -1.613 -0.360 1.502 0.160 1.077 0.199 

Step Time (s) 0.49 ± 0.20 0.53 ± 0.06  0.56 ± 0.06 2.991 0.2241 0.017 -1.402 -1.422 1.479 0.241 0.232 
Step Length (m) 0.29 ± 0.15 0.49 ± 0.10 0.49 ± 0.06 29.439 <0.001 -4.249 -5.208 -0.300 <0.001 <0.001 1.146 
Stride Time (s) 0.99 ± 0.42 1.05 ± 0.12 1.12 ± 0.12  2.738 0.2543 0.442 -1.046 -1.557 0.987 0.443 0.179 

Stride Length (m) 0.60 ± 0.30 0.99 ± 0.15 1.02 ± 0.10 30.848 <0.001 -3.816 -5.498 -1.091 <0.001 <0.001 0.412 
Step Width (m) 0.14 ± 0.07  0.18 ± 0.05 0.16 ± 0.01 0.865 0.6487 -0.797 -0.851 0.070 0.637 0.591 1.416 
Stance Time (s) 0.66 ± 0.27 0.69 ± 0.08 0.47 ± 0.14 22.538 <0.001 -0.069 3.836 3.916 1.417 <0.001 <0.001 
Swing Time (s) 0.33 ± 0.17 0.36 ± 0.05 0.37 ± 0.03 6.314 0.0426 -1.153 -2.489 -1.157 0.373 0.019 0.371 

Double Support Time (s) 0.37 ± 0.17 0.34 ± 0.05 0.37 ± 0.06 4.496 0.1056 1.873 0.270 -1.893 0.092 1.180 0.087 
Single Support Time (s) 0.30 ± 0.13 0.35 ± 0.04 0.37 ± 0.04 9.222 0.0099 -1.344 -2.999 -1.447 0.268 0.004 0.221 

Hip Flexion ROM 24.07±11.66 36.00 ±8.27  38.11 ± 4.47 23.346 <0.001 -3.088 -4.817 -1.252 0.003 <0.001 0.316 
Hip Adduction ROM 8.59 ± 5.16 13.01 ±2.39 16.45 ± 4.98 22.143 <0.001 -2.203 -4.667 -2.123 0.041 <0.001 0.050 
Hip Rotation ROM 10.00±6.11 16.41 ±3.63 14.82 ± 2.89 19.614 <0.001 -4.146 -3.665 1.122 <0.001 <0.001 0.393 
Knee Angle ROM 40.84±24.53  50.33±13.31 57.80 ± 6.47 17.212 <0.001 -2.029 -4.126 -1.783 0.063 <0.001 0.112 
Ankle Angle ROM 24.23±15.94 34.33 ±9.35 34.81 ± 6.86 8.018 0.018 -2.029 -2.784 -0.441 0.063 0.008 0.989 

Hip Flexion Mean Vel 44.77±21.69 68.76±20.19 68.11 ± 12.76 16.105 <0.001 -3.088 -3.876 -0.311 0.003 <0.001 1.134 
Hip Adduction Mean Vel 16.73±10.05 26.81 ± 5.45 29.93 ± 8.82 16.448 <0.001 -2.723 -4.026 -0.881 0.009 <0.001 0.567 
Hip Rotation Mean Vel 19.79 ± 9.57  35.82 ± 8.52 31.10 ± 7.15 24.839 <0.001 -4.866 -3.690 1.929 <0.001 <0.001 0.080 
Knee Angle Mean Vel 79.29±38.73 111.13±32.87 118.17±18.53 13.676 0.001 -2.376 -3.685 -0.941 0.026 <0.001 0.519 
Ankle Angle Mean Vel 48.87±28.43 69.95 ±17.78 73.50 ± 16.19 11.588 0.003 -2.281 -3.383 -0.746 0.033 0.001 0.683 

Arm Flexion ROM 6.63 ± 5.37 24.04 ± 13.36 16.37 ± 5.58 26.121 <0.001 -4.831 -4.151 1.427 <0.001 <0.001 0.230 
Arm Adduction ROM 4.19 ± 2.33 10.66 ± 5.17 7.50 ± 2.31 22.665 <0.001 -4.666 -3.465 1.923 <0.001 <0.001 0.082 
Elbow Flexion ROM 7.00 ± 5.68 19.30 ± 9.64  20.49 ± 8.77 26.476 <0.001 -3.885 -4.997 -0.510 <0.001 <0.001 0.914 
Arm Rotation ROM 7.34 ± 6.20 19.28 ± 12.07 18.93 ± 7.20 22.249 <0.001 -3.487 -4.607 -0.580 <0.001 <0.001 0.842 

Pronation Supination 
ROM 6.47 ± 4.34 20.26 ± 11.45 16.56 ± 8.14 27.320 <0.001 -4.787 -4.477 1.051 <0.001 <0.001 0.439 

Wrist Flexion ROM 5.59 ± 3.56  29.22 ± 13.24 12.06 ± 5.05 24.098 <0.001 -4.727 -3.811 1.647 <0.001 <0.001 0.149 
Wrist Deviation ROM 4.17 ± 3.39 14.05 ± 8.31  11.55 ± 6.90 25.536 <0.001 -4.527 -4.446 0.781 <0.001 <0.001 0.652 
Arm Flexion Mean Vel 12.33 ± 9.48 44.46 ± 29.84 29.55 ± 11.17 26.966 <0.001 -4.917 -4.201 1.477 <0.001 <0.001 0.209 
Arm Adduction Mean 

Vel 8.55 ± 4.24 20.88 ± 9.68 16.35 ± 6.77 20.566 <0.001 -4.302 -3.655 1.312 <0.001 <0.001 0.284 

Arm Rotation Mean Vel 14.50±10.34 40.59 ± 26.31 36.09 ± 16.16 22.855 <0.001 -3.859 -4.532 -0.075 <0.001 <0.001 1.410 
Elbow Flexion Mean Vel 13.63 ± 8.96 42.62 ± 25.67 25.84 ± 16.32 18.511 <0.001 -4.302 -2.532 2.433 <0.001 0.016 0.022 

Pronation Supination 
Mean Vel 17.25±17.32 43.20 ± 30.27 34.45 ± 18.03  17.331 <0.001 -3.824 -3.550 0.866 <0.001 <0.001 0.579 

Wrist Flexion Mean Vel 14.69±11.42 43.66 ± 29.76  26.57 ± 12.72 17.162 <0.001 -4.068 -2.989 1.708 <0.001 0.004 0.132 
Wrist Deviation Mean 

Vel 9.85 ± 8.43 29.66 ± 20.89 24.31 ± 14.71 19.956 <0.001 -3.964 -3.971 0.605 <0.001 <0.001 0.817 

Table 5.2: Clinical variables between OFF and Best ON states 

Variable 
Mean ± SD Wilcoxon results 

(p-value) 
OFF Best ON OFF-Best ON 

MDS UPDRS III 50.4 ± 11.3 21.8 ± 8.9 <0.001 
Axial Score 6.88 ± 3.46 2.1 ± 1.7 <0.001 

Tremor Score 2.3 ± 2.3 0.6 ± 1.1 0.003 
Rigidity Score 9.7 ± 3.1 4.3 ± 2.7 <0.001 
Akinesia Score 24.6 ± 6.1 11.4 ± 6.3 <0.001 
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c) Kinematic Assessment of Levodopa Responsiveness: Various gait metrics exhibit distinct 

temporal responses to levodopa (LD) 

  

In contrast to the observations made with the MDS-UPDRS, significant changes in 

angular metrics related to the upper limbs were detected as early as 20 minutes following 

LD intake through kinematic evaluation. This included metrics such as Arm Adduction, 

Wrist Flexion, Wrist Deviation Range of Motion (ROM), and Arm Flexion velocity. 

Furthermore, increases in Entropy in the vertical plane and variability in gait double support 

were also noted at the 20-minute mark (see Figure 5.2 and Table 5.3).  

By the 40-minute mark following LD  intake, significant changes were primarily 

prominent in angular features related to the lower limbs. Notable improvements compared 

to the OFF state were observed in metrics such as Hip Flexion, Adduction and Rotation 

Range of Motion (ROM), as well as Hip Rotation velocities. Step and Stride Length also 

displayed significant improvements at this time point. Additionally, at 40 minutes, 

incremental improvements in upper-limb performance were observed across a broader 

spectrum of features.  

At the 60-minute mark after LD intake, the observed changes in gait metrics were 

significant. Notably, Speed was significantly different from the OFF state, primarily due to 

increased Step/Stride Lengths, without significant changes in cadence or step/stride time. 

Additionally, significant changes were observed in the center-of-mass in the vertical axis. 

Angular metrics pertaining to the ankles, elbows, and wrist (including deviation and flexion 

ROM and mean velocity) also showed significant changes at this time point. Incremental 

improvements in both lower-limb and upper-limb performance were observed across a 

broader spectrum of features. Eighty minutes Post LD, swing Time exhibited significant 

changes only at the 80-minute mark after LD intake (Figure 5.2 and Table 5.3). It's 

worth noting that inter-individual variability was notably high for all gait metrics at all 

evaluation moments and conditions, as evidenced by relatively high standard deviations. 
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Figure 5.2 - Swarm-violin plots of the kinematic variables under study first presenting significant changes at 20 

(a) 40 (b) 60 (c) and 80 (d) minutes post LD administration. Each group depicts a different time-point after the 

administration of a levodopa dose corresponding to 150% of the usual morning antiparkinsonian medication dose. 

From baseline up to 80 minutes post-administration. Data collected during free walking with the patients wearing 

15 inertial measurement units used consisting of a tri-axial accelerometer, a gyroscope and a magnetometer as 
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detailed in the methods section. For variables evaluated in both sides of the body, the worst side was considered 

for analysis. Refer to the respective table for the complete statistical analysis thereof using the Friedman test 

with Conover posthoc correction for multiple comparisons. COM: Center of mass; ROM: Range of movement; Vel: 

Velocity. *p-value < 0.05 (vs left-most, OFF condition).  

 

Data are expressed as mean standard deviation; post hoc P-values were calculated after applying the Connover 

correction; ROM; Range-of-Movement; Vel, Velocity; AP, Antero-Posterior; Vert; Vertical; ML, Medio-lateral; 

HR, Harmonic-ratio; CoM, Center-of-Mass 

 

 

 

 

 

 

 

 

Table 5.3: Repeated measures analysis of MDS-UPDRS III and kinematic variables over time 

Variable 
Summary statistics (Mean ± SD) Friedman Test Effect Size Posthoc Conover (p-value) 

OFF 20min 40min 60min 80min Kendall's 
W Value χ2 p-value OFF-20min OFF-40min OFF-60min OFF-80min 

 MDS UPDRS Part III 

Short MDS UPDRS III 21.71 ± 5.71 18.47 ± 3.12 11.41 ± 5.29 8.35 ± 4.51 21.71 ± 5.70 0.839 57.054 <0.001 0.286 <0.001 <0.001 <0.001 
Axial Score 6.88 ± 3.46 4.82 ± 2.24 3.35 ± 1.87 2.24 ± 1.52 6.88 ± 3.46 0.657 44.722 <0.001 0.214 0.001 <0.001 <0.001 

Item 3.1 1.94 ± 0.75 1.71 ± 0.69 1.53 ± 0.71 1.12 ± 0.86 1.94 ± 0.75 0.386 26.275 <0.001 0.237 0.037 0.001 <0.001 
Item 3.3 3.29 ± 0.69 3.12 ± 0.70 2.24 ± 1.20  1.71 ± 1.10n   1.12 ± 1.31in 0.732 49.799 <0.001 0.416 0.006 <0.001 <0.001 
Item 3.4 3.47 ± 0.51 3.29 ± 0.47 2.76 ± 1.03 2.29 ± 1.16 2.41 ± 0.87 0.466 31.731 <0.001 0.563 0.032 <0.001 <0.001 
Item 3.8 3.12 ± 0.86 2.82 ± 1.01 1.47 ± 1.46 0.94 ± 1.25 1.06 ± 1.71 0.607 41.283 <0.001 0.519 0.003 <0.001 <0.001 

Item 3.10 2.18 ± 0.95 1.53 ± 0.71 1.06 ± 0.66 0.53 ± 0.62 0.35 ± 0.61 0.629 42.816 <0.001 0.166 0.007 <0.001 <0.001 
Item 3.11 1.29 ± 1.53 0.94 ± 1.43 0.29 ± 0.47 0.12 ± 0.49 0.24 ± 0.66 0.629 42.816 <0.001 0.182 0.002 0.001 0.002 
Item 3.12 1.47 ± 1.62 0.65 ± 1.00 0.47 ± 0.80 0.29 ± 0.77 0.53 ± 1.01 0.181 12.333 0.015 0.099 0.049 0.015 0.049 
Item 3.15 0.82 ± 1.01 0.94 ± 1.20 0.29 ± 0.77 0.35 ± 0.79 0.29 ± 0.69 0.349 23.729 <0.001 0.792 0.009 0.017 0.006 
Item 3.17 1.18 ± 1.29 0.76 ± 0.97 0.18 ± 0.53 0.24 ± 0.75 0.24 ± 0.56 0.347 23.597 <0.001 0.271 0.002 0.002 0.002 

 Kinematic variable 
Speed (m/s) 0.56 ± 0.27 0.72 ± 0.22 0.81 ± 0.19 0.93 ± 0.24  0.95 ± 0.27 0.411 28.0 <0.001 0.749 0.211 0.007 0.001 

Cadence (steps/min) 96.41 ± 40.38  112.47 ± 
13.55 

112.19 ± 
15.38 

116.10 ± 
15.107 

113.48 ± 
12.52 0.035 2.447 0.654 1.000 1.00 0.720 1.000 

Step Time  (s) 0.49 ± 0.20 0.55 ± 0.06 0.54 ± 0.08 0.53 ± 0.07 0.54 ± 0.05 0.099 6.776 0.148 0.291 0.291 0.660 0.406 
Step Length (m) 0.29 ± 0.15 0.35 ± 0.11 0.44 ± 0.07  0.48 ±0.10 0.49 ± 0.10 0.553 37.6 <0.001 0.831 0.016 <0.001 <0.001 
Stride Time (s) 0.99 ±0.42 1.08 ± 0.13 1.10 ± 0.14 1.04 ± 0.12 1.11 ± 0.10 0.130 8.847 0.065 0.188 0.182 0.915 0.183 

Stride Length (m) 0.60 ± 0.30 0.83 ± 0.16 0.90 ± 0.12 0.98 ± 0.15 0.96 ± 1.16 0.396 26.964 <0.001 0.423 0.013 <0.001 0.003 
Step Width (m) 0.14 ± 0.07 0.18 ± 0.06 0.18 ± 0.06 0.17 ± 0.04 0.20 ± 0.07 0.050 3.435 0.488 1.000 0.564 0.564 0.564 
Stance Time (s) 0.66 ± 0.27 0.74 ± 0.11 0.74 ± 0.10 0.69 ± 0.08  0.71 ±0.07  0.214 14.541 0.006 0.146 0.226 0.241 0.660 
Swing Time (s) 0.32± 0.17 0.35 ± 0.04 0.36 ± 0.04 0.35 ± 0.05  0.38 ± 0.03 0.196 13.317 0.009 0.290 0.183 0.183 0.008 

Double Support Time (s) 0.34 ± 0.17 0.40 ± 0.08  0.38 ± 0.09  0.34 ± 0.06 0.34 ± 0.06 0.157 10.682 0.030 0.281 1.000 0.228 0.507 
Single Support Time (s) 0.30 ± 0.16 0.34 ± 0.04 0.36 ± 0.03  0.35 ± 0.04 0.36 ± 0.05 0.129 8.752 0.07 0.346 0.082 0.346 0.082 

Hip Flexion ROM 24.07 ± 11.66 31.20 ± 6.57 34.94 ± 7.52 36.38 ± 8.21 32.80 ± 7.51 0.296 20.094 <0.001 0.749 0.042 0.004 0.116 
Hip Adduction ROM  8.59 ± 5.16 12.76 ± 4.20 13.72 ± 5.14 13.56 ± 3.08  13.38 ± 1.35 0.246 16.705 0.002 0.069 0.041 0.005 0.005 
Hip Rotation ROM  10.00 ± 6.11 14.87 ± 4.24 16.21 ± 4.22 16.23 ± 4.08 15.43 ± 4.15 0.266 18.070 0.001 0.089 0.005 0.005 0.007 
Knee Angle ROM  40.84 ± 24.53 47.58 ± 10.45 44.92 ± 13.62  50.18 ± 12.97 47.96 ± 10.14 0.107 7.294 0.121 0.405 0.366 0.125 0.405 
Ankle Angle ROM  24.23 ± 15. 95 32.26 ± 5.93 33.30 ± 11.45 34.05 ± 9.22 33.41 ± 9.43  0.111 7.5764 0.108 0.153 0.346 0.153 0.153 

Hip Flexion Mean Vel 44.77 ± 21.69 56.22 ± 15.05 62.99 ± 18.64 69.11 ± 20.45 60.84 ± 15.74 0.298 20.235 <0.001 0.915018 0.105 0.003 0.114 
Hip Adduction Mean Vel 16.73 ± 10.05 24.37 ± 9.17 26.95 ± 12.34 27.71 ± 5.92 28.76 ± 5.72 0.351 23.858 <0.001 0.376189 0.072 0.001 0.004 
Hip Rotation Mean Vel 19.79 ± 9.57 30.09 ± 10.36 33.49 ± 10.25 34.83 ± 9.66 34.66 ± 9.56 0.345 23.482 <0.001 0.053742 <0.001 <0.001 0.002 

Knee Angle Mean Vel. 79.29 ± 38.73  102.19 ± 
25.23 89.76 ± 31.36  111.02 ± 

33.30 
101.26 ± 

27.21 0.119 8.141 0.086 0.915 0.915 0.119 0.912 

Ankle Angle Mean Vel 48.87 ± 28.43  62.05 ± 15.16 66.46 ± 21.99 69.09 ± 17.23 71.88 ± 19.97 0.172 11.670 0.019 0.438 0.183 0.047 0.047 
Arm Flexion ROM  6.63 ± 5.37 13.83 ± 11.76 20.98 ± 12.15 22.57 ± 14.07 28.71 ± 14.96  0.562 38.211 <0.001 0.3203 0.002 <0.001 <0.001 

Arm Adduction ROM  4.19 ± 2.33 8.68 ± 3.51 9.87 ± 4.17  11.57 ± 7.40 12.34 ± 5.75 0.291 19.811 <0.001 0.023 0.023 0.010 <0.001 
Elbow Flexion ROM  7.00 ± 5.68 13.21 ± 7.02 16.33 ± 8.77 17.39 ± 8.32  30.49 ± 29.50  0.365 24.847 <0.001 0.226 0.009 0.009 <0.001 
Arm Rotation ROM  7.34 ± 6.20 12.56 ± 10.47 20.68 ± 12.20 18.38 ± 12.32 23.01 ± 10.09 0.451 30.682 <0.001 0.161 <0.001 0.003 <0.001 
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d) Selective Motor Response to LD 

While LD administration significantly rescued all pace-domain features, it is 

noteworthy that most rhythmicity features did not exhibit significant modulation; 

specifically, Cadence and Stride/Step Time remained unchanged with LD. Additionally, the 

range of motion (ROM) and velocity of most upper- and lower-limb features displayed 

significant improvements after LD intake, while variables related to asymmetry, variability, 

and postural control showed no significant changes. Furthermore, most gait dynamics, 

particularly non-linear features, did not significantly change in response to dopaminergic 

therapy. An exception to this trend was observed in alterations in features along the 

vertical axis (Figure 5.3, Figure 5.4, Table 5.3 and 5.4)  
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Data are expressed as mean standard deviation; post hoc P-values were calculated after applying the Bonferroni 

correction ROM; Range-of-Movement; Vel, Velocity; AP, Antero-Posterior; Vert; Vertical; ML, Medio-lateral; HR, 

Harmonic-ratio; CoM, Center-of-Mass 

 

 

 

 

 

 

 

 

 

Table 5.4: Kinematic variables in OFF, Best-ON and Healthy Controls 

Variable 
Mean ± SD 

Kruskal–Wallis test Posthoc Dunn's Test 

H 
statistic p-value 

Z-score Bonferroni corrected p-value 

OFF Best-ON Healthy-
Controls 

OFF-Best 
ON 

OFF-
Control 

Best ON - 
Control OFF-Best ON OFF-Control Best ON - Control 

Speed (m/s) 0.56 ± 0.27 0.93 ± 0.24 0.90 ± 0.18 21.841 <0.001 -3.954 -4.316 0.250 <0.001 <0.001 1.203 

Cadence (steps/min) 96.41 ± 
40.38 

116.38 ± 
14.72  108.12±11.19 3.091 0.213 -1.613 -0.360 1.502 0.160 1.077 0.199 

Step Time (s) 0.49 ± 0.20 0.53 ± 0.06  0.56 ± 0.06 2.991 0.2241 0.017 -1.402 -1.422 1.479 0.241 0.232 
Step Length (m) 0.29 ± 0.15 0.49 ± 0.10 0.49 ± 0.06 29.439 <0.001 -4.249 -5.208 -0.300 <0.001 <0.001 1.146 
Stride Time (s) 0.99 ± 0.42 1.05 ± 0.12 1.12 ± 0.12  2.738 0.2543 0.442 -1.046 -1.557 0.987 0.443 0.179 

Stride Length (m) 0.60 ± 0.30 0.99 ± 0.15 1.02 ± 0.10 30.848 <0.001 -3.816 -5.498 -1.091 <0.001 <0.001 0.412 
Step Width (m) 0.14 ± 0.07  0.18 ± 0.05 0.16 ± 0.01 0.865 0.6487 -0.797 -0.851 0.070 0.637 0.591 1.416 
Stance Time (s) 0.66 ± 0.27 0.69 ± 0.08 0.47 ± 0.14 22.538 <0.001 -0.069 3.836 3.916 1.417 <0.001 <0.001 
Swing Time (s) 0.33 ± 0.17 0.36 ± 0.05 0.37 ± 0.03 6.314 0.0426 -1.153 -2.489 -1.157 0.373 0.019 0.371 

Double Support Time (s) 0.37 ± 0.17 0.34 ± 0.05 0.37 ± 0.06 4.496 0.1056 1.873 0.270 -1.893 0.092 1.180 0.087 
Single Support Time (s) 0.30 ± 0.13 0.35 ± 0.04 0.37 ± 0.04 9.222 0.0099 -1.344 -2.999 -1.447 0.268 0.004 0.221 

Hip Flexion ROM 24.07±11.66 36.00 ±8.27  38.11 ± 4.47 23.346 <0.001 -3.088 -4.817 -1.252 0.003 <0.001 0.316 
Hip Adduction ROM 8.59 ± 5.16 13.01 ±2.39 16.45 ± 4.98 22.143 <0.001 -2.203 -4.667 -2.123 0.041 <0.001 0.050 
Hip Rotation ROM 10.00±6.11 16.41 ±3.63 14.82 ± 2.89 19.614 <0.001 -4.146 -3.665 1.122 <0.001 <0.001 0.393 
Knee Angle ROM 40.84±24.53  50.33±13.31 57.80 ± 6.47 17.212 <0.001 -2.029 -4.126 -1.783 0.063 <0.001 0.112 
Ankle Angle ROM 24.23±15.94 34.33 ±9.35 34.81 ± 6.86 8.018 0.018 -2.029 -2.784 -0.441 0.063 0.008 0.989 

Hip Flexion Mean Vel 44.77±21.69 68.76±20.19 68.11 ± 12.76 16.105 <0.001 -3.088 -3.876 -0.311 0.003 <0.001 1.134 
Hip Adduction Mean Vel 16.73±10.05 26.81 ± 5.45 29.93 ± 8.82 16.448 <0.001 -2.723 -4.026 -0.881 0.009 <0.001 0.567 
Hip Rotation Mean Vel 19.79 ± 9.57  35.82 ± 8.52 31.10 ± 7.15 24.839 <0.001 -4.866 -3.690 1.929 <0.001 <0.001 0.080 
Knee Angle Mean Vel 79.29±38.73 111.13±32.87 118.17±18.53 13.676 0.001 -2.376 -3.685 -0.941 0.026 <0.001 0.519 
Ankle Angle Mean Vel 48.87±28.43 69.95 ±17.78 73.50 ± 16.19 11.588 0.003 -2.281 -3.383 -0.746 0.033 0.001 0.683 

Arm Flexion ROM 6.63 ± 5.37 24.04 ± 13.36 16.37 ± 5.58 26.121 <0.001 -4.831 -4.151 1.427 <0.001 <0.001 0.230 
Arm Adduction ROM 4.19 ± 2.33 10.66 ± 5.17 7.50 ± 2.31 22.665 <0.001 -4.666 -3.465 1.923 <0.001 <0.001 0.082 
Elbow Flexion ROM 7.00 ± 5.68 19.30 ± 9.64  20.49 ± 8.77 26.476 <0.001 -3.885 -4.997 -0.510 <0.001 <0.001 0.914 
Arm Rotation ROM 7.34 ± 6.20 19.28 ± 12.07 18.93 ± 7.20 22.249 <0.001 -3.487 -4.607 -0.580 <0.001 <0.001 0.842 

Pronation Supination 
ROM 6.47 ± 4.34 20.26 ± 11.45 16.56 ± 8.14 27.320 <0.001 -4.787 -4.477 1.051 <0.001 <0.001 0.439 

Wrist Flexion ROM 5.59 ± 3.56  29.22 ± 13.24 12.06 ± 5.05 24.098 <0.001 -4.727 -3.811 1.647 <0.001 <0.001 0.149 
Wrist Deviation ROM 4.17 ± 3.39 14.05 ± 8.31  11.55 ± 6.90 25.536 <0.001 -4.527 -4.446 0.781 <0.001 <0.001 0.652 
Arm Flexion Mean Vel 12.33 ± 9.48 44.46 ± 29.84 29.55 ± 11.17 26.966 <0.001 -4.917 -4.201 1.477 <0.001 <0.001 0.209 
Arm Adduction Mean 

Vel 8.55 ± 4.24 20.88 ± 9.68 16.35 ± 6.77 20.566 <0.001 -4.302 -3.655 1.312 <0.001 <0.001 0.284 

Arm Rotation Mean Vel 14.50±10.34 40.59 ± 26.31 36.09 ± 16.16 22.855 <0.001 -3.859 -4.532 -0.075 <0.001 <0.001 1.410 
Elbow Flexion Mean Vel 13.63 ± 8.96 42.62 ± 25.67 25.84 ± 16.32 18.511 <0.001 -4.302 -2.532 2.433 <0.001 0.016 0.022 

Pronation Supination 
Mean Vel 17.25±17.32 43.20 ± 30.27 34.45 ± 18.03  17.331 <0.001 -3.824 -3.550 0.866 <0.001 <0.001 0.579 

Wrist Flexion Mean Vel 14.69±11.42 43.66 ± 29.76  26.57 ± 12.72 17.162 <0.001 -4.068 -2.989 1.708 <0.001 0.004 0.132 
Wrist Deviation Mean 

Vel 9.85 ± 8.43 29.66 ± 20.89 24.31 ± 14.71 19.956 <0.001 -3.964 -3.971 0.605 <0.001 <0.001 0.817 
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Figure 5.3: Swarm-violin plots of the kinematic variables under study upon levodopa administration for non-PD 

controls, and PD subjects in their OFF and Best ON states. Data collected during free walking with the patients 

wearing 15 inertial measurement units used consisting of a tri-axial accelerometer, a gyroscope and a 

magnetometer as detailed in the methods section. For variables evaluated in both sides of the body, the worst 

side was considered for analysis. For variables evaluated in both sides of the body, the worst side was considered 
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for analysis. Refer to the respective table for the complete statistical analysis thereof using the Kruskal–Wallis 

test with Dunn’s posthoc correction for multiple comparisons. COM: Center of mass; ROM: Range of movement; 

Vel: Velocity. *p-value < 0.05 (vs left-most, OFF condition).  

 

 

 

 

Figure 5.4: Swarm-violin plots of the kinematic variables that failed to significantly change from baseline upon 

LD administration. Each group depicts a different time-point after the administration of a levodopa dose 

corresponding to 150% of the usual morning antiparkinsonian medication dose. From baseline up to 80 minutes 

post-administration. Data collected during free walking with the patients wearing 15 inertial measurement units 

used consisting of a tri-axial accelerometer, a gyroscope, and a magnetometer as detailed in the methods section. 

For variables evaluated in both sides of the bodyt, the worst side was considered for analysis. . For variables 

evaluated in both sides of the body, the worst side was considered for analysis. Refer to the respective table for 

the complete statistical analysis thereof using the Friedman test with Conover posthoc correction for multiple 

comparisons. COM: Center of mass; ROM: Range of movement; Vel: Velocity. 
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e) Most gait features can be rescued with LD to non-PD levels  

  

When compared to matched healthy controls (HC), PD patients in their OFF state 

exhibited significantly slower gait with shorter steps, reduced range of motion (ROM), and 

decreased movement velocity for both upper and lower limbs. They also had lower 

harmonic ratios (Figure 5.3 and Table 5.4).  

Following the administration of a supra-threshold LD dose, the gait of PD patients 

in their "Best-ON" state was not significantly different from that of controls in most 

spatiotemporal and angular features. However, some differences persisted with stance 

time and antero-posterior remaining significantly higher among PD patients in the "Best-

ON" state compared to those of HC Figure 5.3 and Table 5.4). Additionally, some 

variables exhibited a supra-physiological response in PD patients. Higher mean velocity on 

Elbow Flexion and higher values of entropy on the vertical axis were observed in PD Best-

ON patients when compared to HC (Figure 5.3 and Table 5.4). Notably, a positive and 

significant correlation between the AIMS score and most upper limb-related metrics was 

observed in the Best-ON state (Table 5.5). 
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AIMS, Abnormal Involuntary Movement Scale; AP, antero-posterior; 
ML, medio-lateral, Vert, Vertical; HR, Harmonic ratio, CoM, Center-of-
Mass; ROM, Range-of-Movement; Mean Vel, Mean Velocity; CV, 
variability 

 
 

Table 5.5 – Correlation between AIMS scores and 
kinematic variables at the Best-On state 

 

 Aims Score Best ON 
state 

p-
value 

Speed 0,310 0,225 
Cadence 0,349 0,170 
Step_Time -0,292 0,256 
Step_Length 0,102 0,696 
Stride_Time -0,354 0,163 
Stride_Length 0,069 0,789 
Step_Width 0,153 0,557 
Stance_Fraction -0,186 0,474 
Stance Time -0,386 0,125 
Swing Fraction 0,186 0,474 
Swing_Time -0,261 0,311 
Double_Support 0,0586 0,824 
Double_Support -0,167 0,521 
Double_Support -0,324 0,203 
Double Support Time -0,179 0,492 
Single Support -0,219 0,398 
Single Support Time -0,514 0,035 
Hip flexion ROM   0,276 0,284 
Hip Adduction ROM 0,188 0,470 
Hip Rotation ROM 0,634 0,006 
Knee Angle ROM 0,046 0,859 
Ankle Angle ROM -0,458 0,064 
Hip Flexion Mean Vel 0,304 0,236 
Hip Adduction Mean Vel 0,189 0,466 
Hip Rotation Mean Vel 0,554 0,021 
Knee Angle Mean Vel 0,162 0,535 
Ankle angle Mean Vel -0,147 0,572 
Arm Flex ROM 0,445 0,074 
Arm Add ROM 0,460 0,063 
Elbow Flex ROM 0,367 0,147 
Arm Rot ROM 0,421 0,092 
Pro Sup  ROM 0,7485 <0.001  
Wrist Flex ROM 0,667 0,003 
Wrist Dev ROM 0,591 0,012 
Arm Flex Mean Vel 0,477 0,05 
Arm Add Mean Vel 0,558 0,02 
Arm Rot  Mean Vel 0,566 0,02 
Elbow Flex Mean Vel 0,238 0,356 
Pro Sup Mean Vel 0,700 0,002 
Wrist Flex Mean Vel 0,698 0,002 
Wrist Dev Mean Vel 0,612 0,009 
Entropy AP 0,017 0,948 
Entropy Vert -0,413 0,099 
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Discussion 

  This study offers a comprehensive insight into the temporal dynamics of motor 

responsiveness to LD in a cohort of advanced PD patients, by utilizing both 3D motion 

analysis and the gold-standard MDS-UPDRS. Notably, the results indicate that the IMUs 

effectively detected significant motor modulation earlier than the MDS-UPDRS. 

Additionally, the study highlights a quicker response of the upper limbs to LD. 

 

Both wearable sensors and the MDS-UPDRS successfully detected changes during the LD 

challenge  

IMU-based gait evaluation was capable of detecting significant changes earlier than 

clinical assessment alone. This approach also illustrated how levodopa (LD) responsiveness 

evolved across each 20-minute block, as demonstrated in Figure 5.5. It's crucial to clarify 

that this observation is not intended to imply any degree of superiority over clinical 

assessment. Instead, the data presented here aims to emphasize how clinical data can be 

significantly complemented by alternative and more objective tools.  

Previous research employing various wearable devices has demonstrated their 

capability to objectively assess motor symptoms, motor fluctuations, and treatment 

responses, both in controlled laboratory settings and real-world ambulatory environments. 

416For instance, a single wrist-worn sensor, such as the Parkinson's Kinetigraph, has been 

found to detect bradykinesia and dyskinesias with a high degree of accuracy, enabling the 

monitoring of motor fluctuations and contributing to therapy management. 417–420 It's worth 

noting that in this approach, gait and freezing could not be effectively assessed. T 

he PD monitor® system overcame this limitation by employing five wearable 

devices strategically distributed across the trunk and limbs. This innovative system has 

demonstrated its ability to detect motor symptoms, including gait alterations and freezing 

of gait (FOG), while also facilitating the monitoring of motor fluctuations.421 Our study 

further supports previous findings by illustrating the utility of wearable devices for motor 
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assessment. It effectively captures the modulation of motor symptoms by medication, 

reaffirming their value in clinical research and practice. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 

Local weighted regression fit of absolute percentage change of over time for the MDS-UPDRS III and 

example kinematic variables from 20 to 80 min post levodopa administration corresponding to 150% 

of the usual morning antiparkinsonian medication dose. Data collected during free walking with the 

patients wearing 15 inertial measurement units used consisting of a tri-axial accelerometer, a 

gyroscope, and a magnetometer as detailed in the methods section. Summary smoothed fitting, not 

intended for modeling purposes.  

 

Motor improvement can be detected as early as 20 min using wearable sensors  

In this study, motor changes were observed as early as 20 minutes after levodopa 

(LD) administration when utilizing kinematic-driven metrics. This stands in contrast to 

previous studies that relied solely on clinical assessment, which typically required a lag 

period of 30-40 minutes to detect significant motor changes.422,423 We believe that the 

delay noted in previous studies may be attributed to the reliance on clinical assessment. 

In our cohort, a similar lag period of 40 minutes was observed when employing the MDS-

UPDRS III. 
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 At the 20-minute mark, the improvement was predominantly observed in proximal 

upper limb movements, such as amplitude and speed. It's important to note that the MDS-

UPDRS items assessing upper limb bradykinesia primarily focus on distal upper limb 

movements, such as finger tapping and hand movements, which do not fully encompass 

proximal movements. This discrepancy between kinematic assessment, encompassing 

both proximal and distal aspects and the exclusive evaluation of distal movements offered 

by the MDS-UPDRS, may partially account for the differing results observed using clinical 

and kinematic evaluation. 

Given the critical role of the MDS-UPDRS (patient selection for DBS321, new drug 

efficacy assessment,424 disease progression monitoring), its low reliability both within- and 

inter-subjects is still a limitation where significant room for improvement exists.425 In this 

context, the significance of complementary, objective tools that are not reliant on raters 

becomes evident. Such tools play a crucial role in enhancing both accuracy and broadening 

access, contributing to democratization in the assessment of medical conditions. 

 

Upper limbs improve first, probably reflecting topographical organization on the striatum  

 

A recent study has shed light on the onset of motor symptoms in Parkinson's disease 

(PD). It suggests that these symptoms tend to manifest in the upper limbs initially. This 

may be attributed to either a preferential loss of nigrostriatal dopaminergic terminals in 

the upper limb area or a lower threshold for the upper limbs to exhibit symptoms in 

response to dopaminergic depletion.426 Higher specialization and precision are needed for 

hand movement,427,428 which implies not only a larger homunculus representation at the 

putaminal level, but also a higher dependence for DA.426,429,430 It is conceivable that the 

greater degree of neuronal connectivity and dopaminergic activity in the upper limbs could 

result in heightened levels of glutamatergic transmission or increased neuroinflammation 

and neurotoxicity. These factors may provide a plausible explanation for the observed 

"upper-limb first" phenomenon in the onset of motor symptoms.429–432  
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The observed response during a Levodopa Challenge Test (LCT) primarily reflects 

the Short-Duration Response (SDR) to levodopa. This phenomenon is characterized by its 

abrupt onset and the substantial magnitude of the response.113,433,434 It is established that 

as dopamine levels decline and the severity of degeneration increases, the magnitude of 

the SDR also increases. This phenomenon becomes a significant marker of disease severity 

in Parkinson's disease.433,434 Accordingly, a significant correlation between symptom 

severity and motor response latency, magnitude, and duration has been reported.113 

Likewise, greater and earlier motor responses occur for the corresponding most affected 

side.423  As such, it is possible for the higher degree of denervation in the upper limb area 

to explain the earlier and potentially supraphysiologic response of upper limbs to LD.  

This apparently higher sensitivity of the upper limbs to LD modulation, with high 

magnitude of change upon treatment (Figure 4), may make them a preferential target to 

monitor motor response to LD and, consequently, motor fluctuations.  Motor fluctuations 

are typically evaluated based on clinical history and self-reports, both of which are 

associated with significant and well-known limitations. The use of wearable devices, 

enabling objective and semi-automated tracking of motor transitions between medication 

states, presents an opportunity for enhancing the routine assessment of motor 

fluctuations. 416 

However, it should be noted, that SDR is a function of disease severity, becoming 

particularly marked in advanced, fluctuating PD-patients, as the ones represented in our 

cohort. Accordingly, PD patients in early or late-disease stages, where dopamine sensitivity 

is known to be decreased 413,435,may have a more blunted response to LD with consequently 

less marked transitions between medication states.  

 

Not all gait metrics change with LD 

 Gait features related to rhythmicity, variability, asymmetry, smoothness, and 

dynamic gait stability did not exhibit significant modulation in response to levodopa (LD), 

as depicted in Supplementary Figure S1. This limitation is particularly relevant as it 

underscores issues that should be addressed, especially considering the increasing 
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association of these features with a higher risk of falls and freezing events in both the 

elderly and Parkinson's disease (PD) populations.152,159,160,436–438 As such, interventions 

capable of addressing these ought to be invested in. Here, circuits other than the 

dopaminergic ones have been pinpointed as responsible for axial symptoms,439 with 

acetylcholine and norepinephrine likely involved in balance and gait control.437,439–441 With 

pace metrics being associated with the classical cardinal LD-responsive signs of PD,442 such 

discrepancies are likely to reflect a differential involvement of brain networks across 

movement dimensions, with some more dopaminergic and responsive to LD and others are 

non-dopaminergic and non-responsive to LD.440,441 

 Understanding the effect of DBS on these non-responsive domains may contribute 

to a better understanding of the physiopathology of gait dysfunction.  

 

PD gait can only be partially rescued to a “normal” phenotype 

In this study, the gait of PD patients in their OFF state exhibited characteristics such 

as slower pace, shorter steps and strides, longer stance times, and less time spent in a 

single support phase when compared to HC.  Additionally, shorter range of motion (ROM) 

and slower movement velocity were noted for most upper and lower limb features in PD 

patients, aligning with findings from prior studies.150,151,403,406 PD patients were observed 

to have lower harmonic ratios in both the vertical and antero-posterior planes. This 

observation may suggest a loss of gait smoothness, which could potentially increase the 

risk of falls in this population. 159  

LD was found to bring about improvements in most spatiotemporal and angular features 

of gait that were significantly different between PD patients in their OFF state and healthy 

controls HC. This finding contrasts with previous studies, and it is likely attributed to the 

utilization of a supra-threshold LD dose in this study, which may have been lacking in the 

later studies.152,403,406  

  In this study, a supra-physiologic response was observed for specific features, 

particularly those related to the upper arms. This observation leads us to believe that this 

supra-physiologic response likely reflects the presence of dyskinesia, which further 
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reinforces the concept of a heightened susceptibility of the upper limbs to dopamine 

denervation and replenishment.426 

While most individual gait features were not significantly different between HC and 

PD patients in their Best-ON state, most gait features of PD patients remained different 

from what’s observed among HC. In general, PD patients in their Best-ON state tended to 

reach an “intermediate” state between their OFF state and that of the matched HC. Such 

alterations reflect that the PD gait deficits can indeed be rescued at many different levels 

(to a variable extent) but that a PD patient, even with a clinical score similar to that of a 

matched HC still presents detectable deficits at multiple levels. This suggests that PD 

patients may still face challenges in effectively coordinating various gait domains, possibly 

indicative of alterations in non-dopaminergic pathways.440,441  

 

Study Limitations  

 The limited size of the described cohort together with the substantial interpatient 

variability certainly limits the statistical power of the study, leaving ample room for 

discovery in future with larger studies on similar populations. Future studies should benefit 

from not only larger cohorts, but also from repeated sampling for the same patient (i.e., 

repeating the evaluation a multiple point in time). Furthermore, it is important to note that 

the presented cohort consists of a highly specific subset of PD patients. We deliberately 

selected this particular group due to their typically more pronounced motor response to 

LD. Nevertheless, investigating the response to LD in different populations, including early 

and late-stage PD patients, could yield valuable insights into the progression of 

dopaminergic sensitivity over the course of the disease. 
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Conclusion 
 
  Gait features exhibit varying degrees of responsiveness to LD, with the upper limbs 

demonstrating earlier response compared to the lower limbs, as shown in Figure 5.5. This 

discrepancy may arise from differing levels of degeneration within the topographic striatum 

organization or variations in dopamine depletion. Wearable sensor-based 3D kinematics is 

adept at detecting responses to LD ahead of the MDS-UPDRS, offering a level of granularity 

that cannot be attained with the MDS-UPDRS alone. Consequently, IMUs provide a higher 

level of detail for monitoring disease progression, gauging therapy responsiveness, and 

identifying potential therapeutic targets. 
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Chapter VI: The effect of Levodopa and Stimulation on 
post-surgery Freezing of Gait in STN-DBS Parkinson's 
Disease patients: a clinical and kinematic analysis 

 

In this chapter, the research work was developed under Aim 3, to identify the role 

of stimulation and LD in freezing of gait in PD STN-DBS patients, and the Aim 2, exploring 

the role of objective gait analysis using 3D-kinematics for gait and FOG assessment in 

STN-DBS PD patients. 
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Background 
 

Freezing of gait (FOG) is characterized by a sudden and transient reduction in the 

forward progression of the feet despite the intention to walk122,172,192,194,443. This prevalent 

and debilitating motor symptom in Parkinson's disease (PD) significantly impairs the quality 

of life, elevates fall risk, and contributes to increased disability. 444 

While subthalamic nucleus deep brain stimulation (STN-DBS) has demonstrated 

noteworthy benefits in improving appendicular symptoms, its impact on axial symptoms, 

including  FOG, appears to diminish over the long-term follow-up. 127,303,327,336Regarding 

FOG, despite an initial benefit observed in the  first years post-surgery, with stimulation 

effectively mimicking the preoperative effects of dopaminergic medication, this positive 

effect progressively diminishes.  127,301–303,306,327,336  Consequently, FOG emerges in the best 

functional state (Medication ON and Stimulation ON), despite the initial pre-surgery good 

response to dopaminergic medication.339,445,446 

The etiology of FOG emerging in the best-functional state after surgery remains 

unclear. It has been hypothesized that this phenomenon reflects disease progression with 

affection of nondopaminergic pathways, leading to a loss of levodopa (LD) and stimulation 

responses.127,447 Alternatively, suboptimal targeting448–450, stimulation-induced 

effects339,341, structural brain lesions due to electrode placement, or inadequate stimulation 

settings or LD dose, have also been proposed as mechanisms for post-surgery best-

functional state FOG.127 

Other stimulation paradigms, including Low-frequency stimulation (LFS), have been 

suggested as a potential strategy to ameliorate FOG339–343,451, but the use of patient-

reported questionnaires limit the proper assessment of FOG. 347,452,453 Given the 

paroxysmal nature and the different phenotypes of FOG, subjective metrics may not be 

sufficient to capture all phenomenological complexity and particularly differential 

modulation by therapy.132,133,208 To address these challenges, integrating unbiased 

assessment tools (kinematic analysis and wearable sensors) for gait analysis becomes 

crucial.208  
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In the current study we used clinical and inertial-sensor based tools to study FOG 

and FOG response to stimulation and medication, in advanced PD patients submitted to 

STN-DBS. We focused our study on patients that present FOG in the best functional state 

(Medication ON/Stimulation ON), a major clinical problem in DBS clinics. We expanded our 

main objective by performing multiple assessments to assess individual responses of FOG 

to medication, high-frequency (130 Hz) and energy matched low-frequency (60 Hz) 

stimulation and developing a machine-learning powered classifier of FOG that allowed us 

to identify kinematic variables related to FOG across conditions, potentially informative in 

future studies. 

 

Methods 
 

Objective and study design 

A cross-sectional and unblinded study assessing the effect of levodopa and 

stimulation in FOG emerging after STN-DBS, in five different experimental conditions (see 

below); 

Primary Outcome: the difference in the number of FOG episodes between Med 

OFF/Stim OFF and Med ON/Stim ON 130 Hz conditions. 

Study Population 

We reviewed the electronical medical records off all PD patients operated at our 

center since the beginning of the DBS program (2006), to identify those with Med On/Stim 

ON FOG. The presence of FOG was defined by a score  ≥ 2 on item 3.11 (freezing) of the 

MDS-UPDRS part III on the Med ON/Stim ON state. FOG was considered only after 6 

months into the post-surgical period, as we considered 6 months the time required for 

treatment stabilization. We called into clinic for assessment those still alive and available 

for evaluation. Patients unable to walk without ambulatory aids in the Med ON/Stim ON 

state, and those with severe osteo-articular or other non-neurological issues affecting gait, 

were excluded. All patients had been selected for surgery according to the CAPSIT-PD 

protocol, and none had levodopa-resistant axial signs before surgery during best ON state. 

DBS surgery followed standard stereotactic techniques, and postoperative neuroimaging 
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confirmed lead position. DBS programming parameters were optimized regularly by a 

movement disorders specialist. 

Clinical Evaluation  

Clinical evaluations were conducted under five different conditions  following a pre-

determined order: 1) Medication OFF/Stimulation ON (Med OFF/Stim ON),, 2) Medication 

OFF/Stimulation OFF (Med OFF/Stim OFF) 3) Medication ON/Stimulation OFF (Med ON/ 

Stim OFF), 4) Medication ON/Stimulation ON at 130 Hz High-frequency stimulation (Med 

ON/Stim ON HFS), and 5) Medication ON/Stimulation ON at 60 Hz Low-frequency 

stimulation (Med ON/Stim ON LFS).  

The full assessment lasted approximately 4 hours in a single morning session. 

Patients were evaluated on the "practical OFF drug" condition after 12 hours of medication 

withdrawal. A levodopa challenge test (LCT) was performed using the same dose of LD as 

used on the pre-surgery LCT. The Stim ON condition used the stimulation settings that had 

shown the best clinical results over the previous 6 months for each patient, while we 

adjusted the total energy delivered when testing LFS according to the total electrical energy 

delivered (TEED) formula: TEED (1 second) = voltage2 X frequency x pulse 

width/impedance).309,339. No patient was on LFS at the time of evaluation. A 30-minute 

interval was maintained between frequency changes and after stimulation arrest.  

Motor evaluations using the MDS-UPDRS part III220 , gait/axial sub-score (MDS-

UPDRS part III items 3.9-3.12)220, non-gait/axial sub-score (MDS-UPDRS III – gait/axial 

sub-score), Hoehn and Yahr scale412 and the Stand-Walk and Sit test (SWS-test)339 were 

performed on each of the five conditions. The SWS test is a standardized, timed test where 

subjects walk a 14-meter distance between sitting and standing. The overall duration of 

the test (time to walk 14 meters, SWS time) and the number of FOG episodes (#FOG 

episodes) were recorded. FOG was defined as a transient incapacity to move forward, 

despite the intention to walk, including both akinetic and "trembling in place" forms.173,192 

Patients performed the SWS test three times, and the data was averaged. 

We defined responsiveness to LD and stimulation as any decrease on the number 

of FOG episodes in the SWS (i.e, a clinical improvement). Accordingly, patients who 
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worsened or had no change with LD or stimulation were classified as LD-resistant or 

stimulation-resistant, respectively.  

 

Imaging procedures - Electrode reconstruction and localization 

To ensure electrode placement across subjects, we reconstructed the DBS electrodes of all 

patients whose neuroimaging data was possible to retrospectively retrieve (n=11). This 

was performed through the advanced processing pipeline in Lead-DBS454. For each patient, 

a post-operative CT scan was linearly coregistered to a pre-operative structural MRI (T1w), 

and then transformed into the ICBM 2009b NLIN asymmetric MNI space455 both using 

Advanced Normalization Tools456. A brainshift correction was employed and electrode 

trajectories were reconstructed automatically using the PaCER algorithm457, following 

manual readjustments. Group visualization was performed using Lead Group with the 

DISTAL Atlas segmentation458. 

 

Development of an inertial sensor-based classifier for FOG 

We used data collected from previous studies 381 to develop a model for automatic 

detection of FOG. In summary, 20 PD patients (freezers and non-freezers) wearing seven 

wearable sensors (inertial measurement units, IMUs) fixed to different body parts 

performed a self-paced gait task. 180° degrees turns were removed from the analysis 

leaving only straight-line walking. Clinical annotation of FOG episodes (presence and 

duration) was made by a PD expert clinician (RB) based on video recordings. 

Each IMU consisted of a tri-axial accelerometer, a gyroscope and a magnetometer 

(Xsens Technologies, Enschede, The Netherlands), that was fixed to a patient’s body using 

a Velcro elastic band. The inertial sensors were positioned in pelvis, right and left thighs, 

legs and feet. We used the raw signal collected by the IMUs and applied a supervised 

learning methodology on labelled data. This strategy trained a model to distinguish 

between different labels: FOG and non-FOG.  
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Continuous IMU data was processed into a one-second dataset, in which all 9 

dimensions were splitted into non-overlapping sequential 1-second slices, each of which 

corresponds to 100 time-points, given the collection rate of 100Hz. Additionally, each 

resulting slice was then associated with the clinician label of belonging to a FOG episode 

or not. Considering the continuous nature of sensor data, an algorithm for identifying FOG 

events was envisaged as a time series (TS) classification problem. Deep learning (DL) has 

been increasingly used in the TS area, especially for multivariate time series problems.459 

Convolutional Neural Network (CNN) based architecture was used to build a FOG detection 

model, consisting of three sequential convolution modules  460 .The model was built in 13 

patients and 7 were used to test the model on unseen data. FOG % was main output of 

the model, reporting to the percentage of FOG presenting during straight gait.  

Wearable sensor-based gait analysis: 

During the SWS test, patients wore the same seven sensors as previously described 

in the same locations (pelvis, right and left thighs, legs and feet), during each of the five 

stimulation/medication conditions. The data collected from the IMUs were processed using 

the KINETIKOS (Coimbra, Portugal) cloud-based platform to reconstruct each subject's 

body motion using a 3D kinematic biomechanical model. Each trial out of the 3 SWS trials 

were individually computed and results were averaged. A final dataset consisted of 30 

variables organized into 4 domains (spaciotemporal, asymmetry, variability, and non-

linear metrics) selected based on their relevance in the literature (Table 4.1). For 

spatiotemporal features measured on both sides of the body, the “worst-side” score was 

selected based on clinical assessment. For spatiotemporal variables, coefficients of 

variation (e.g. standard deviation of variable X score / mean of variable X score) and 

asymmetries [(variable X score on the right side – variable X score on the left side) / 

(variable X score on the right side + variable X score on the left side)] were calculated.  

Statistical Analysis 

The primary outcome of the study was the difference in the number of FOG episodes 

between Med OFF/Stim OFF and Med ON/Stim ON 130 Hz conditions. Secondary outcomes 
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were: a) the change in the number of FOG episodes between the MedOFF/StimOFF and 

MedON/StimOFF and MedOFF/StimON condition; b) the differences in the number of FOG 

episodes between 130Hz and 60 HZ conditions c) the association between the automatic 

detection of FOG and FOG assessed by clinical gait metrics. Exploratory analysis were 

performed to dissect kinematic dimensions related to FOG. 

The statistical analysis was conducted in alignment with the prespecified hypothesis 

defined in our primary and secondary outcomes. This was done to mitigate the risk of Type 

II errors. Summary statistics were presented as mean (± SD) and median (IQR). To 

compare groups, paired non-parametric statistics were used (Wilcoxon signed rank test for 

comparisons of 2 groups and Friedman test for more than 2 groups with corrections to 

multiple comparisons performed using Dunn’s test). Spearman correlation was used to 

assess the association between kinematic and clinical variables. A Principal Component 

Analysis (PCA) used a dimensionality reduction method on the individual gait metrics to 

facilitate interpretation of data. Significance level was set at 0.05. Data processing was 

conducted using Matlab R2021a, Python 3.8 and R 4.2.2. Statistical analysis used 

Graphpad Prism 10.1.1.  
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Results 
 

A total of 17 PD patients were included in the study: 71% male, disease onset at 

51.9 ± 5.9 years and age at bilateral STN-DBS 62.2 ± 5.9 years. Patients were evaluated 

7.7 ± 4.6 years after surgery, at a time where mean age and disease duration were 69.9 

± 6.2 and 17.9 ± 5.1 years, respectively. (Table 6.1). FOG emerged on average 24.1 ± 

2.11 months after surgery. Before surgery, none of the patients presented severe gait or 

FOG in their Best ON state (scores 0.6 ± 0.6 of item 3.10 and 0.4 ± 0.4 of item 3.11, 

during pre-DBS LCT). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Data are expressed as percentage or mean and standard deviation as appropriate. Abbrev: Yrs, years; FoG, 

freezing of gait; DBS, Deep brain stimulation; MDS UPDRS, Movement Disorder Society Unified Parkinson’s 

Disease Rating Scale; LEDD, Levodopa Equivalent Daily dose; LCT, levodopa challenge test; * n=16 **n=9 ***  

 

 

Table 6.1: Clinical and demographic characteristics 

Sex: male 12 (70%) 
Age disease onset, yrs 51.9 ± 5.9 
Age at surgery, yrs 62.2 ±  5.9 
Disease duration at surgery, yrs 11.59 ± 3.1 
Time-to-FoG (months) 24.1± 21.1 
Age at evaluation (yrs) 24.1± 21.1 
Disease duration at study inclusion (yrs) 17.9 ± 5.1 
DBS duration at study inclusion (yrs) 7.7 ± 4.6 
MDS UPDRS OFF pre-op* 51.3 ± 14.3 
MDS UPDRS ON pre-op* 23.5 ± 11.3 
Item 3.10 OFF pre-op* 1.4 ± 1.5 
Item 3.11 OFF pre-op** 2.0 ± 2.0 
Item 3.10 ON pre-op* 0.6 ± 0.6 
Item 3.11 ON pre-op* 0.4 ± 0.4 
LEDD pre-op (mg) 1298.8 ± 453.1 
LEDD at study inclusion (mg) 838 ± 453.1 
LD dose LCT (mg) (pre-op) 433.1 ± 137.5 
LD dose LCT (mg) (at study inclusion) 433.1 ± 137.5 
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Figure 6.1 – Combined 

medication and stimulation 

lead to symptomatic 

improvement in axial and non-

axial motor symptoms in the 

long term. A) Post surgery 

evaluation of the MDS-UPDRS 

III score and axial subscore in 

Best functional state 

(Medication On/Stimulation 

ON) and in the OFF state, 

higher scores indicate higher 

severity of motor symptoms 

B) During the SWS test, 

patients were asked to stand 

from a chair, walk 7 meters, 

do an half turn, walk back 7 

meters and sit. Number of 

FOG episodes and gait time 

during the test were 

registered (left); Post surgery 

evaluation of the #FOG 

episodes and the SWS time in 

Best functional state 

(Medication On/Stimulation 

ON) and in the OFF state, 

higher scores indicate higher 

severity of motor 

symptoms( right)  C) 

Comparison between the 

MDS-UPDRS III score and the 

axial subscore at the pre-

surgery evaluation and at the 

current post-surgery 

evaluation. A significant 

progression of motor 

symptoms in the OFF and Best 

ON state is observed. Axial 

subscore, sum of items 3,9-

3,12; MED+STIM, medication ON/stimulation ON; OFF, medicationOFF/stimulation OFF; #FOG epsiodes: number 

of FOG episodes during the Stand-Walk and Sit test; SWS Time: time to complete the Stand-Walk-Sit test; OFF 

pre-op, OFF medication at the pre-surgery evaluation; OFF follow-up, Medication OFF/stimulation OFF at the 

current evaluation; ON pre-op, Medication ON state at the pre-surgery evaluation; MED+STIM, medication 

ON/Stimulation ON state at the current evaluation; *, p<0.05; ***, p≤0,00 
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Using the same dose of levodopa, the MDS-UPDRS III improvement upon the LCT 

was significantly lower when compared with the baseline assessment (20.1 ± 13.4% vs 

56.1 ± 14.0%, p = 0.001). A similar result was found for the axial sub-score of MDS-

UPDRS part III (19 ± 37% vs 78 ± 21% vs, p < 0.001). Total MDS-UPDRS part III score, 

in both OFF and ON state, were significantly worse compared with pre-surgery evaluation. 

(Figure 6.1, Table 6.1). Stimulation parameters at the time of the study are shown in 

Table 6.2 and, in patients whose reconstruction was possible, no electrode was found to 

be misplaced (Figure 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2 - Stimulation parameters at study inclusion (n=17) 

 Right STN Left STN 
Stimulation Mode   
    Monopolar 94.4% (16) 88.2% (15) 
    Bipolar 5.9% (1) 11.8% (2) 
Contacts   
    0 11.8% (2) 0% (0) 
    1 35.3% (6)* 41.2% (7)* 
    2 35.3% (6)* 52.9% (9) 
    3 17.6% (3) 11.8% (2) 
Voltage (mV) 3.0 ± 0 2.1 ± 1.3 
Pulse width (µs) 61.3 ± 7.8 61.3 ± 7.8 
Frequency (Hz) 128.4 ± 17.7 128.4 ± 17.7 

Data are expressed as percentage or mean and standard deviation as appropriate. Abbrev: STN, Subthalamic 

nucleus; mV, millivolts; µs, microseconds; Hz,Hertz 
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1 – FOG assessment in Med OFF/Stim OFF vs Med ON/Stim ON 

 

The number of FOG episodes was significantly reduced in the MedON/StimON 

condition when compared with the MedOFF/StimOFF (6.3 ± 7.9 vs 17.4 ± 15.7, p < 0.001, 

Figure 6.1A) paired with the reduction in the SWS time (76.5 ± 54.0 vs 239.5 ± 198.0 p 

= 0.004, Figure 6.1B). A similar finding was observed for the total MDS-UPDRS score 

(62.0 ± 9.9 vs 38.6 ± 8.5, p = 0.003), axial sub-score (9.8 ± 3.8: 7.4 ± 4.4, p = 0.0247), 

FOG (3.4 ± 0.8 vs 2.0 ± 1.4, p=0.007) and postural instability (1.9 ± 1.5 vs 0.6 ± 1.1, 

p= 0.011) scores. (Figure 6.1, Table 6.3, Supplementary Table S6.1)    

 

 
 
 
 

Figure 6.2 : Reconstruction of DBS electrodes (11/17 patients). DBS electrode reconstruction 

confirmed a similar placement within the subthalamic nucleus (STN) for all eleven patients assessed.  Mean 

MNI coordinate of the right electrode’s most ventral/distal contact:  x: 10.98 ± 1.40 mm; y: -14.44 ± 1.11 

mm; z: -9.26 ± 1.03 mm; Mean MNI coordinate of the left electrode’s most ventral/distal contact:  x: -11.04 

± 1.63 mm; y: -14.51 ± 1.22 mm; z: -8.85 ± 1.29 mm 
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Data are expressed as mean and standard deviation. Abbrev: MDS UPDRS, Movement Disorders Society Unified 

Parkinson's Disease Rating Scale; SWS, Stand-Walk sit test; FOG, freezing of gait; H&Y, Hoehn and Yahr Scale; 

AIMS, Abnormal Involuntary Movement Scale; MedOFF-StimOFF, Medication OFF-Stimulation OFF; MedOFF-

StimON, Medication OFF-Stimulation ON; MedON-StimOFF, Medication ON-Stimulation OFF; MedON-StimON 130 

Hz, Medication ON-Stimulation ON 130 Hz; MedON-StimON 60 Hz, Medication ON-Stimulation ON 60 Hz 

 

 

2 - Assessing individual effect of stimulation and LD on FOG  

 

2.1 Improvement at the #FOG episodes with both stimulation and medication at a cohort 

level 

We found that either stimulation or LD (Med OFF/Stim ON or Med ON/ Stim OFF) 

significantly reduced the total MDS-UPDRS part III score (Med OFF/Stim OFF: 62.0 ± 9.9; 

Med OFF/Stim ON 45.91 ± 8.6; Med ON/Stim OFF: 49.353 ± 10.451, p<0.0001, Figure 

6.3A). This was paired with a significant reduction in the #FOG episodes with any strategy 

(Med OFF/Stim OFF: 17.395 ± 15.710; Med OFF/Stim ON: 11.235 ± 13.022; Med ON/Stim 

OFF: 9.279 ± 7.506, Figure 6.3B) in line with the observations of SWS time (Figure 

6.3C). In fact, a strong correlation between the number of FOG episodes and SWS time 

was observed across all condition (Figure 6.3D).  

Table 6.3– Clinical variables on study (mean & SD) 

Variable  MedOFF 
StimOFF 

MedOFF 
StimON  

MedON 
StimOFF 

MedON 
ON130Hz 

MedON 
ON60Hz 

MDS-UPDRS part III 62.0 ± 9.8 45.9 ± 8.6 49.4 ± 10.5 38.6 ± 8.5 40.7 ± 9.6 

MDS-UPDRS Axial score 9.8 ± 3.8 7.6 ± 3.5 8.3 ± 3.5 7.4 ± 4.4 5.6 ± 2.6 

MDS-UPDRS Non-Axial 
score 52.2 ± 8.5 38.3 ± 8.7 41.0 ± 8.7 31.2 ±7.3 35.1 ± 8.7 

Item 3.10 2.6 ± 0.7 2.4 ± 0.4 2.6 ± 0.7 2.4 ± 0.6 2.0 ± 0.4 

Item 3.11 3.4 ± 0.8 2.5 ± 1.5 3.0 ± 1.2 2.4 ± 1.1 2.0 ± 1.4 

Item 3.12 1.9 ± 1.5 1.1 ± 1.5 1.2 ± 1.6 1.1 ± 1.6 0.6 ± 1.1 

SWS time (s)  239.5 ± 198.0 152.5 ± 151.2 143.5 ± 112.8 76.5 ± 54.0 71.8 ± 54.2 

SWS nº FOG events 17.4 ± 15.7 11.2 ± 13.0 9.3 ± 7.5 6.3 ± 7.9 5.1 ± 8.3 

H&Y 3.0 ± 1.1 2.6 ± 0.9 2.7 ± 1.1 2.5 ± 0.9 2.2 ± 0.9 

AIMS 4.1 ± 7.9 3.6 ± 6.9 9.2 ± 9.4 10.0 ±  12.9 12.2 ± 13.0 
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 A high heterogeneity of responses on #FOG episodes was observed with either 

stimulation (maximum worsening of 287% and maximum improvement of 100%) or 

medication (minimum worsening of -600% and improvement of 94.12%). However, an 

average improvement of 75.5 ± 16.7 % was obtainable with at least one therapeutic 

intervention (MED-only or STIM-only) (Figure 6.3E). The magnitude of this improvement 

was not related to the severity of FOG (#FOG episodes) in the Med OFF/Stim OFF condition, 

excluding a floor or ceiling effect (r=-0.11, p=0.67, Figure 6.3F).  

Medication or stimulation also significantly improved non-axial MDS-UPDRS 

subscores (Figure 6.3H), whilst reduction in axial subscores only achieved statistical 

significance on the MedOFF/StimON condition (Figure 6.3G). Abnormal involuntary 

movements were significantly increase with Levodopa, but not with Stimulation (Figure 

6.3I). Detailed description of clinical metrics can be found in Table 6.3.  

Although there was always at least one condition where FOG improved (Figures 

6.3B and 6.3E), an increase in the number of FOG episodes under stimulation was 

observed in 3 (17.7%) patients whose freezing improved with medication whilst 5 patients 

(29.4%) worsened their freezing with Levodopa but were rescued by stimulation (Figure 

6.3J-I). These observations motivated a better description of these groups.  
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Figure 6.3 – Objective motor 
assessments reveal intra-
individual variability in the 
FOG responses to Levodopa or 
DBS. A) MDS-UPDRS III score B) 
number of FOG episodes C) and 
SWS time  in the OFF, medication 
only, stimulation only conditions 
are depicted. While a significant 
modulation in relation to the OFF 
state is seen, no difference 
emerges between medication and 
stimulation responses. D) SWS 
times and #FOG epsiodes these 
variables are significantly 
correlated across conditions E) 
Maximal possible improvement 
from the baseline OFF state 
regarding the number of FOG 
episodes. It is possible to 
significantly reduce the number 
of FOG episodes considering at 
least one of the manipulations. 
Heterogeneity of responses in 
stimulation or medication are 
evident. F) There is no 
association between the number 
of FOG episodes in the OFF state 
and the percentage of 
improvement. these variables are 
significantly correlated across 
conditions. G) MDS-UPDRS axial 
subscore H) non-axial subscore I) 
and AIMS score in the OFF, 
medication only, stimulation only 
conditions. J) Using the number 
of FOG episodes as outcome, 
distribution of patients according 
to their response to LD and 
stimulation K) Degree of FOG 
improvement from the baseline 
OFF conditions in the different 
subgroups of patients. SWS test, 
stand walk and sit test; OFF, 

medicationOFF/stimulationOFF, 
medication only, 
medicationON/stimulation OFF; 
stimulation only, 

medicationOFF/stimulationON; 
#FOG, number of FOG episodes; 
Worse with Med, failure to 
improve >10% or worsening on 
the number of FOG episodes from 
the OFF conditions to the 
medication only condition; Worse 
with Stim, failure to improve 
>10% or worsening on the 
number of FOG episodes from the 
OFF conditions to the stimulation 
only condition; improvement with 
MED&STIM, decrease on >10% 
on the number of FOG episodes 
with both medication and 
stimulation; *, p<0.05; **, 
p≤0,01; ***, p≤0,001 
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2.2 Exploring the differential responses of FOG to LD and Stimulation at an individual level 

In the five patients presenting a LD-resistant FOG a significant effect of LD on MDS-

UPDRS non-axial score was seen (Figure 6.4A) excluding ineffective intake as a cause. 

The #FOG episodes was significantly lower in the MedOFF/StimON that in the 

MedON/StimOFF condition (1.8 ± 2.4 vs 15.8 ± 6.8, p=0.003) supporting that there was 

the possibility to recover FOG in these patients (Figure 6.4A, left). Interestingly, when 

these patients were evaluated in the MedON/StimON condition, the addition of medication 

to the effective stimulation led to a trend in the increase of #FOG episodes (Figure 6.5A, 

Left) reinforcing a possibly deleterious effect of LD in FOG in a subgroup of patients. A 

similar pattern is observed on MDS-UPDRS III axial score, with stimulation significantly 

reversing the worsening induced by LD (MedOFF/StimOFF: 7.8 ± 4.8; MedON/StimOFF: 

9.6 ± 3.9; MedOFF/StimON : 6.2 ± 4.4, p=0.0278) (Figure 6.4A, Figure 6.5C, left). The 

improvement on non-axial MDS-UPDRS III seen with stimulation or medication (Figure 

6.4A, mid-left) was improved even more in the ON/ON condition (Figure 6.5B, Left). This 

supports a pathophysiological dissociation between FOG and other motor symptoms. 

On the STIM-resistant subgroup, stimulation induced an increase on the #FOG 

episodes, when compared to medication (MedOFF/SimOFF: 13.61 ± 6.73; 

MedON/StimOFF: 4.55 ± 2.86; MedOFF/StimON : 26.00 ± 11.53, p=0.0278, Figure 6.4B, 

left), supporting again that FOG rescue was possible. In this group, although the 

comparisons are limited by the low patient number, both LD and stimulation, resulted on 

a non-significant reduction on non-axial subscore (MedOFF/StimOFF: 55.0 ± 6.1; ON/OFF: 

44.00 ± 10.82; OFF/ON: 42.67 ± 8.50, p=0.194 (Figure 6.4B), but also a trend for an 

addictive effect of both therapies in this specific outcome is observed (Figure 6.5B, 

middle). Adding the effects of LD to stimulation completely rescued the lack of FOG 

response (Figure 6.5B, middle). 

In the largest group that presented a FOG response with both strategies, this was 

broadly seen across all motor domains (Figure 6.4C).  
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Importantly, the different responses patterns were not related to the severity of motor 

symptoms in the baseline (OFF/OFF) state (Figure 6.4D). Detailed description of these 

groups can be found in Supplementary Table S6.2, S6.3, S6.4.  

  

Figure 6.4: Clinical 

assessment of patients 

according to the profiles of 

FOG responses. Number of FOG 

episodes, MDS-UPDRS non-axial 

score, MDS-UPDRS axial score 

and AIMS score in the subgroup of 

patients A) who worsened with 

medication and improved with 

stimulation B) who worsened with 

stimulation and improved with 

medication C) who improved with 

both stimulation and medication. 

D) Depiction of the number of 

FOG episodes; MDS-UPDRS III 

nonaxial subscore, axial subscore 

and AIMS score in the OFF/OFF 

condition and their distribution 

across the different subgroups of 

patients. No significant 

differences were identified. 

OFF/OFF, 

medicationOFF/stimulationOFF, 

ON/OFF, 

medicationON/stimulation OFF; 

OFF/ON, 

medicationOFF/stimulationON; 

#FOG, number of FOG episodes; 

Worse with Med, failure to 

improve >10% or worsening on 

the number of FOG episodes from 

the OFF conditions to the 

medication only condition; Worse 

with Stim, failure to improve 

>10% or worsening on the 

number of FOG episodes from the 

OFF conditions to the stimulation 

only condition; improvement with 

MED&STIM, decrease on >10% 

on the number of FOG episodes with both medication and stimulation; *, p<0.05; **, p≤0,01; ***, p≤0,001 
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Figure 6.5: #FOG episodes (A) MDS-UPDRS III non axial score (B) MDS-UPDRS III axial score (c) and AIMS 

scores (D) per condition and per subgroup of patients, where each colour represent a different subgroup of 

patient: Patients worsening with medication are depicted in blue (left), patients worsening under stimulation are 

depicted in orange (middle) and patients improving under both stimulation and medication are depicted in yellow 

(right): #FOG episodes, number of FOG episodes; MED only, Medication ON/Stimulation OFF; STIM only, 

Medication OFF/Stimulation ON;Med+Stim.MedicationON/StimulationON 130HZ; * p<0.05, ** p<0.01; 

***p>0.001 
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3 - The role of HFS and LFS on FOG  

As previously described, combined stimulation and LD resulted in a significant 

decrease in the number of FOG episodes. Globally, the number of FOG episodes (HFS: 6.32 

± 7.91; LFS: 5.08 ± 8.26, p=0.410) and SWS time (HFS: 76.52 ± 54.03; LFS: 71.84 ± 

54.23, p=0.836) were not significantly different between the HFS and LFS conditions 

(Figure 6.6A and 6.6B). On the contrary, the effects on MDS-UPDRS non-axial and axial 

sub-scores, were distinct. While HFS was associated to significantly better non-axial scores 

(HFS: 31.18 ±7.27 ; LFS: 35.12 ±8.75, p= 0.004, Figure 6.6C), axial scores were 

significantly better with LFS (HFS: 7.41 ± 4.36; LFS: 5.59 ± 2.57, p=0.004, Figure 6.6D) 

without any significant change in the AIMS score (Figure 6.6E).  

Again, an important variability between patients in their response to different 

frequencies of stimulation was observed (Figure 6.6F): in 58.8% of the patients, LFS was 

superior to HFS in reducing the number of FOG episodes (Figure 6.6G), with a decrease 

in axial MDS-UPDRS sub-score (Figure 6.6I) and a trend for an increase in non-axial MDS-

UPDRS score (Figure 6.6J). By contrast, 25.5% of patients had a better FOG response to 

HFS condition compared to LFS (Figure 6.6F-J). Detailed description of these groups can 

be found in Table 6.3 and Supplementary Table S1. 
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Figure 6.6: Comparison of Clinical responses to High and Low Frequency stimulation (matched for the 

total energy delivered). A) Left: #FOG episodes observed in the all cohort at ON/ON 130Hz and ON/ON 60 Hz 

are not significantly different. Right: Maximum possible improvement and observed improvement in these 2 

conditions. B) SWS test results in seconds at ON/ON 130Hz and ON/ON 60 Hz C) MDS-UPDRS III non-axial score 

is lower in HFS and D) MDS-UPDRS III axial score is lower in LFS. E) No difference in the and AIMS scores 

observed at ON/ON 130Hz and ON/ON 60 Hz. F) Representation of patient distribution regarding their response 

to the different frequency conditions. G) Distribution of #FOG events H) MDS-UPDRS III non axial score I) MDS-

UPDRS III axial score J) and AIMS score across the different subgroups of patients at both 130Hz and 60Hz 

condition. ON/ON 130 Hz, MedicationON/Stimulation ON 130 Hz; ON/ON 60Hz, MedicationON/StimulationON 60 

Hz; #FOG, number of FOG episodes; SWS time, gait time during the SWS test,  *, p<0.05;**, p≤0,01 

 

4- Using IMU-based approaches to study gait and FOG 

4.1 Identification of FOG and kinematic features related with FOG 

Using a Convolutional neural network (CNN) in an independent group of 21 PD 

patients, a model for automatic quantification of the percentage of FOG during straight gait 

(% FOG) was developed. This detection was not based on specific gait variables, but on 

the analysis of the inertial sensor signal (Figure 6.7 A-D) and had a good specificity and 

sensitivity for freezing detection compared to clinical assessment (Figure 6.7-E). 
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The % FOG significantly decreased from Med OFF/Stim OFF to Med ON/Stim ON 

condition (61.51% ± 9.99 vs 24.43% ± 24.43, p=0.0128) (Figure 6.7F left). The number 

of FOG episodes and the SWS time significantly correlated with the %FOG detected by 

IMUs across conditions (Figure 6.7F right, details on correlations can be found in Table 

6.7). Significant correlation between the %FOG and individual kinematic gait metrics were 

found across conditions (Figure 6.7G, details on correlations can be found in Table 6.8) 

with metrics related to gait variability having the strongest correlations with FOG. 

As power was very limited to perform comprehensible analysis, dimension reduction 

was performed using a Principal Component Analysis (PCA) with the set of 30 pre-specified 

kinematic variables. The first Principal Component (PC1) was able to explain 75% of the 

gait variability (Figure 6.7H), it was enriched with dimensions of gait variability and 

asymmetry (Figure 6.7I) and was correlated with multiple FOG metrics across conditions 

(Figure 6.7J-K, details on correlations can be found in Table 6.9). Another argument 

suggesting that these dimensions capture relevant FOG-related kinematics emerge from 

comparison across frequency conditions. In the LFS-better group (n = 10), values of PC1 

were lower with 60 Hz (low freezing) compared with 130 Hz (high freezing), whereas in 

the HFS-better group (n=4), the reverse trend was observed (Figure 6.8 C-D).  
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Figure 6.7: For the construction of a model for automatic detection of FOG, data was collecting using a set of 7 

wearable device (A) the model was trained to distinguish between two different labels: FOG and non-FOG (B) 

Continuous IMU data was processed into a one-second dataset and treated as a time series classification problem 

(C) Convolutional Neural Network (CNN) based architecture was used to build a FOG detection model, consisting 

of three sequential convolution modules (D) The model was built in 13 patients and 7 were used to test the model 

on unseen data with,  sensitiviy, specificity and overall accuracy of the model in the training dataset being shown 

(E) %FOG decreased from the OFF condition to the ON/ON condition, with behavior  across the different conditions 

tested being depicted. Individual patients trajectories are also demonstrated ; correlation matrix between the 

%FOG and clinical metrics  (SWS time and #FOG episodes) (F) correlation matrix depicting the relationship 

between individual kinematic variables and %FOG across the different conditions under study; behavior of two 

individual variables (step length and step time variability) across stimulation conditions, with a significant 

decrease from both the MedOFF/StimOFF condition to the ON/ON 130Hz and 60Hz condition being observed (G) 

Principal component analysis (PCA) was used to reduce the number of kinematic features under study, increasing 
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data interpretability of data while preserving the maximum amount of information. PC1 explained 75% of the 

variability found on the dataset (H) Correlation matrix between each one of the 7 PC and individual gait metrics 

(I) PC1 score in the different conditions tested (J) and correlation of PC1 with FOG%, #FOG episodes, SWS test 

(K). Dark red and blue red represented higher positive and negative correlations. Correlations with statistical 

significance are shown on the matrix (CE) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 - PCI scores (and normalized PC1 scores)  per condition and par subgroup of patients are depicted 

with different subgroups being represented by different colors: Patients worsening with medication are depicted 

in blue, patients worsening with stimulation are depicted in orange, patient responding to both stimulation and 

medication are represented in yellow, patients benefiting from LFS are represented in purple, the ones better 

under HFS are represented in green and rose depicts the subgroup of patients with equal improvements under 

HFS and LFS (A, B,C, D ) PC, principal component; #FOG, number of FOG episodes; SWS time, SWS gait time; 

%FOG, FOG % detected using a automatic model; OFF, medicationOFF/stimulationOFF, medication only, 

medicationON/stimulation OFF; stimulation only, medicationOFF/stimulationON; MED+STIM 130, medication 

ON/Stimulation ON 130 Hz; MED+STIM 60, medication ON/Stimulation ON 60 Hz; *, p<0.05 
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4.2 Using 3D kinematics do describe gait alterations  

Kinematic characterization of gait across clinical conditions remains a major need 

to understand neural circuits dysfunction. On this chapter we provide a detailed description 

of the selected kinematic variables across the 5 study conditions (Table 6.4, 

Supplementary Table S6.1 and S6.8) . In the current study we found that LFS, when 

compared to HFS, was related to a global reduction of gait and axial symptoms as assessed 

by the MDS-UPDRS (Figure 6.6D) with no difference in FOG (Figure 6.6A).  

An exploratory analysis found that gait of patients on LFS tended to be faster with 

a significantly higher step cadence (p=0.032), but no significant differences on step length 

(p=0.640) or width (p=0.330) (Figure 6.9 left). LFS was also characterized by a lower 

stance time (p=0.0219), and double support time variability (p=0.022) translating into 

gait cycles with lower variability (Figure 6.9 Right). This could not be explained by a 

difference in the number of FOG episodes (Figure 6.6A).  

 

 
 
Figure 6.9 -  Mean values 

of spatio-temporal 

variables and the 

corresponding variability 

metric are presented at 

the Med+Sim 130 Hz 

condition and at the 

Med+Stim 60 Hz 

condition. Med+Stim 130 

Hz, Medication 

ON/Stimulation ON 130 

Hz; Med+Stim 60 Hz, 

Medication 

ON/Stimulation ON 60 Hz; 

*, p<0.05 

 

 

 

 



Freezing of gait and gait impairment after STN-DBS 

180 
 

 

 

 

Table 6.4 – Kinematic variables under study  

Variable Means MedOFF-
StimOFF 

MedOFF-StimON 
130Hz 

MedON-
StimOFF 

MedON-
ON130Hz 

MedON-
ON60Hz 

Cadence 78.309 ± 
36.253 

90.109 ± 23.078 78.495 ± 
32.204 

98.69 ± 
26.907 

115.226 ± 
22.405 COM_RMS_AP 0.022 ± 

0.017 
0.017 ± 0.009 0.033 ± 

0.021 
0.031 ± 
0.018 

0.031 ± 
0.018 COM_RMS_ML 0.009 ± 

0.007 
0.009 ± 0.005 0.011 ± 

0.004 
0.013 ± 
0.006 

0.016 ± 0.01 
COM_RMS_Vert 0.013 ± 

0.003 
0.012 ± 0.003 0.013 ± 

0.005 
0.016 ± 
0.007 

0.013 ± 0.01 
Cycle_Time 2.799 ± 

1.873 
1.508 ± 0.428 2.118 ± 1.2 1.563 ± 

0.697 
1.191 ± 
0.331 Cycle_Time_Variability 78.82 ± 

72.664 
36.273 ± 32.484 49.787 ± 

39.818 
40.741 ± 
44.202 

30.426 ± 
47.307 Double_Support_ 

Asymmetry 
11.998 ± 
13.309 

14.486 ± 21.523 23.177 ± 
20.747 

19.543 ± 
17.166 

35.306 ± 
33.321 Double_Support  

Variability 
47.51 ± 
29.113 

37.026 ± 28.739 49.75 ± 
33.231 

51.518 ± 
33.996 

31.952 ± 
23.857 Percentage of 

Double_Support 
28.487 ± 

8.024 
31.193 ± 12.702 29.217 ± 

12.333 
26.824 ± 
10.589 

24.647 ± 
10.461 Entropy_AP 1.321 ± 0.42 1.648 ± 0.345 1.486 ± 

0.585 
1.472 ± 
0.701 

1.232 ± 
0.616 Entropy_ML 1.375 ± 

0.604 
1.73 ± 0.258 1.764 ± 

0.333 
1.667 ± 0.35 1.795 ± 

0.323 Entropy_Vert 1.809 ± 
0.517 

2.003 ± 0.205 1.825 ± 
0.295 

1.677 ± 
0.551 

1.619 ± 
0.601 FoG_Percent_StraightL

ine 
61.506 ± 
41.202 

38.288 ± 38.614 43.9 ± 
29.438 

32.094 ± 
24.431 

32.394 ± 
26.688 HR_AP 0.442 ± 

0.196 
0.509 ± 0.277 0.784 ± 

0.559 
0.621 ± 
0.309 

0.805 ± 
0.553 HR_ML 1.657 ± 

1.114 
2.497 ± 1.794 1.869 ± 

1.266 
2.424 ± 2.01 2.377 ± 

1.203 HR_Vert 0.41 ± 0.326 0.5 ± 0.322 0.58 ± 0.279 0.708 ± 
0.522 

0.511 ± 
0.177 Speed 0.574 ± 

0.429 
0.613 ± 0.56 0.545 ± 

0.309 
0.56 ± 0.27 0.85 ± 0.506 

Speed_Variability 181.156 ± 
124.366 

150.871 ± 
134.302 

153.233 ± 
107.562 

115.971 ± 
91.148 

132.839 ± 
113.319 Stance_Time_Percent_

Variability 
37.564 ± 
25.702 

17.649 ± 14.73 28.454 ± 
21.006 

28.907 ± 
26.925 

14.946 ± 
14.752 Stance_Time 52.758 ± 

15.363 
68.393 ± 5.153 58.204 ± 

10.839 
60.273 ± 
11.857 

65.531 ± 
9.395 Step_Length_Asymme

try 
42.588 ± 
28.516 

41.413 ± 29.666 53.308 ± 
37.915 

53.264 ± 
43.47 

34.784 ± 
29.281 Step_Length_Variabilit

y 
47.904 ± 
22.125 

31.528 ± 16.47 45.73 ± 
23.921 

42.708 ± 
24.304 

46.747 ± 
23.96 Step_Lengt 13.239 ± 

11.649 
20.017 ± 11.369 18.124 ± 

14.862 
23.877 ± 
14.124 

22.338 ± 
9.435 Step_Time_Asymmetr

y 
67.652 ± 
56.616 

39.657 ± 38.143 34.938 ± 
30.999 

30.207 ± 
27.129 

26.827 ± 
22.676 Step_Time_Variability 73.036 ± 

55.414 
48.449 ± 46.757 65.709 ± 

53.493 
51.52 ± 
50.086 

29.98 ± 
27.009 Step_Time 0.973 ± 

0.475 
0.675 ± 0.223 1.011 ± 

0.633 
0.731 ± 
0.343 

0.538 ± 
0.124 Step_Width 13.56 ± 

4.968 
16.175 ± 5.116 15.535 ± 

5.289 
18.221 ± 

4.046 
20.47 ± 
8.557 Step_Width_Variability 44.366 ± 

23.646 
38.801 ± 11.953 50.527 ± 

29.534 
39.345 ± 
17.012 

30.843 ± 
13.521 Swing_Time_Asymmet

ry 
24.301 ± 
13.316 

18.795 ± 13.702 23.451 ± 
17.629 

26.213 ± 
22.43 

15.232 ± 
19.669 Swing_Time_Variabilit

y 
39.634 ± 
22.445 

40.28 ± 33.813 42.977 ± 
34.217 

36.183 ± 
25.496 

23.923 ± 
18.981 Swing_Time 47.242 ± 

15.363 
31.607 ± 5.153 41.796 ± 

10.839 
39.727 ± 
11.857 

34.469 ± 
9.395 Data are expressed as mean and STD. Abbrev: COM RMS, Center-of-Mass; AP, Antero-Posterior; Vert; Vertical; 

ML, Medio-lateral; HR, Harmonic-ratio; FoG, freezing of gait; MedOFF-StimOFF, Medication OFF-Stimulation OFF; 

MedOFF-StimON, Medication OFF-Stimulation ON; MedON-StimOFF, Medication ON-Stimulation OFF; MedON-

StimON 130 Hz, Medication ON-Stimulation ON 130 Hz; MedON-StimON 60 Hz, Medication ON-Stimulation ON 

60 Hz 
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Discussion 
 

The emergence and management of severe FOG in the best functional state after 

surgery remains a challenge in the long-term follow-up of STN-DBS patients. In this study, 

we aimed to understand the impact of stimulation and LD on post-surgery FOG, in patients 

previously responsive to LD. We have found that FOG presenting in the Best-Functional 

state after surgery is mostly a therapy-resistant FOG, and that stimulation and medication 

are still able to partially improve the severe gait alterations observed in the treatment-OFF 

condition. Importantly, a strong heterogeneity in FOG responses to specific treatments is 

observed. Despite the lack of benefit in the number of FOG episodes with LFS, axial scores 

were significantly improved, suggesting a role on LFS in the management of gait. 

 

Individual subjects have distinct FOG responses to Stimulation or Levodopa   

In our study, we identified that best functional state FOG is mostly a treatment-

resistant FOG and not treatment-induced FOG. Consequently, severe FOG and associated 

gait impairments observed in the off-treatment condition are, to a certain extent,rescued 

by therapy in all patients.  

We found that either LD or stimulation improved OFF/OFF FOG, and that a 

synergistic effect was observed when they were combined. This suggests that patients 

presenting FOG in MedON/StimON state 7 years after DBS still benefit from the effects of 

stimulation and LD, even if with a lower magnitude of response than before surgery: 

Additionally, these findings do not suggest, at least at a group level, a deleterious effect 

of stimulation. and do not suggest, at least at a group level, a deleterious effect of 

stimulation. This observation aligns with prior research findings, indicating that while FOG 

may persists in the MedON/StimON condition, both its severity and frequency decrease in 

comparison to the OFF treatment-state.303,335,339,382,461 
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We hypothesized that this attenuated response to treatment is related to disease 

progression, with a decline in LD sensitivity reflecting the extension of the 

neurodegenerative process to non-dopaminergic pathways.127,351 The lower magnitude of 

motor response in the post-op LCT compared to pre-op LCT,  particularly regarding axial 

symptoms, as well the increased severity of motor scores in the treatment OFF states, 

supports this argument. This is in line with previous studies in STN-DBS patients, where a 

progressive decline in axial symptoms, including freezing was observed in the medium to 

long-term follow-ups. 303,327,336 However, our study does not inform us whether patients 

would have equivalent benefit compared to pre-DBS were much higher doses of LD used 

for the pos-DBS LCT.   

Different effects of STN-DBS and LD at motor outcomes462–465 have been described 

and, more recently, STN-DBS and Levodopa were shown to modulate brain motor circuits 

differently.466 Here, we expand these observations by proposing that symptom-specific 

improvements must be accounted when addressing disease mechanisms. Our observations 

may have practical clinical implications: currently, patients with LD-resistant FOG and gait 

impairment are currently excluded from surgical programs206,321 even if some isolated 

finding have suggested that axial non-LD responsive signs may improve with STN-DBS 334.  

Our quasi-experimental design may complement these findings. We describe a subgroup 

of ~30% of patients in our cohort whose FOG was not improved with medication but was 

rescued with stimulation. In fact, in these patients the number of FOG episodes nearly 

doubled while on medication, even if bradykinesia and rigidity improved. Although we can’t 

exclude that a low dose of LD was used in the LCT, the pattern of response suggests a lack 

of effect of LD and an effect of STN-DBS specifically in axial signs. This may suggest that 

exclusion of DBS surgery based solely on the response to LD may limit their accessibility 

to an effective treatment. 

Interestingly, the dissociation between therapy-specific responses is observed 

mostly for axial signs, suggesting that FOG and axial symptoms may behave differently 

than the rest of PD motor symptoms.  
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The exact pathophysiologic mechanisms involved in FOG are not well understood, 

with multiple theoretical models122 and clinical triggers identified194. By systematically 

exploring the response of the same patient in the same self-paced scenario across multiple 

therapeutic manipulations, we are limited to extract conclusions regarding freezing in other 

contexts but we benefit from constraining contextual variability. This allow us to argue that 

it is very likely that therapeutic responses of FOG can be obtained by manipulating different 

nodes of circuit dysfunction (with stimulation or medication). 467,468 

 

Stimulation Frequency can lead to important differences in FOG response to stimulation   

 

LFS has been appointed as a possible strategy to manage refractory-FOG in STN-

DBS patients.338–340,342,469 These studies have different designs and outcome measures, but 

from most of them the clinical variability in FOG response is clear, even if they focus on 

younger and less severe patients than our sample. In our study, we found no difference 

between HFS and LFS, even if LFS was associated with a significant reduction in axial MDS-

UPDRS III scores. The benefits of LFS in axial scores, including improvements in symptoms 

such as dysarthria and dysphagia, have also been previously demonstrated. .340,376 

Although variability, unblinding and small sample limited comparisons, nearly 60% of 

patients had less FOG episodes with LFS at equivalent delivered energy levels than HFS.  

In this subgroup of patients, when LFS and HFS were compared, a significant 

reduction in MDS-UPDRS III axial scores with a trend for an increase in non-axial was also 

seen. The effect of LFS on axial symptoms was also captured by the kinematic analysis. 

Here, variables reflecting mostly the overall gait bradykinesia (as speed or step length) 

were not specifically modulated by LFS, whilst variables known to be associated with axial 

signs153,212,231,436, such as gait cycle variability metrics, were reduced by 60 Hz stimulation, 

in accordance with a previous observation with 80 Hz stimulation.470  Previous studies have 

shown that the optimal contacts for 60 Hz stimulation were situated more ventrally than 

the ones used for 130 Hz stimulation.338,471 Here, one can envisage that whilst HFS of the 

descending nigropontine projections and outflow tracts of the pedunculopontine nucleus 
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(PPN) can negatively impact gait, LFS stimulation of the same structure will have a positive 

impact, as suggested by the  beneficial effects on gait observed with  PPN-DBS at low 

frequency stimulation (25 Hz).471–473  

We used the same contacts for both HFS and LFS, suggesting that even using the 

same contact location, different FOG responses can be obtained. It would be crucial to 

characterize the distinct circuit engagement related to symptom improvement in order to 

refine stimulation targeting and refinement. 

Nonetheless it appears to be clear that axial signs are specifically prone to 

modulation by LFS, suggesting that axial and appendicular symptoms may emerge from 

distinct brain circuits involved in motor control. 

Our results reinforce the clinical evidence that different patients will benefit from 

different therapeutic strategies and that an individualized and systematic approach 

exploring patients under both medication and stimulation conditions may help in 

individualizing the role of stimulation and levodopa resistance in the etiology of FOG (Fig 

6.10). This heterogeneity might be a source of bias in clinical trials assessing stimulation 

parameters strategies and should be considered when calculating sample size.  
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Figure 6.10: A multi-step approach to evaluate patients presenting with FOG in the Best Functional State after 

STN-DBS surgery, is proposed. FOG: Freezing of Gait; MedON/StimON: Medication ON/Stimulation ON; LD: 

Levodopa; STN: Subthalamic nucleus; LFS: 60 Hz-Low Frequency Stimulation; HFS: 130 Hz, High Frequency 

Stimulation; SNr: Subtantia Nigra 

 

 

Automatic FOG detection correlates well with clinical FOG metrics 

 

FOG detection and quantification have traditionally been carried out using clinical 

scales, often relying on retrospective self-assessment.208,242,474 Even when evaluated by a 

trained clinician, a significant inter-rater variability concerning both the number and 

duration of FOG episodes exists.475 To find more robust and objective metrics, wearable 

devices, such as IMUs, have been increasingly used for FOG quantification and detection.208 
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Additionally, machine-learning algorithms have been increasingly used to provide an 

automated detection of FOG.476,477 We created a model for FOG detection using the 

continuous IMU data from previously assessed PD patients381 , which was fed into a 

convolutional neural network (CNN), an approach that has previously proved its capacity 

in capturing complex movement and accurately detecting FOG.478 The results where then 

applied to the current sample of DBS patients. Our model for automatic FOG detection has 

shown to capture well the clinical phenomenon, with a good correlation with clinical 

detection of FOG episodes across all experimental conditions, which comes in line with 

previous works showing good correlation between automatic-FOG detection methods and 

clinical metrics.477 In addition, the automatic detection of the percentage of FOG in gait 

significantly decreased from Med OFF / Stim OFF condition to Med ON / Stim ON condition, 

suggesting it is sensitive to treatment modulation. In future, replication of our results in 

different populations and bigger sample is needed, as well as the assessment of its ability 

to detect subclinical FOG. 

A discussion about the true episodic nature of FOG and the artificial split between 

episodic and continuous gait disorders, is ongoing.122 Objective gait analysis, especially 

when performed in ambulatory settings throughout long time-periods, can provide useful 

insights regarding the overall gait structure, clarifying how the presence of continuous 

alterations on the background gait may predispose to the emergence of a clinical episode 

of FOG. PD patients with FOG present higher gait variability and asymmetry than PD 

patients without FOG, even outside FOG episodes.210,213–215 An increase in gait variability 

has been linked to an elevated risk of negative gait outcomes, including risk of 

falls,229,436,479 suggesting that increased gait variability discloses a significant disruption of 

normal gait patterns. Here one can picture that the presence of this severe background 

and continuous gait deficits will progressively accumulate until a certain threshold is 

achieved and a FOG episode occurs – threshold model. 122 

In our work, the gait metrics who were most strongly associated with both clinical 

or automatic FOG metrics were gait variability, asymmetry, and non-linear metrics, with 

this holding true across all tested conditions This was also evident with PC1, that being 
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mostly composed by variability and asymmetry metrics, showed a significant decrease with 

medication and stimulation closely followed the behavior of clinical observed freezing 

events. This may argue that the existence of severe gait alterations will be associated to a 

decrease on the freezing threshold, and “normalization” of this background gait alterations 

could potentially translate into a lower likelihood of FOG. 

Our kinematic gait analysis was made including freezing episodes, that may 

potentially contribute to the estimation of kinematic variables. Importantly, in the LFS/HFS 

scenario, the number of FOG episodes is similar, and kinematic patterns distinct, 

suggesting that even in this scenario kinematics can captures non-FOG changes. To 

properly ascertain the background gait in PD freezers a comparison with an age and disease 

duration-matched non-freezer group should be performed. Our results favors the idea that 

cumulative and severe gait alterations will culminate on a clinical FOG event, that will only 

represent the “tip of the iceberg” of profound and subclinical gait disturbances. Recently, 

stride time variability was used as a biomarker to modulate adaptative DBS, with positive 

effects in FOG.480 Enriching this “kinematic biomarker” with comprehensive set of gait 

variables known to capture FOG could provide an attractive treatment strategy.  

 Several limitations should be considered when interpreting the findings of this 

study. Firstly, the small sample size restricts the generalizability of the results and may 

diminish statistical power to detect significant effects. Additionally, the absence of 

randomization and blinding in the evaluation process introduces potential biases into the 

study design. The LD dose administered during the LCT was determined based on pre-

surgery assessments and may underestimate the actual dosage required. Accurately 

estimating the post-surgery LD dose post STN-DBS surgery is challenging due to post-

surgery LEDD reduction. Consequently, many STN-DBS studies employ fixed LD doses of 

200-250 mg for the LCT. In this study, an average LD dose of 433 mg was utilized, 

exceeding the dosages typically employed in prior research. Our kinematic gait analysis 

incorporated freezing episodes, potentially impacting the observed results. Nevertheless, 

consistent relationships between analyzed metrics and FOG were observed in all the 

analysis performed, aligning with prior research findings. 157,211,212 
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In summary, at a group level, post-surgery FOG still responds to LD and DBS, even 

if the LD-induced improvement observed pre-surgery cannot be fully reproduced. A high 

inter-individual variability exists on response to treatment, claiming for an individualized 

approach to FOG. Importantly, freezers who not response to medication may still respond 

to stimulation: a pivotal observation regarding patients’ selection for surgery. Automatic 

detection of FOG is reliable and correlates well with clinical assessment. The identification 

of an association between gait variability-related metrics and FOG may provide valuable 

insights into the biomechanics of gait in FOG patients and may be used in the future to 

monitor disease progression and optimize therapeutic strategies.  
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Supplementary Material -  Chapter VI 
 

Supplementary Table S6.1– Comparison between OFF/OFF and ON/ON HFS 
and ON/ON HFS and ON/ON LFS conditions using individual paired- 

Wilcoxons test 

Variable OFF/OFF vs 
ON/ON HFS 

ON/ON HFS vs ON/ON 
LFS 

MDS-UPDRS part III 0.0003 0.3921 
Axial score 0.0064 0.0339 
Item 3.10 0.0890 0.0708 
Item 3.11 0.0077 0.2985 
Item 3.12 0.0119 0.1814 
SWS time (s)  0.0179 0.8361 
SWS nº FOG events 0.0258 0.4103 
H&Y 0.0477 0.0947 
AIMS score 0.0104 0.3598 
FoG  %  0.0174 0.6777 
Cadence 0.1089 0.0448 
COM_RMS_AP 0.1743 0.7467 
COM_RMS_ML 0.1202 0.6777 
COM_RMS_Vert 0.2435 0.3778 
Cycle_Time 0.0569 0.5171 
Cycle_Time_Variability 0.0150 0.0448 
Double_Support Asymmetry 0.1454 0.0174 
Double_Support Variability 0.7119 0.0232 
Percentage Double_Support 0.6777 0.1454 
Entropy_AP 0.2247 0.2842 
Entropy_ML 0.1901 0.0348 
Entropy_Vert 0.4586 0.7119 
HR_AP 0.5171 0.5171 
HR_ML 0.4307 0.4307 
HR_Vert 0.8536 0.8536 
Speed 0.3778 0.3778 
Speed_Variability 0.7819 0.7819 
Stance_Time_Percent_Variability_ws 0.0714 0.0714 
Stance_Time 0.0174 0.0174 
Step_Length_Asymmetry 0.0984 0.0984 
Step_Length_Variabilit 0.2435 0.2435 
Step_Length 0.5791 0.5791 
Step_Time_Asymmetry 0.9632 0.9632 
Step_Time_Variability 0.6777 0.6777 
Step_Time 0.1454 0.1454 
Step_Width 0.0202 0.0202 
Step_Width_Variability 0.0984 0.0984 
Swing_Time_Asymmetry 0.4874 0.4874 
Swing_Time_Variability 0.1454 0.1454 
Swing_Time 0.0267 0.0267 
   

 

OFF/OFF, Medication OFF-Stimulation OFF ; ON/ON HFS, Medication ON-Stimulation ON 130 Hz; ON/ON LFS, 

Medication ON-Stimulation ON 60 Hz; MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease 

Rating Scale; SWS, Stand-Walk sit test; FOG, Freezing of gait; H&Y, Hoehn and Yahr Scale; AIMS, Abnormal 

Involuntary Movement Scale; FOG%; % of FOG in straight line;  Center-of-Mass; AP, Antero-Posterior; Vert; 

Vertical; ML, Medio-lateral; HR, Harmonic-ratio 
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Supplementary Table S6.2 – Clinical variable under analysis in the Levodopa-resistant patients, n=5 

Summary statistics (Mean ± SD) Friedman 
test 

Multiple comparisons 

Variable OFF/OFF ON/OFF OFF/ON  
OFF/OFF 

vs 
ON/OFF 

OFF/OF
F vs 

OFF/ON 

ON/OFF 
VS 

OFF/ON 
#FOG episodes 8.80 ± 

8.044 15.80 ± 6.834 1.800 ± 
2.490 0.002 0.206 0.082 0.003 

SWS time (s) 108.00± 
87.75 198.2±84.32 55.00 

±183.2 0.039 0.6177 0.6177 0.0342 

MDS-UPDRS III 
score 

61.80 ± 
15.47 53.40 ± 13.16 46.60 ± 

8.142 0.0216 0.2460 0.0342 >0.9999 

MDS-UPDRS non 
axial 

54.00 ± 
13.67 43.80 ± 10.62 40.40 

±7.197 0.0239 0.0342 0.0806 >0.9999 

MDS-UPDRS axial 7.800 ± 
4.817 9.600 ± 3.975 6.200 ± 

4.438 0.0278 0.4642 >0.9999 0.0489 

AIMS score 8.400 ± 
13.45 12.40 ± 12.12 6.400 ± 

11.08 
0.1111 >0.9999 0.8051 0.2460 

Data are expressed as mean & SD. Abbrev: MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease 

Rating Scale; SWS, Stand-Walk sit test; FOG, Freezing of gait; H&Y, Hoehn and Yahr Scale; AIMS, Abnormal 

Involuntary Movement Scale; MedOFF-StimOFF, Medication OFF-Stimulation OFF; MedOFF-StimON, Medication 

OFF-Stimulation ON; MedON-StimOFF, Medication ON-Stimulation OFF; MedON-StimON 130 Hz, Medication ON-

Stimulation ON 130 Hz; MedON-StimON 60 Hz, Medication ON-Stimulation ON 60 Hz 

 

Supplementary Table S6.3– Clinical variable under analysis in Stimulation-resistant 
patients, n=3 

Summary statistics (Mean ± SD) Friedma
n test 

Multiple comparisons 

Variable  OFF/OFF ON/OFF OFF/ON  OFF/OF
F vs 
ON/OFF 

OFF/OF
F vs 
OFF/ON 

ON/OFF VS 
OFF/ON 

#FOG episodes 13.61± 
6.727 

4.546 ± 
2.858 

26.00 
±11.53 

<0.000
1 

0.0008 0.0201 11.56 ± 
12.86 

SWS time (s) 287.0 ± 
239.9 

113.8 ± 
126.8  

359.3 ± 
119.0 

0.0029 0.0286 0.0065 137.4 ± 
140.6 

MDS-UPDRS III  67.33 ± 
8.083 

52.67 ± 
12.86 

53.33 ± 
6.028 

<0.000
1 

0.0553 0.0002 43.11 ± 
8.638 

MDS-UPDRS 
non axial 

55.00 ± 
6.083 

44.00 ± 
10.82 

42.67 ± 
8.505 

<0.000
1 

0.0400 0.0003 35.67  ± 
7.583 

MDS-UPDRS 
axial 

12.33 ± 
3.786 

8.667 ± 
5.508 

10.67 ± 
3.055 

0.0123 0.1354 0.0286 7.444 ± 
2.789 

AIMS score 0.000 ± 
0.000 

10.00 ± 
10.00 

10.00 ± 
10.00 

0.1070 0.5846 >0.9999 2.889 ± 
5.011 

 
Data are expressed as mean & SD. Abbrev: MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease 

Rating Scale; SWS, Stand-Walk sit test; FOG, Freezing of gait; H&Y, Hoehn and Yahr Scale; AIMS, Abnormal 

Involuntary Movement Scale; MedOFF-StimOFF, Medication OFF-Stimulation OFF; MedOFF-StimON, Medication 

OFF-Stimulation ON; MedON-StimOFF, Medication ON-Stimulation OFF; MedON-StimON 130 Hz, Medication ON-

Stimulation ON 130 Hz; MedON-StimON 60 Hz, Medication ON-Stimulation ON 60 Hz 
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Data are expressed as mean & SD. Abbrev: MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease 

Rating Scale; SWS, Stand-Walk sit test; FOG, Freezing of gait; H&Y, Hoehn and Yahr Scale; AIMS, Abnormal 

Involuntary Movement Scale; MedOFF-StimOFF, Medication OFF-Stimulation OFF; MedOFF-StimON, Medication 

OFF-Stimulation ON; MedON-StimOFF, Medication ON-Stimulation OFF; MedON-StimON 130 Hz, Medication ON-

Stimulation ON 130 Hz; MedON-StimON 60 Hz, Medication ON-Stimulation ON 60 Hz 

 

 

 

 

 

Supplementary Table S6.4 – Clinical variable under analysis in patients responsive to both 
stimulation and medication, n=9 

 

Summary statistics (Mean ± SD) Friedman 
test 

Multiple comparisons 

Variable OFF/OFF ON/OFF OFF/ON  
OFF/OFF 

vs 
ON/OFF 

OFF/OF
F vs 

OFF/ON 

ON/OFF 
VS 

OFF/ON 
#FOG 
episodes 

22.78 ± 19.36 6.210 ± 
6.575 

11.56 ± 12.86 <0.000
1 

0.0008 0.0201 >0.9999 

SWS time (s) 280.9 ± 220.6  99.37 ± 80-
54 

137.4 ± 140.6 0.0029 0.0286 0.0065 >0.9999 

MDS-UPDRS 
III score 

60.33 ± 6.801 46.00 ± 
7.969 

43.11 ± 8.638 <0.000
1 

0.0553 0.0002 0.2969 

MDS-UPDRS 
non axial 

50.22 ± 5.718 38.44  ± 
7.055 

35.67  ± 
7.583 

<0.000
1 

0.0400 0.0003 0.4719 

MDS-UPDRS 
axial 

10.11 ± 3.018 7.556 ± 
2.603 

7.444 ± 2.789 0.0123 0.1354 0.0286 >0.9999 

AIMS score 3.111 ± 3.756 7.222 ± 
8.182 

2.889 ± 5.011 0.1070 0.5846 >0.9999 0.3765 
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Abbrev: %FOG: percentage of FOG detected by a automatic model; #FOG episodes: number of FOG episodes 

during the SWS test; SWS time: time needed to perform de SWS test; MedOFFStimOFF: Medication 

OFF/Stimulation OFF; MedONStimOFF: Medication ON/Stimulation OFF; MedOFFStimON: Medication 

OFF/Stimulation ON; MedONStimON: Medication ON/Stimulation ON 

 

 

 

 

 

 

 

 

Supplementary Table S6.5: Correlation between 
automatic FOG detection (%FOG) and clinical FOG 

assessment (#FOG episodes and SWS time) 
 Correlation 

coefficient (r) 
p-value 

%FOG x #FOG epsiodes 
MedOFFStimOFF 
 
 

0.807  <0.001 

%FOG x #FOG epsiodes 
MedONStimOFF 
 

0.741  <0.001 

%FOG x #FOG epsiodes 
MedOFFStimON 
 

0.782  <0.001 

%FOG x #FOG epsiodes 
MedONStimON LFS 
 

0.802  <0.001 

%FOG x #FOG epsiodes 
MedONStimON LFS 
 

0.543   0.024 

% FOG x SWS time 
MedOFFStimOFF 
 

0.828  <0.001 

% FOG x SWS time 
MedONStimOFF 
 

0.760 <0.001 

% FOG x SWS time 
MedOFFStimON 
 

0.924 <0.001 

% FOG x SWS time 
MedONStimON HFS 
 

0.796 <0.001 

% FOG x SWS time 
MedONStimON LFS 
 

0.429  0.087 
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Supplementary Table S6.6: Correlation between each individual kinematic variable and automatic 
FOG detection (%FOG) 

 Correlation coefficient  P-value 

Cadence x %FOG MedOFFStimOFF -0.475 0.056 
Cadence x %FOG MedONStimOFF -0.629 0.008 
Cadence x %FOG MedOFFStimON -0.456 0.068 
Cadence x %FOG MedONStimON HFS -0.211 0.415 
Cadence x %FOG MedONStimON LFS -0.022 0.936 
Speed x %FOG MedOFFStimOFF -0.174 0.503 
Speed x %FOG MedONStimOFF -0.549 0.024 
Speed x %FOG MedOFFStimON -0.201 0.438 
Speed x %FOG MedONStimON HFS -0.439 0.079 
Speed x %FOG MedONStimON LFS 0.252 0.327 
Step Width x %FOG MedOFFStimOFF -0.721 0.002 
Step Width  x %FOG MedONStimOFF -0.216 0.404 
Step Width  x %FOG MedOFFStimON -0.230 0.372 
Step Width  x %FOG MedONStimON HFS -0.395 0.118 
Step Width  x %FOG MedONStimON LFS 0.047 0.861 
Cycle Time x %FOG MedOFFStimOFF 0.537 0.028  
Cycle Time x %FOG MedONStimOFF 0.593 0.014 
Cycle Time x %FOG MedOFFStimON 0.502 0.042 
Cycle Time x %FOG MedONStimON HFS 0.399 0.113 
Cycle Time x %FOG MedONStimON LFS -0.044 0.869 
Step Time x %FOG MedOFFStimOFF 0.522 0.034 
Step Time x %FOG MedONStimOFF 0.348 0.171 
Step Time x %FOG MedOFFStimON 0.277 0.281 
Step Time x %FOG MedONStimON HFS 0.245 0.342 
Step Time x %FOG MedONStimON LFS -0.091 0.729 
Swing Time x %FOG MedOFFStimOFF 0.846 0 
Swing Time x %FOG MedONStimOFF 0.534 0.029 
Swing Time x %FOG MedOFFStimON 0.422 0.093 
Swing Time x %FOG MedONStimON HFS 0.544 0.026 
Swing Time x %FOG MedONStimON LFS 0.118 0.653 
% Double Support x %FOG MedOFFStimOFF 0.804 0.001 
% Double Support x %FOG MedONStimOFF 0.311 0.223 
% Double Support x %FOG MedOFFStimON 0.787 0.001  
% Double Support x %FOG MedONStimON HFS 0.561 0.021 
% Double Support x %FOG MedONStimON LFS 0.610 0.011 
% Stance Time x %FOG MedOFFStimOFF -0.873 0  
% Stance Time x %FOG MedONStimOFF -0.537 0.028 
% Stance Time x %FOG MedOFFStimON -0.422 0.093 
% Stance Time x %FOG MedONStimON HFS -0.542 0.027 
% Stance Time x %FOG MedONStimON LFS -0.118 0.653 
Step Lenght x %FOG MedOFFStimOFF -0.907 0 
Step Lenght x %FOG MedONStimOFF -0.637 0.007 
Step Lenght x %FOG MedOFFStimON -0.686 0.003 
Step Lenght x %FOG MedONStimON HFS -0.564 0.020 
Step Lenght x %FOG MedONStimON LFS -0.395 0.118 
Speed Variability x %FOG MedOFFStimOFF 0.848 0  
Speed Variability x %FOG MedONStimOFF 0.730 0.001 
Speed Variability x %FOG MedOFFStimON 0.819 <0.001 
Speed Variability x %FOG MedONStimON HFS 0.556 0.022 
Speed Variability x %FOG MedONStimON LFS 0.5 0.043 
Step Width Variability x %FOG MedOFFStimOFF 0.578  0.017 
Step Width Variability x %FOG MedONStimOFF 0.108 0.680 
Step Width Variability x %FOG MedOFFStimON 0.431 0.085 
Step Width Variability x %FOG MedONStimON HFS 0.341 0.181 
Step Width Variability x %FOG MedONStimON LFS 0.216 0.404 
Cycle time Variability x %FOG MedOFFStimOFF 0.757 <0.001 
Cycle time Variability x %FOG MedONStimOFF 0.576 0.017 
Cycle time Variability x %FOG MedOFFStimON 0.804 <0.001 
Cycle time Variability x %FOG MedONStimON HFS 0.458 0.066 
Cycle time Variability x %FOG MedONStimON LFS 0.551 0.024 
Step time Variability x %FOG MedOFFStimOFF 0.797 <0.001 
Step time Variability x %FOG MedONStimOFF 0.544 0.026 
Step time Variability x %FOG MedOFFStimON 0.831 <0.001 
Step time Variability x %FOG MedONStimON HFS 0.365 0.149 
Step time Variability x %FOG MedONStimON LFS 0.608 0.011 
Swing time Variability x %FOG MedOFFStimOFF 0.740 0.001 
Swing time Variability x %FOG MedONStimOFF 0.309 0.227 
Swing time Variability x %FOG MedOFFStimON 0.762 <0.001 
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Swing time Variability x %FOG MedONStimON HFS 0.566 0.019 
Swing time Variability x %FOG MedONStimON LFS 0.475 0.055 
Double support Variability x %FOG MedOFFStimOFF 0.799 <0.001 
Double support Variability x %FOG MedONStimOFF 0.458 0.066 
Double support Variability x %FOG MedOFFStimON 0.804 <0.001 
Double support Variability x %FOG MedONStimON 
HFS 

0.404 0.109 

Double support Variability x %FOG MedONStimON 
LFS 

0.451 0.071 

Stance time Variability x %FOG MedOFFStimOFF 0.777 <0.001 
Stance time Variability x %FOG MedONStimOFF 0.453 0.06 
Stance time Variability x %FOG MedOFFStimON 0.812 <0.001 
Stance time Variability x %FOG MedONStimON HFS 0.576 0.017 
Stance time Variability x %FOG MedONStimON LFS 0.368 0.147 
Step Lenght Variability x %FOG MedOFFStimOFF 0.583 0.016 
Stance time Variability x %FOG MedONStimOFF 0.301 0.239 
Step Lenght Variability x %FOG MedOFFStimON 0.409 0.104 
Step Lenght Variability x %FOG MedONStimON HFS 0.221 0.393 
Step Lenght Variability x %FOG MedONStimON LFS 0.377 0.136 
Step Lenght Variability x %FOG MedOFFStimOFF 0.706 0.002 
Step Lenght Variability x %FOG MedONStimOFF 0.343 0.178 
Step Lenght Variability x %FOG MedOFFStimON 0.767 <0.001 
Step Lenght Variability x %FOG MedONStimON HFS 0.485 0.050 
Step Lenght Variability x %FOG MedONStimON LFS 0.446 0.074 
Step Time Asymmetry x %FOG MedOFFStimOFF 0.588 0.015 
Step Time Asymmetry x %FOG MedONStimOFF 0.392 0.120 
Step Time Asymmetry x %FOG MedOFFStimON 0.311 0.223 
Step Time Asymmetry x %FOG MedONStimON HFS 0.453 0.069 
Step Time Asymmetry x %FOG MedONStimON LFS -0.598 0.013 
Step length Asymmetry x %FOG MedOFFStimOFF 0.502 0.042  
Step length Asymmetry x %FOG MedONStimOFF 0.495 0.045 
Step length Asymmetry x %FOG MedOFFStimON 0.412 0.102 
Step length Asymmetry x %FOG MedONStimON HFS 0.439 0.079 
Step length Asymmetry x %FOG MedONStimON LFS 0.259 0.313 
Swing Time Asymmetry x %FOG MedOFFStimOFF -0.331 0.1944 
Swing Time Asymmetry x %FOG MedONStimOFF - 0.4632 0.063 
Swing Time Asymmetry x %FOG MedOFFStimON -0.181 0.485 
Swing Time Asymmetry x %FOG MedONStimON HFS -0.108 0.680 
Swing Time Asymmetry x %FOG MedONStimON LFS 0 1 
Double Support Asymmetry x %FOG 
MedOFFStimOFF 

0.238 0.357 

Double Support Asymmetry x %FOG MedONStimOFF 0.027 0.921 
Double Support Asymmetry x %FOG MedOFFStimON 0.251 0.332 
Double Support Asymmetry x %FOG MedONStimON 
HFS 

0.532 0.030 

Double Support Asymmetry x %FOG MedONStimON 
LFS 

-0.319 0.212 

Antero-Posterior Entropy x %FOG MedOFFStimOFF 0.184 0.479 
Antero-Posterior Entropy x %FOG MedONStimOFF 0.088 0.737 
Antero-Posterior Entropy x %FOG MedOFFStimON 0.139 0.592 
Antero-Posterior Entropy x %FOG MedONStimON 
HFS 

0.509 0.039 

Antero-Posterior Entropy x %FOG MedONStimON LFS -0.108 0.680 
Vertical Entropy x %FOG MedOFFStimOFF -0.735 0.001 
Vertical Entropy x %FOG MedONStimOFF - 0.635 0.007 
Vertical Entropy x %FOG MedOFFStimON - 0.610 0.011 
Vertical Entropy x %FOG MedONStimON HFS - 0.336 0.188 
Vertical Entropy x %FOG MedONStimON LFS - 0.483 0.052 
Medio-lateral Entropy x %FOG MedOFFStimOFF -0.691 0.003 
Medio-lateral Entropy x %FOG MedONStimOFF -0.647 0.006 
Medio-lateral Entropy x %FOG MedOFFStimON -0.542 0.027 
Medio-lateral Entropy x %FOG MedONStimON HFS -0.449 0.073 
Medio-lateral Entropy x %FOG MedONStimON LFS -0.103 0.694 
Anterio-posterior Harmonic Ratio x %FOG 
MedOFFStimOFF 

-0.691 0.191 

Anterio-posterior Harmonic Ratio x %FOG 
MedONStimOFF 

-0.647 0.585 

Anterio-posterior Harmonic Ratio x %FOG 
MedOFFStimON 

-0.542 0.016 

Anterio-posterior Harmonic Ratio x %FOG 
MedONStimON HFS 

-0.449 0.029 
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Anterio-posterior Harmonic Ratio x %FOG 
MedONStimON LFS 

-0.103 0.579 

Vertical Harmonic Ratio x %FOG MedOFFStimOFF -0.333 0.065 
Vertical Harmonic Ratio x %FOG MedONStimOFF -0.142 0.004 
Vertical Harmonic Ratio x %FOG MedOFFStimON -0.581 0.281 
Vertical Harmonic Ratio x %FOG MedONStimON HFS -0.534 0.091 
Vertical Harmonic Ratio x %FOG MedONStimON LFS -0.145 0.021 
Medio-lateral Harmonic Ratio x %FOG 
MedOFFStimOFF 

-0.461 0.012 

Medio-lateral Harmonic Ratio x %FOG 
MedONStimOFF 

-0.674 0.883 

Medio-lateral Harmonic Ratio x %FOG 
MedOFFStimON 

-0.277 0.006 

Medio-lateral Harmonic Ratio x %FOG MedONStimON 
HFS 

-0.424 0.043 

Medio-lateral Harmonic Ratio x %FOG MedONStimON 
LFS 

-0.561 0.817 

Antero-posterior COM x %FOG MedOFFStimOFF -0.603 0.118 
Antero-posterior COM x %FOG MedONStimOFF -0.039 0.268 
Antero-posterior COM x %FOG MedOFFStimON -0.652  0.073 
Antero-posterior COM x %FOG MedONStimON HFS -0.501 0.162 
Antero-posterior COM x %FOG MedONStimON LFS 0.061 0.497 
Vertical COM x %FOG MedOFFStimOFF -0.395 0.082 
Vertical COM x %FOG MedONStimOFF -0.284 0.004 
Vertical COM x %FOG MedOFFStimON -0.448 0.010 
Vertical COM x %FOG MedONStimON HFS -0.355 0.126 
Vertical COM x %FOG MedONStimON LFS 0.176 0.653 
Medio-lateral COM x %FOG MedOFFStimOFF -0.436 0.082 
Medio-lateral COM x %FOG MedONStimOFF -0.672 0.004 
Medio-lateral COM x %FOG MedOFFStimON -0.618 0.009 
Medio-lateral COM x %FOG MedONStimON HFS -0.387 0.126 
Medio-lateral COM x %FOG MedONStimON LFS 0.118 0.653 

Abbrev: %FOG: percentage of FOG detected by a automatic model; MedOFFStimOFF: Medication OFF/Stimulation 

OFF; MedONStimOFF: Medication ON/Stimulation OFF; MedOFFStimON: Medication OFF/Stimulation ON; 

MedONStimON: Medication ON/Stimulation ON 
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Abbrev: %FOG: percentage of FOG detected by a automatic model; PC1, Principal Component 1; #FOG episodes: 

number of FOG episodes during the SWS test; SWS time: time needed to perform de SWS test; MedOFFStimOFF: 

Medication OFF/Stimulation OFF; MedONStimOFF: Medication ON/Stimulation OFF; MedOFFStimON: Medication 

OFF/Stimulation ON; MedONStimON: Medication ON/Stimulation ON 

 

 
 
 
 
 
 
 
 
 
 

Supplementary Table S6.7: Correlation between PC1 and clinical 
FOG assessment (#FOG episodes and SWS time) and automatic 

FOG detection (%FOG) 
 Correlation coefficient  pvalue 
PC1 x #FOG episodes 
MedOFF/StimOFF 

0.951 <0.05 

PC1 x #FOG episodes 
MedON/StimOFF 

0.089 >0.05 

PC1 x #FOG episodes 
MedOFF/StimON 

0.393 >0.05 

PC1 x #FOG episodes 
MedON/StimON  HFS 

0.585 <0.05 

PC1 x #FOG episodes 
MedON/StimON LFS 

0.596 <0.05 

PC1 x SWS time MedOFF/StimOFF 0.912 <0.05 
PC1 x SWS time MedON/StimOFF 0.132 >0.05 
PC1 x SWS time MedOFF/StimON 0.608 <0.05 
PC1 x SWS time MedON/StimON  
HFS 0.706 <0.05 

PC1 x SWS time MedON/StimON 
LFS 0.551 <0.05 

PC1 x %FOG MedOFF/StimOFF 0.875 <0.05 
PC1 x %FOG MedON/StimOFF 0.501 <0.05 
PC1 x %FOG MedOFF/StimON 0.387 >0.05 
PC1 x %FOG MedON/StimON  HFS 0.539 <0.05 
PC1 x %FOG MedON/StimON LFS 0.468 >0.05 
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OFF/OFF, Medication OFF-Stimulation OFF ; OFF/ON H, Medication OFF-Stimulation ON; ON/OFF, Medication ON-

Stimulation OFF; MDS UPDRS, Movement Disorders Society Unified Parkinson's Disease Rating Scale; SWS, 

Stand-Walk sit test; FOG, Freezing of gait; H&Y, Hoehn and Yahr Scale; AIMS, Abnormal Involuntary Movement 

Scale; FOG%; % of FOG in straight line;  Center-of-Mass; AP, Antero-Posterior; Vert; Vertical; ML, Medio-lateral; 

HR, Harmonic-ratio 

 

Supplementary Table S6.8:  Comparison between conditions using Friedman test with adjustment 
for multiple comparisons 

Variable Friedman test Multiple comparisons adjustment 
 

p-value OFFOFF vs 
OFFON 

OFFOFF vs 
ONOFF 

OFFON vs 
ONOFF 

 
UPDRS_III 0.000001 0.00072 0.00072 0.05873 
Item_3_10 0.367879 0.27 0.61 0.61 
Item_3_11 0.035973 0.023 0.229 0.229 
Item_3_12 0.001503 0.036 0.05 0.346 

SWS_time_s 0.019425 0.054 0.107 0.927 
SWS_N_FOG_Events 0.016473 0.074 0.074 0.552 

HY 0.094078 0.14 0.3 0.89 
AXIAL_score 0.010567 0.019 0.108 0.291 

FoG% 0.000281193 0.000046 0.076 0.459 
Cadence 0.011440584 0.052 1 0.085 

Speed 0.942873144 0.96 0.96 0.96 
Speed_Variability 0.034981316 0.29 0.29 0.68 

Step_Time_Asymmetry 0.05939594 0.045 0.12 0.548 
Step_Length_Asymmetry 0.290749235 0.75 0.75 0.75 
Swing_Time_Asymmetry 0.58895131 0.73 0.89 0.73 

Double_Support_Percent_Asymmetry 0.120314388 1 0.16 0.16 
Step_Width 0.390168543 0.3 0.37 0.58 

Step_Width_Variability 0.838223432 0.61 0.75 0.61 
Cycle_Time 0.10085034 0.067 0.12 0.067 

Cycle_Time_Variability 0.327048416 0.17 0.18 0.22 
Entropy_AP 0.012133747 0.0063 0.5791 0.5791 

Entropy_Vert 0.10085034 0.059 0.89 0.052 
Entropy_ML 0.056002836 0.03 0.024 0.712 

HR_AP 0.013648609 0.579 0.039 0.261 
HR_Vert 0.161454903 0.33 0.27 0.33 
HR_ML 0.009589766 0.12 0.68 0.12 

COM_RMS_AP 0.05939594 0.678 0.12 0.12 
COM_RMS_Vert 0.465470814 0.62 1 1 
COM_RMS_ML 0.161454903 0.78 0.06 0.31 

GDI_Percent 0.662480135 0.93 0.4 0.65 
Step_Time 0.012133747 0.039 0.927 0.04 

Step_Time_Variability 0.04694289 0.07 1 0.24 
Swing_Time 0.001376467 0.002 0.19 0.002 

Swing_Time_Variability 0.838223432 0.82 0.82 0.82 
Double_Support_Percent 0.079705892 0.36 0.85 0.57 

Double_Support_Percent_Variability 0.120314388 0.33 0.33 0.33 
Stance_Time_Percent 0.001376467 0.002 0.19 0.002 

Stance_Time_Percent_Variability 0.079705892 0.017 0.12 0.12 
Step_Length 0.056002836 0.12 0.37 0.68 

Step_Length_Variability 0.034981316 0.028 0.89 0.18 
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Chapter VII – General Discussion 
 

The introduction of DBS 30 years ago has changed the life of PD patients with 

bothersome levodopa-induced motor complications. However, and despite the significative 

improvement on motor symptoms, quality of life and motor fluctuations, the results on 

axial signs, specially gait and freezing remained far from optimal. 

The nature of gait and freezing that emerge after DBS-STN surgery in patients with 

well controlled appendicular symptoms is still not clear. It has been hypothesized that 

stimulation spreading to neighboring structures could be implicated on the emergence/ 

worsening of gait and freezing. It has also been hypothesized that gait impairment and 

freezing would appear after STN-DBS surgery as a consequence of disease progression. In 

this case, the loss of benefit of stimulation (and medication) would be attributed to the 

involvement of non-dopaminergic systems, not amenable to modulation by these 

therapies. 

However, the true burden of freezing of gait (FOG) and gait impairment after 

surgery remains unclear. Additionally, pre-surgery metrics that can aid in identifying 

patients with a higher probability of developing gait disturbance during medium and long-

term follow-up have not yet been elucidated. 

Additionally, the best strategy to manage the patients who evolve to present FOG 

and gait disorders is still not completely defined.  

Our work addresses the question of gait impairment and FOG after STN-DBS by 

evaluating the PD patient at different points, along their pathway from the pre-surgery 

assessment to the long-term follow up. Evaluation at different moments enabled us to 

answer different, but interconnected, questions, all aiming to understand the nature of gait 

disorders after stimulation. 
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The frequency and risk factors for gait impairment and FOG after 
STN-DBS surgery: introducing Freezing as a disability milestone 
 

Freezing is a common symptom in PD non-STN DBS patients, with prevalence increasing 

with disease progression, being estimated that 50-70% of patients will present FOG after 

10 years of diseases. Due to the fact that gait and FOG were not primary outcomes in 

previous large-scale, randomized controlled trials, the frequency of FOG in patients 

submitted to STN-DBS is still not clear. Studies employing retrospective designs with FOG 

assessment relying mostly on item 14 of the UPDRS part II, have generated data 

predominantly focused on the STN-DBS impact on FOG severity.312,336,377 Some more 

recent studies, have employed more objective metrics to assess the impact of stimulation 

on FOG, both in severity and incidence 481 but we are still lacking in information regarding 

the prevalence of FOG after surgery. Several studies indicate an overall FOG prevalence 

ranging from 34% to 56% post-surgery, with results varying with follow-up duration (1 to 

7 years follow-up have been reported) ,assessment method employed and the type of 

medication- condition(off or on-medication) state.312,481,482 

 In this thesis we have studied the frequency of FOG after STN-DBS surgery in two 

different samples. For both studies, FOG was assessing using the item 3.11 of the MDS-

UPDRS part III score, providing a more clinician, instead of patient, -based assessment of 

the presence of FOG.   

 In our initial retrospective study, we assessed the prevalence of FOG in a cohort of 

patients with a follow-up of 8 years after STND-DBS surgery. We found that at the end of 

the follow-up 47% of the patients presented FOG with FOG appearing relatively earlier 

after surgery (on average 3 years). In this study we were also able to determinate that 

older age at surgery and higher UPDRS II OFF scores were the main predictors of post-

surgery FOG. Freezers had also higher OFF gait scores (item 29) in the pre-surgery 

evaluation than non-freezers. The importance of the severity of axial signs in the OFF 

conditions, had already been shown by previous studies 327,482 and we reinforce it here. 

Our results seem to suggest that it’s the pre-surgery disease severity, independently of 

their responsiveness to LD, that will mainly impact the development of FOG after surgery. 
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In this study, patients had been observed under routine medication and stimulation since 

the assessment has been made during a routine clinic evaluation. Despite providing an 

important information regarding the patient’s habitual state it didn’t enable us to pinpoint 

with precision which type of FOG were we facing, since the effects of stimulation and LD 

could not be specifically manipulated. 

 To address this issue, we conducted a second study, with a prospective design 

where both the presence, severity and type of FOG (OFF FOG, OFFON-FOG or ON FOG) 204 

could be assess in different treatment conditions. Here, in the best-functional condition, 

FOG was present in 28% of the patients, a lower value than the one found in our 

retrospective study (47%). Different follow-up times (18 months vs 8 years) may justify 

the difference found, and hint to the role of disease progression on the emergence of axial 

signs not completely responsive do therapy.  

Stimulation was able to improvr the percentage and severity of Off-medication FOG, when 

compared to the baseline (pre-surgery assessment) but also with the OFF-state at the end 

of FUP. This comes in line with previous works, showing the efficacity of stimulation in 

improving off-medication FOG outcomes. 312,336,481,482 We couldn’t observe the same effect 

of stimulation in the ON-medication condition, where, on the reverse, a mild, non-

significative worsening was observed. Again, the lack of benefit in the on-medication 

condition has been previously ascertained in other studies, and attributed to disease 

progression. In the Best-On condition 28% of the patients presented FOG contrasting with 

only 11% on the Best-ON condition at baseline. A significant reduction on levodopa 

responsiveness was also observed in this work, which may lead one to think that disease 

progression, with loss of levodopa sensitivity due to extension of the neuropathologic 

process to non-dopaminergic pathways, would be the explanation.  However, previous 

works have also highlighted the role of post-surgery desensitization of the postsynaptic 

dopaminergic receptors on the observed decrease response to LD. 351 Even if both 

mechanisms may be present, an overall increase in motor scores from the baseline OFF to 

the post-surgery OFF condition suggests that disease progression is present even at 18 

months after surgery and may be responsible for progression in freezing severity.   
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 In this prospective study FOG was also assessed using the FOG-Questionnaire 

(FOG-Q), with 72% of the patients reporting the presence of FOG during the previous. 

Even if the lack of a baseline, pre-surgery data on FOG-Q constitutes an important 

limitation, precluding assessing the evaluation of this percentage throughout the follow-

up, this data provides meaningful insights. First, it shows that FOG is a frequent complain 

in STN-DBS patients, even in the early follow-up. Secondly, there is a discordance between 

the percentage of self-reported FOG and clinical-observed FOG.  This may be due to the 

fact that a clinical evaluation of FOG represents a limited snapshot of the overall motor 

behavior of the patient. In addition an improvement in FOG during medical visits has been 

previous reported, with clinicians failing to ascertain the presence and severity of the 

symptom.192,242,474,483 On the other hand, a patient's subjective assessment of FOG will 

encompass a broader spectrum of conditions and a more extensive timeframe, which may 

increase the likelihood of detecting paroxysmal phenomena such as FOG. However, it is 

important to note that self-reports include a subjective component that can be influenced 

by the patient's interpretation of FOG symptoms, recall bias, and subjective 

experiences.This supports the case for a more ecological and objective assessment of FOG 

emphasizing the evaluation and monitoring of patients in ambulatory settings over 

time.133,192,208  

 In our retrospective study, falls were used as an indicator of the presence of gait 

impairment. This decision was influenced by the retrospective nature of the study and the 

lack of systematic descriptions of gait in clinical records. Conversely, falls were consistently 

documented and considered a proxy for gait impairment. Our findings revealed that 73% 

of patients experienced falls within 8 years of undergoing STN-DBS, with older and more 

severely affected patients at baseline exhibiting a greater likelihood of becoming fallers 

In our prospective study, gait impairment was assessed using the item 3.10 of the MDS-

UPDRS III. Mimicking the results observed for FOG, an overall increase in the percentage 

of gait impairment was observed, with the majority of patients (78%)  presenting a 

therapy-resistant gait impairment, whilst before surgery only 1 patient had a therapy-

resistant gait impairment. Consequently, the percentage of patients with gait changes  in 
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the Best-Functional condition significantly increased. The effects of stimulation were less 

effective than for FOG, and didn’t follow the same pattern as observed in previous studies 

336,484. In our study stimulation was associated to a worsening in gait outcomes both in off 

and on-medication conditions. The kinematic results further validate these findings, with a 

worsening in kinematic metrics with stimulation in different gait domains. If these findings 

are solely due to disease progression or also represent a stimulation-induced side effect, 

deserve further exploration.387,462,485 Our small sample size precludes further conclusions 

and it is warranted that studies in larger, independent cohorts be pursued to replicate 

these findings.  

 Overall, when pooling together the results from both cohorts, there is a decrease 

in levodopa (LD) responsiveness and an increase in overall motor scores from baseline to 

post-operative assessment in both the OFF and ON conditions. Additionally, there is a 

progressive increase in FOG frequency, rising from 28% at 18 months to 47% at 8 years 

after surgery. These findings collectively suggest that disease progression is the main 

cause for the increased FOG and gait impairment after surgery. 

Markers of disease progression are extremely important in the management of 

neurodegenerative diseases since they enable us to monitor disease evaluation, define 

patient health status, adjust therapeutic strategies and helps clinicians (and patients and 

caregivers) to predict disease course, adjust behaviors and expectations.61,486  

In PD, the emergence of falls, hallucinations, cognitive impairment and institutionalization, 

has been regarded as signaling the presence of a late-stage disease, with these symptoms 

clustering together and closely preceding death.63,79,80 The prevalence and timing of 

emergence of these disability milestones has been well described in non-DBS cohorts 

79,80,487–489 and more recently in DBS cohorts.305,306,354,361,362,364,365,369,490 Across all studies,  

falls and dementia are the disability milestones more frequently assessed on the long-term 

PD cohorts. 491 Even if FOG is not classically recognized as a disability milestone (DM), we 

believe that it should be included in this set of symptoms associated with disease 

progression.  First, FOG, as a symptom, is associated to a significant loss of autonomy, 

quality of life and increased morbidity.173,193,373,444   Secondly, a temporal relationship 
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between FOG and the presence of other disability milestones has been found in our study, 

with the emergence of FOG being closed followed by the emergence of Falls. Moreover, in 

our findings, FOG preceded death by 3 years, which is a time lag similar to other disability 

milestones 79,80.  This reinforces the idea that FOG is part of this group of late-stage 

symptoms, appearing on the 4-5 years before death and sharing pathophysiology 

mechanisms, mostly non-dopamine dependent. 

Specially in DBS cohorts, systematically assessing FOG may reinforce the notion of the 

existence of a “long-term DBS syndrome”. This term, introduced by Fasano, describes the 

long-term PD patients submitted to DBS surgery that will evolve to a distinct phenotype 

where the main determinants of patients’ autonomy and quality of live is the presence of 

axial signs and NMS, while rigidity, bradykinesia,  tremor and levodopa-induced MC would 

have only a minorl impact . 127  The recognition of this phenotype of patients its particularly 

important since it enables clinicians to adjust patients’ expectations and adopt measures 

that will help patients and caregivers to better cope with disability. Additionally, it 

emphasizes a group of unmet needs to improve patients’ condition, which deserves much 

research. 

 With that in mind, this thesis supports the idea that 1) despite the initial good 

response to LD at baseline, FOG and gait impairment will emerge during the follow-up of 

PD STN-DBS patients, progressively increasing over time 2) FOG should be regarded as a 

disability milestone, claiming that  future studies both in DBS and non-DBS patients  should 

specifically assess its prevalence and risk factors.  
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The clinical relevance of objective movement assessment in PD STN-
DBS patients:  
 
Increasing accessibility to fine motor assessment through wearable 
devices 
 

Motor assessment is a cornerstone in PD research and clinical practice. It remains 

the central element of PD diagnosis 44,220 and despite gait impairment, FOG and postural 

instability not being considered “necessary” for the diagnosis of PD, they represent major 

landmarks of PD staging, progression and prognosis121,492–495  The  current state-of-art for 

motor assessment is the Movement Disorders Society  Unified Parkinson’s Disease Ratings 

Scale (MDS-UPDRS) part III220. 

Although with high reliability and construct validity, 220 this assessment depends on 

proper  training of raters and the dislocation of the rater and the subject to the same place. 

Proper assessment can take up to 20 minutes and it can only be performed when the 2 

subjects (rater and ratee) meet. Inter-rater  and intra-rater variability in motor assessment 

may contribute to MDS-UPDRS III over or  underestimation425,496, with a limited capacity 

to capture disease progression425  and presenting an important floor effect and lack of 

granularity in early stage disease  assessment .497  

Acute drug challenge tests such as the LCT have been used since the 1980s for 

various clinical and experimental purposes.  A positive response to LCT is still used as one 

of the main criteria for inclusion in surgical protocols, with levodopa responsiveness being 

considered an absolute requirement in the screening process for DBS.321,328. In addition, 

LCT can be used to differentiate idiopathic PD from other forms of parkinsonism. However, 

performance of the LCT requires a certain degree of expertise that is not present in all the 

clinical centers, which may preclude some patients to receive this type of assessment. 328 

Studying patients undergoing an LCT (Chapter V), we were able to show that 

kinematic-related metrics capture well the transition between medication-states, being 

able to clearly distinguish the OFF-medication state from the ON-medication state. This 

holds true when the LD challenge test was preformed either before (Chapter V) or after 

surgery (Chapter IV), with significative improvements from the OFF to the Medication-ON 
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condition in the globality of gait metrics, mimicking what happened with the MDS-UPDRS 

III scores.  

In Chapter IV, we found that despite a clinical significant improvement in gait 

when using clinical metrics (item 3.10 MDS-UPDRS III), when dissecting gait into its 

several subcomponents, a uniform response to LD was not observed across all gait 

subcomponents, with some gait metrics not being improvedby LD. Whilst the effect of LD 

in spatiotemporal gait metrics had been already described,152,404,405,498,499 its effect on 

metrics reflecting variability, smoothness and rhythmicity of gait has been less well 

explored.154,462,500–502 In two of our cohorts (one assessing patients before surgery and 

other assessing patients at 18 months after surgery) spatiotemporal gait metrics as speed, 

stride length and step length significantly improved with LD whie its effect on gait variability 

and asymmety metrics, Harmonic Ratios and Entropy was less remarkable. One may 

speculate that while these latter gait metrics reflect more than the dopaminergic 

deficit,their dysfunction also being a the product of deregulation in other non-dopaminergic 

structures, and consequently less responsive to LD. 

When assessing advanced, axial post-surgery PD patients (chapter VI), an overall 

decrease on the response to LD was observed across all kinematic-driven gait metrics. At 

the same time, clinical gait assessment also failed to capture a significant benefit from LD. 

In this cohort of older patients with longer disease duration, one can envisage that his loss 

of LD responsiveness can be related with disease progression. Here, again, we reinforce 

the idea that kinematic-related metrics relate well with the clinical observation and it can 

be used to assess transition (or lack of it) between states.  

The role of LCT in predicting post-surgical outcomes, special gait axial outcomes 

has been discussed206,323,324 , which led some authors to consider the use of kinematic-

based LCT to predict post-surgery gait outcomes. In line with this, a previous study  has 

shown that a preoperative LD response of stride length and range of movement at the 

lower limb was significantly correlated with favorable FOG outcomes.335 Thought  limited 

by the small sample size we have found that the response of specific kinematic gait-metrics 

to a pre-surgery LCT was correlated to the post-surgery outcomes of FOG.  Moreover, 
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some of these gait metrics showed stronger correlation with the FOG outcomes than the 

LD response of the MDS-UPDRS III. In Cebi and colleagues' paper, the majority of the 

kinematic metrics studied pertained to the spatiotemporal and angular domains..335 Based 

on a growing body of evidence that points to variability,  asymmetry and gait metrics 

reflecting overall gait smoothness and regularity as particularly altered in freezer-patients, 

we included these metrics in our analysis. Remarkably Entropy, HR, stride time variability 

and stride time asymmetry were the metrics that best correlated with the outcome of FOG.  

The use of wearable devices has shown the potential to increase objectivity in motor 

analysis whilst reducing inter and intra-rater variability. 395,396,424In addition, it may 

democratize the access of patients to this fine motor assessment otherwise only possible 

in the presence of expert-raters, once wearables become more economic accessible to 

most centers and countries 395,396,424 The assessment of levodopa response during a LCT 

using wearable devices may enhance the evaluation of patients, offering a high-quality 

assessment of motor symptoms across different centers and reducing rater-dependent 

variability without requiring an expert rater. However, there will always be a need for a 

Parkinson's disease expert to interpret the data collected by the wearable device within 

the context of the patient's clinical history, providing it with clinical significance 

In this thesis, studies assessing the role of wearable devices in motor assessment 

were conducted on a highly specific population of advanced Parkinson's disease (PD) 

patients experiencing motor fluctuations, all of whom were either candidates for or had 

already undergone subthalamic nucleus deep brain stimulation (STN-DBS) surgery. While 

internal validity was ensured through a strict study protocol and experimental manipulation 

of levodopa (LD) and stimulation, allowing for the establishment of causal relationships 

between the observed kinematic results, external validation of our findings remains 

necessary. Further studies involving larger cohorts, assessing patients at various disease 

stages, and conducted in ambulatory settings should be pursued to strengthen the 

generalizability of the results. 
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The role of automatic models for FOG detection 
 

 

The currently gold-standard method for FOG assessment and quantification reposes 

on a video scoring of a gait test by independent experts. 208,242,249 However, no uniformity 

is found between centers, with some scoring FOG episodes by their clinical 

severity/duration whileothers reporting the percentage of gait time spent 

infreezing.208,242,249  Whilst the reliability of inter-rater agreement was acceptable for the 

percent time frozen (ICC: 0.73), the inter-rater agreement for the number of freezing 

events was only moderate (intraclass correlation coefficient [ICC]: 0.63.251 In addition, 

these scoring approaches remain time consuming, dependent on the presence of expert 

raters and still susceptible to individual variability and bias. The latter one may render 

difficult the comparison of scoring from raters working in  different centers, which may 

assume particular importance when looking at multicentric studies. 208,242,249,251 

Thus, significant efforts have been made to use more objective FOG metrics, namely 

wearable devices (most commonly accelerometers).132,133,208,424 In addition to increase 

objectivity, reduce inter-rater variability, this kind of measurement of gait also offers the 

possibility of assessing patients in ambulatory setting, which is highly desirable specially 

in the case of FOG, an episodic phenomenon often not observed during clinical evaluation.  

A model for automatic quantification of the % of FOG during straight gait, previous 

validated in an independent cohort of 21 PD, was applied in our cohort of PD STN-DBNS 

patients presenting with severe FOG after surgery (Chapter VI). A high correlation 

between the % of FOG automatically detected by our model and clinical FOG metrics was 

found across all conditions tested. In addition, and mimicking the behavior of clinical 

metrics (e.g., number of FOG episodes and gait time) the % of FOG declined from the OFF 

condition to the Best-functional condition.  This suggest that our model is not only able to 

capture well the presence of FOG but also is sensitive to the change of FOG with 

interventions.  This finding require further validation, but they align with previous reports 

indicating that models utilizing wearable devices in conjunction with machine learning 
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techniques achieve high sensitivity, specificity, and accuracy when evaluating PD-FOG 

patients.476,477,503,504 

In addition to the automatic assessment of FOG, a kinematic study of gait was also 

performed, enabling us to understand the behavior of different kinematic-driven gait 

metrics in these FOG patients. Previous studies comparing PD freezers vs non-freezers 

have found that the formers had higher levels of gait variability and asymmetry then their 

non-freezers counterpart.210–215  Variability and asymmetric gait metrics were also the gait 

metrics that better explained gait alterations in our cohort of FOG patients. This holds true 

for the assessment of individual gait metrics but also when a PCA is applied in order to 

reduce the number of variables and facilitate interpretation of data. These variables 

correlated well with the presence of FOG (both assessed clinical or by our automatic 

model), changing across treatment conditions, according to the behavior of FOG, as 

assessed by the different clinical methods.  

We recognize that the lack of a non-FOG control group and the fact that kinematic 

gait analysis was performed across all gait moments, including FOG episodes, may 

contaminate the analyses of the background gait and limit some of the results found. Even 

so, and similar to previous works, it appears that increase gait variability and asymmetry 

may be associated to the presence of FOG, probably reflecting the presence of alterations 

on background gait. Interestingly, these gait variables seem to be relatively unaffected by 

levodopa or even stimulation.  

In chapter VI distinct profiles of patients regarding their responsiveness to therapy 

have been identified. These distinct profiles of response are also seen at a kinematic level, 

with some gait metrics being specifically modulated by LD, HFS, LFS.  

Over the past decade, precision medicine approaches have received significant 

investment in order to tailor medical care and interventions to the specific characteristics 

of each patient, allowing for more accurate and effective treatments.505,506 

Precision medicine can leverage advanced technologies, such as wearable sensors 

and gait analysis tools, to monitor and analyze a patient's gait pattern. Objective data from 

wearable devices can provide valuable insights into the specific characteristics of gait and 
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freezing episodes and help tailor interventions based on the specific gait characteristics of 

each patient.480 For example, knowing that specific gait metrics respond better to specific 

gait interventions, may help adapt therapeutic regimens according to the gait metrics most 

profoundly altered.  

 However, despite the allure of having abundant data with a higher level of detail, 

particularly in a world increasingly reliant on vast amounts of data and precise information, 

it is imperative to remember that this data relates to an individual human being—a single 

patient.507. Duysens, a retired researcher on FOG, recently reported its own personal 

perspective on FOG, presenting a view how freezing could be beneficial when handled 

appropriately. 508 

While objective gait metrics offer valuable insights into FOG, they may not fully 

capture the subjective experiences and perceived difficulties encountered by individuals 

with PD in their daily lives. Despite providing objective data, these metrics often lack the 

contextual understanding that patient-reported metrics offer. For instance, while 

accelerometers can monitor walking behavior in real-life situations, they may not capture 

the nuanced challenges experienced by individuals with PD during episodes of FOG. 

Additionally, patient-reported metrics provide insight into nonmotor factors such as self-

efficacy and depressive symptoms, which significantly influence FOG but may not be 

reflected in objective gait assessments alone. Therefore, integrating patient-reported 

metrics alongside objective gait metrics is essential for a comprehensive understanding of 

FOG, ensuring that interventions address the holistic needs of individuals with PD and 

promoting patient-centered care approaches.509–511  
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The role of STN-DBS and dopaminergic therapy on post-surgery FOG 
and gait impairment 
 

Whilst Subthalamic Nucleus Deep Brain Stimulation (STN DBS) has proven to be an 

efficacious treatment for controlling cardinal motor symptoms in both short and long-term 

follow-ups84,87,299,301,302, its sustained efficacy in addressing axial signs such as gait and 

FOG remains a subject of controversy.127 The follow-up of STN-DBS patients reveals a 

gradual emergence of gait impairment and FOG, even in the best-functional state 

(Medication ON/Stimulation ON), resistant to therapy optimization.303,327,336 These therapy-

resistant symptoms  pose a significant therapeutic challenge for clinicians managing STN-

DBS patients. Understanding their etiology and devising corresponding therapeutic 

strategies is one of the major unmet need in the field of movement disorders surgery.127 

Numerous studies have focused on PD STN-DBS patients with post-surgery gait 

disorders or FOG, primarily to elucidate the role of alternative stimulation paradigms as 

treatment approaches.310,338–340,343,347,452,512  Starting by the premise that loss of benefit on 

axial signs could be attributed to a direct side effect of stimulation, these works delve into 

its modulation as a strategy to improve gait.  

However, long-term follow-up studies reveal a general decrease in the effectiveness 

of both stimulation and LD on motor symptoms after surgery.303,327 Interestingly, despite 

a reduction in magnitude, especially when compared with pre-surgery LD-responsiveness, 

the magnitude of effects of LD and stimulation tend to be similar, suggesting an overall 

lack of disease responsivity to treatment, likely due to disease progression. 351This effect 

is more evident for axial signs, but the same principle holds true for non-axial symptoms. 

It is crucial to discern whether the observed gait disorders that exist in the Best-

Functional condition post-surgery are induced by therapy (stimulation and/or LD) or 

represent treatment-resistant features (present in the OFF state and not totally improved 

by treatment). To address this, we undertook a comprehensive study involving a highly 

selected cohort of 17 patients with severe FOG in the best-functional condition (Chapter 

VI). We assessed them in five different therapeutic conditions, enabling the evaluation of 

the OFF state, the isolated effects of LD and stimulation, the synergistic effect of both, and 
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an additional condition to determine the role of Low-Frequency Stimulation (LFS) on FOG. 

Most previous works have not conducted such a comprehensive evaluation, often focusing 

primarily on the effects of stimulation.339,340,347  Given the non-negligible role of disease 

progression in the development of axial signs, assessing the response to LD and comparing 

it with the pre-surgery response is a critical step towards understanding the etiology of the 

loss of therapeutic benefit in these patients. Accordingly, assessing patients in the 

MedOFF/StimOFF state is of paramount importance to understand where the patient stands 

in their disease evolution. 

Akin to Moreau patients339, ourspresented significative more FOG episodes in the 

OFF-state than in the Best-functional state.  This suggests that, despite the  benefit 

observed in the pre-surgery LCT cannot be reproduced, patients still benefit from 

treatment. Interestingly, when compared with the pre-surgery evaluation, there is a 

significant decreased in the motor response to LD,  accompanied by a significant increase 

in both overall motor and axial scores in both OFF and ON conditions.. This suggests that 

there is, at least in part, a component of disease progression that explains the incomplete 

response of FOG to both stimulation and LD.  The emergence of axial signs and FOG after 

surgery appears to be linked to the progressive loss of LD sensitivity with a consequently 

reduced responsiveness to stimulation due to disease progression outside the 

dopaminergic system. 

To disentangle the specific effects of stimulation and medication, our sample was 

evaluated under stimulation-only and under medication-only conditions. While there was 

an overall group level benefit on FOG, individual responses varied, revealing specific 

profiles of patients: LD-induced FOG patients, stimulation-induced FOG patients and 

stimulation and LD-improvement patients. 

In non-DBS patients, the notion that FOG could be induced/worsened by LD has 

already been discussed with these patients representing a very small proportion of PD-FOG 

patients.183,204 Here, we introduced the concept that some of the post-surgery FOG 

observed in the best-functional state could be induced and/or worsened by LD. 

Interestingly, these patients will experience FOG improvement with stimulation, indicating 
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a distinct sensitivity to therapeutic strategies. Importantly, this dissociation between LD 

and stimulation response isn’t observed for non-axial signs, which are equally improved by 

LD or stimulation. We are led to conclude that this LD-worsening behavior is specific for 

axial signs, and that therapeutic modulation of axial signs follows different pathways then 

non-axial symptoms, probably reflecting the distinct pathophysiologic mechanisms 

underlying them.   

This diametrically opposed patterns of response to stimulation and LD have led us 

to question the role of the LCT.  A LCT is traditionally performed to predict surgery 

outcomes being the most important criteria for patient selection.206,321 Despite criticisms 

of its role in predicting axial outcomes324,327,351,389,513, patients with LD-resistant axial signs, 

including FOG, are still classically excluded from surgical programs.206 Our results question 

the exclusion of patients with insufficient LD response from surgical programs, as distinct 

responses to stimulation and medication may be observed. We recognize that, at baseline, 

all these patients were responsive to Levodopa (LD) concerning axial outcomes. This 

prevents us from directly addressing the question of whether pre-surgery axial signs that 

were not responsive to LD would improve with stimulation. However, a previous work has 

found the same dissociation between pre-surgery LD response and post-surgery 

stimulation-response, suggesting that some of the non-LD responsive patients may come 

to improve with stimulation, despite the initial lack of LD sensitivity. 334 

Our study also identifies a subgroup of patients whose FOG is worsened by 

stimulation whilst significantly improved with LD. Here one can envisage that current 

spread to the neighboring structures could have led to gait worsening.341,448 Here, one can 

envisage that whilst HSF of the descending nigropontine projections and outflow tracts of 

the pedunculopontine nucleus can negatively impact gait, LFS stimulation of the same 

structure will have a positive impact, as suggested by the  beneficial effects  on gait 

observed with  PPN-DBS at low frequency stimulation (25 Hz).471–473 

Even though the small number of patients in our sample prevents further 

conclusions, one can hypothesize that the patients with stimulation-induced FOG, would  

be the ones most likely to benefit from different or alternative stimulation paradigms. 
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Modulating the stimulation field, either by reducing or reshaping the volume of tissue 

activated (VTA) area or by recruiting different axonal fibers, could help limit the adverse 

effects of stimulation.  

In line with the hypothesis that post-surgery FOG could be stimulation-induced, 

several studies have explored the effectiveness of low-frequency stimulation (generally 60 

or 80 Hz)  in improving axial signs.339,340,343,512  Previous works have found a significative 

effect of LFS on FOG outcomes specially in short-term follow-up, but with less consistent 

long-term results. 339,340,343,512 In our work we couldn’t reproduce the benefice of LFS in 

FOG metrics using a 60 Hz-stimulation, but LFS was associated to significant lower axial 

scores. Despite the lack of benefit at a group level, a subgroup of patients appeared to be 

particularly improved by LFS regarding FOG. This benefit is extensive to other axial signs, 

with non-axial signs not being modulated by LFS, suggesting a specificity of low frequencies 

to modulate brain circuits related to axial signs.  

We advocate that in STN-DBS PD patients experiencing FOG post-surgery, a “one-

size-fits-all” approach is insufficient. Both the etiological causes of freezing and the 

therapeutic strategies to address them require a tailored approach and individualized 

assessments of LD and stimulation effects are crucial, considering the diverse responses 

observed among patients. 

 

 

Conclusion 
 

 

Our study contributes valuable insights into gait impairment and FOG after STN-

DBS in PD patients. By conducting assessments at various time points, from pre-surgery 

to long-term follow-ups, we gained a comprehensive understanding of the nature of gait 

disorders following stimulation. 

We observed that FOG is a prevalent symptom in PD patients undergoing STN-DBS, 

with its occurrence increasing as the disease progresses, affecting a substantial percentage 

of patients after 8 years.  In our retrospective study, we found older age and higher pre-
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surgery disease severity were significant predictors of post-surgery gait and FOG 

outcomes. Furthermore, our prospective study provided insights into the role of the LCT 

on predicting gait outcomes, suggesting that response of specific kinematic gait metrics 

may be better correlated with FOG outcomes than the overall motor response during the 

LCT. 

We showed that automatic models for FOG detection using wearable devices and 

machine learning techniques have high sensitivity and specificity, offering a scalable 

approach to monitoring FOG in PD patients. In addition, the presence of FOG appears to 

correlate with higher gait variability and asymmetry. 

Importantly, we identified distinct patient profiles in response to therapy, with some 

patients exhibiting worsened FOG under stimulation but improved responses to medication. 

This  underscores the need for personalized approaches in managing post-surgery 

FOG and  emphasizing the importance of evaluating both medication and stimulation 

effects individually.    
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Implications for Clinical Practice 
 

Therapy-refractory FOG and gait impairment emerge during the follow-up of STN-

DBS PD patients, despite an initial good response to LD prior to surgery. Their emergence 

appears to be dictated mostly by disease progression, despite a continued benefit on 

stimulation specially on the off-medication FOG. 

Healthcare professionals should, therefore, advise patients considering STN-DBS 

sthat, following the procedure, axial signs may continue to progress and remain partially 

resistant to treatment. Nonetheless, it should also be remarked that this doesn’t preclude 

an overall benefit in terms of motor fluctuations and dyskinesias, reduction of medication 

on improvement in overall motor scores. 

In patients who developed FOG in the best-functional condition (MedON/StimON) 

an individualized evaluation should be prioritized, where the individual effects of 

stimulation and LD are assessed. This may enable the clinician to identify specific points 

for intervention, where modulation of one or another therapeutic modality may be 

sufficient to improve the clinical picture.  At the same time, when managing severe post-

surgery FOG, one should consider the potential detrimental effects of chronic HFS and the 

possibility of benefiting from fine adjustments to stimulation parameters should be 

considered. Here, LFS appear to specifically modulate axial signs without significant effects 

on non-axial motor symptoms. In line with this, LFS should be tried in patients with post-

surgery FOG and gait impairment. 

Here, the advancements in DBS technology hold promise for improving the 

management of these patient. Directional DBS leads feature may enable a better 

modulation of the electric field in order to a more precise targeting of neural circuits 

implicated in FOG.285,317,333 The integration of closed-loop DBS systems represents another 

significant advancement, with a  recent paper using stride time variability as a biomarker 

to modulate adaptive DBS, with positive effects in FOG. This enables a real-time 

assessment of the state of gait and an adapted online correction.317,333,480  

The understanding of FOG and gait complexity, their behavior and response to 

treatment demands an objective, observed-independent assessment. Patient-reported 
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FOG outcomes and clinician-based clinical assessment, may not be sufficient to fully 

capture this complexity. Wearable devices can provide real-time, quantifiable data on a 

patient's movements, allowing also for continuous monitoring outside the clinical setting. 

Machine learning models, trained on these objective metrics, can accurately identify and 

classify episodes of FOG, during long periods of time, enabling a more ecologic assessment 

of FOG. This technology offers clinicians a valuable tool for gaining deeper insights into 

patients' motor state and response to treatments, enabling personalized and data-driven 

interventions.  
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Implications for research 

 

FOG significantly impacts the life of PD submitted to STN-DBS surgery, and despite 

significant efforts, our current treatments are often unable to prevent sufferers from losing 

their independence and quality of live. Consequently, FOG is one of the major unmet needs 

in clinical research, and a collective effort to understand the etiology of FOG and the 

therapeutic strategies that can be adopted should be undertaken. 

Up to now, the assessment of post-surgery FOG has relied in the retrospective 

assessment of small cohorts, with different follow-up times, and with FOG assessment 

based on self-reported questionnaires. While ethical concerns may pose limitations on 

conducting randomized controlled trials (RCTs) specially with medium and long-term 

follow-ups to compare STN-DBS with BMT, it is feasible to prospectively assess multicentric 

cohorts of Parkinson's disease (PD) patients to evaluate the prevalence of post-surgery 

FOG and gait impairment. In these cohorts, an objective assessment of FOG should be 

prioritized, ideally using wearable devices and machine-learning techniques for an 

objective, automatic FOG detection. Additionally, studies with larger samples are needed 

to test our hypothesis that there is heterogeneity within subjects regarding the response 

of FOG to stimulation, including different frequencies of stimulation and medication. 

  Patients whose symptoms emergence it associated to either brain lesions514 or brain 

stimulation318,319,515  are particularly well placed to establish a link between the clinical 

observed symptom and  the underlying responsible brain circuits. Using normative 

functional connectomes acquired in large samples either “lesion network mapping” and 

“Deep Brain Stimulation (DBS) network mapping” have been used to investigate networks 

that are affected by lesions and stimulation and identify key nodes related to symptoms. 

318,319,514,515 Using a normative connectome, functional connectivity of DBS sites associated 

of patients with FOG could be analyzed and compared with the functional connectome of 

STN-DBS PD patients without FOG. This could enable to identify brain regions related to 

FOG, providing insights into circuit dysfunction in STN-DBS FOG.  
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DBS frequency manipulation provides a strategy to reduce FOG with no major impact 

on other motor symptoms, with an increasing body of evidence showing the efficacy of LFS 

to improve FOG and other axial symptoms. 337–340,343,512 This provides an optimal scenario 

to causally assess FOG-specific changes in complex networks. New imaging techniques can 

be also used to study the effects of different stimulation frequency in modulating brain 

networks. Studying PD STN-DBS patients under HSF and LFS with fMRI functional may 

identify within subject response at a brain circuit level to the different stimulation 

frequencies, helping to clarify how the different frequencies modulate the clinical signs but 

also which brain circuits are involved in the emergence of axial alterations. 

Wearable devices and kinematic-driven gait metrics have been increasingly used in 

clinical practice. 221,395,396 However, when looking to data regarding the effects of 

stimulation and LD in individual gait metrics, contradictory results are found across studies, 

with most of these studies assessing a limited number of patients. Efforts from the scientific 

and medical community should be undertaken in order to create bigger cohorts, or to 

gather data from different small cohorts, in order to generate bigger data sets, from which 

more consist and robust outcomes can be obtained.   

 Finally, although significant progress has been made since Kinnier Wilson referred 

to the basal ganglia as 'the dark chamber of the brain,' the journey to fully comprehend 

the pathophysiological mechanisms underlying FOG and gait impairment is still far from its 

conclusion. 

 Leveraged by technological advances, ranging from new imaging techniques to 

wearable devices for gait analysis, novel research avenues are opening up for a more 

profound understanding of post-surgery FOG and gait impairment. Ideally, these insights 

could translate into improved treatments and an enhanced quality of life for PD STN-DBS. 

 

 

 



Freezing of gait and gait impairment after STN-DBS 

220 
 

 

References 
 

1. Bloem BR, Okun MS, Klein C. Parkinson’s disease. Lancet Lond Engl. 
2021;397(10291):2284-2303. doi:10.1016/S0140-6736(21)00218-X 

2. Poewe W, Seppi K, Tanner CM, et al. Parkinson disease. Nat Rev Dis Primer. 
2017;3:17013. doi:10.1038/nrdp.2017.13 

3. Elbaz A, Carcaillon L, Kab S, Moisan F. Epidemiology of Parkinson’s disease. Rev 
Neurol (Paris). 2016;172(1):14-26. doi:10.1016/j.neurol.2015.09.012 

4. Tysnes OB, Storstein A. Epidemiology of Parkinson’s disease. J Neural Transm Vienna 
Austria 1996. 2017;124(8):901-905. doi:10.1007/s00702-017-1686-y 

5. Rossi A, Berger K, Chen H, Leslie D, Mailman RB, Huang X. Projection of the 
prevalence of Parkinson’s disease in the coming decades: Revisited. Mov Disord Off J 
Mov Disord Soc. 2018;33(1):156-159. doi:10.1002/mds.27063 

6. Dorsey ER, Sherer T, Okun MS, Bloem BR. The Emerging Evidence of the Parkinson 
Pandemic. J Park Dis. 2018;8(s1):S3-S8. doi:10.3233/JPD-181474 

7. Darweesh SKL, Raphael KG, Brundin P, et al. Parkinson Matters. J Park Dis. 
2018;8(4):495-498. doi:10.3233/JPD-181374 

8. GBD 2015 Neurological Disorders Collaborator Group. Global, regional, and national 
burden of neurological disorders during 1990-2015: a systematic analysis for the Global 
Burden of Disease Study 2015. Lancet Neurol. 2017;16(11):877-897. 
doi:10.1016/S1474-4422(17)30299-5 

9. Mehanna R, Jankovic J. Young-onset Parkinson’s disease: Its unique features and their 
impact on quality of life. Parkinsonism Relat Disord. 2019;65:39-48. 
doi:10.1016/j.parkreldis.2019.06.001 

10. Post B, van den Heuvel L, van Prooije T, van Ruissen X, van de Warrenburg B, 
Nonnekes J. Young Onset Parkinson’s Disease: A Modern and Tailored Approach. J 
Park Dis. 2020;10(s1):S29-S36. doi:10.3233/JPD-202135 

11. Patel R, Kompoliti K. Sex and Gender Differences in Parkinson’s Disease. Neurol Clin. 
2023;41(2):371-379. doi:10.1016/j.ncl.2022.12.001 

12. Georgiev D, Hamberg K, Hariz M, Forsgren L, Hariz GM. Gender differences in 
Parkinson’s disease: A clinical perspective. Acta Neurol Scand. 2017;136(6):570-584. 
doi:10.1111/ane.12796 

13. Cerri S, Mus L, Blandini F. Parkinson’s Disease in Women and Men: What’s the 
Difference? J Park Dis. 2019;9(3):501-515. doi:10.3233/JPD-191683 



Freezing of gait and gait impairment after STN-DBS 

221 
 

14. Bellou V, Belbasis L, Tzoulaki I, Evangelou E, Ioannidis JPA. Environmental risk 
factors and Parkinson’s disease: An umbrella review of meta-analyses. Parkinsonism 
Relat Disord. 2016;23:1-9. doi:10.1016/j.parkreldis.2015.12.008 

15. Noyce AJ, Bestwick JP, Silveira-Moriyama L, et al. Meta-analysis of early nonmotor 
features and risk factors for Parkinson disease. Ann Neurol. 2012;72(6):893-901. 
doi:10.1002/ana.23687 

16. Camacho-Soto A, Warden MN, Searles Nielsen S, et al. Traumatic brain injury in the 
prodromal period of Parkinson’s disease: A large epidemiological study using medicare 
data. Ann Neurol. 2017;82(5):744-754. doi:10.1002/ana.25074 

17. Fang X, Han D, Cheng Q, et al. Association of Levels of Physical Activity With Risk of 
Parkinson Disease: A Systematic Review and Meta-analysis. JAMA Netw Open. 
2018;1(5):e182421. doi:10.1001/jamanetworkopen.2018.2421 

18. Trinh J, Zeldenrust FMJ, Huang J, et al. Genotype-phenotype relations for the 
Parkinson’s disease genes SNCA, LRRK2, VPS35: MDSGene systematic review. Mov 
Disord Off J Mov Disord Soc. 2018;33(12):1857-1870. doi:10.1002/mds.27527 

19. Kasten M, Hartmann C, Hampf J, et al. Genotype-Phenotype Relations for the 
Parkinson’s Disease Genes Parkin, PINK1, DJ1: MDSGene Systematic Review. Mov 
Disord Off J Mov Disord Soc. 2018;33(5):730-741. doi:10.1002/mds.27352 

20. Skrahina V, Gaber H, Vollstedt EJ, et al. The Rostock International Parkinson’s Disease 
(ROPAD) Study: Protocol and Initial Findings. Mov Disord Off J Mov Disord Soc. 
2021;36(4):1005-1010. doi:10.1002/mds.28416 

21. Jia F, Fellner A, Kumar KR. Monogenic Parkinson’s Disease: Genotype, Phenotype, 
Pathophysiology, and Genetic Testing. Genes. 2022;13(3):471. 
doi:10.3390/genes13030471 

22. Migdalska-Richards A, Schapira AHV. The relationship between glucocerebrosidase 
mutations and Parkinson disease. J Neurochem. 2016;139 Suppl 1(Suppl Suppl 1):77-90. 
doi:10.1111/jnc.13385 

23. Do J, McKinney C, Sharma P, Sidransky E. Glucocerebrosidase and its relevance to 
Parkinson disease. Mol Neurodegener. 2019;14(1):36. doi:10.1186/s13024-019-0336-2 

24. Ryan E, Seehra G, Sharma P, Sidransky E. GBA1-associated parkinsonism: new insights 
and therapeutic opportunities. Curr Opin Neurol. 2019;32(4):589-596. 
doi:10.1097/WCO.0000000000000715 

25. Kalia LV, Lang AE. Parkinson’s disease. Lancet Lond Engl. 2015;386(9996):896-912. 
doi:10.1016/S0140-6736(14)61393-3 

26. De Virgilio A, Greco A, Fabbrini G, et al. Parkinson’s disease: Autoimmunity and 
neuroinflammation. Autoimmun Rev. 2016;15(10):1005-1011. 
doi:10.1016/j.autrev.2016.07.022 



Freezing of gait and gait impairment after STN-DBS 

222 
 

27. Halliday GM, Holton JL, Revesz T, Dickson DW. Neuropathology underlying clinical 
variability in patients with synucleinopathies. Acta Neuropathol (Berl). 
2011;122(2):187-204. doi:10.1007/s00401-011-0852-9 

28. Dickson DW, Braak H, Duda JE, et al. Neuropathological assessment of Parkinson’s 
disease: refining the diagnostic criteria. Lancet Neurol. 2009;8(12):1150-1157. 
doi:10.1016/S1474-4422(09)70238-8 

29. Damier P, Hirsch EC, Agid Y, Graybiel AM. The substantia nigra of the human brain. 
II. Patterns of loss of dopamine-containing neurons in Parkinson’s disease. Brain J 
Neurol. 1999;122 ( Pt 8):1437-1448. doi:10.1093/brain/122.8.1437 

30. Chu Y, Dodiya H, Aebischer P, Olanow CW, Kordower JH. Alterations in lysosomal 
and proteasomal markers in Parkinson’s disease: relationship to alpha-synuclein 
inclusions. Neurobiol Dis. 2009;35(3):385-398. doi:10.1016/j.nbd.2009.05.023 

31. Xilouri M, Brekk OR, Stefanis L. α-Synuclein and protein degradation systems: a 
reciprocal relationship. Mol Neurobiol. 2013;47(2):537-551. doi:10.1007/s12035-012-
8341-2 

32. Kaushik S, Cuervo AM. Proteostasis and aging. Nat Med. 2015;21(12):1406-1415. 
doi:10.1038/nm.4001 

33. Brundin P, Li JY, Holton JL, Lindvall O, Revesz T. Research in motion: the enigma of 
Parkinson’s disease pathology spread. Nat Rev Neurosci. 2008;9(10):741-745. 
doi:10.1038/nrn2477 

34. Braak H, Rüb U, Gai WP, Del Tredici K. Idiopathic Parkinson’s disease: possible routes 
by which vulnerable neuronal types may be subject to neuroinvasion by an unknown 
pathogen. J Neural Transm Vienna Austria 1996. 2003;110(5):517-536. 
doi:10.1007/s00702-002-0808-2 

35. Rietdijk CD, Perez-Pardo P, Garssen J, Wezel RJA van, Kraneveld AD. Exploring 
Braak’s Hypothesis of Parkinson’s Disease. Front Neurol. 2017;8. 
doi:10.3389/fneur.2017.00037 

36. Schapira AHV. Mitochondrial dysfunction in Parkinson’s disease. Cell Death Differ. 
2007;14(7):1261-1266. doi:10.1038/sj.cdd.4402160 

37. Bose A, Beal MF. Mitochondrial dysfunction in Parkinson’s disease. J Neurochem. 
2016;139(S1):216-231. doi:10.1111/jnc.13731 

38. Dias V, Junn E, Mouradian MM. The role of oxidative stress in Parkinson’s disease. J 
Park Dis. 2013;3(4):461-491. doi:10.3233/JPD-130230 

39. Isik S, Yeman Kiyak B, Akbayir R, Seyhali R, Arpaci T. Microglia Mediated 
Neuroinflammation in Parkinson’s Disease. Cells. 2023;12(7):1012. 
doi:10.3390/cells12071012 

40. Wang T, Shi C, Luo H, et al. Neuroinflammation in Parkinson’s Disease: Triggers, 
Mechanisms, and Immunotherapies. Neurosci Rev J Bringing Neurobiol Neurol 
Psychiatry. 2022;28(4):364-381. doi:10.1177/1073858421991066 



Freezing of gait and gait impairment after STN-DBS 

223 
 

41. Tomé CML, Tyson T, Rey NL, Grathwohl S, Britschgi M, Brundin P. Inflammation and 
α-Synuclein’s Prion-like Behavior in Parkinson’s Disease—Is There a Link? Mol 
Neurobiol. 2013;47(2):561. doi:10.1007/s12035-012-8267-8 

42. Parkinson J. An Essay on the Shaking Palsy. J Neuropsychiatry Clin Neurosci. 
2002;14(2):223-236. doi:10.1176/jnp.14.2.223 

43. Goedert M, Compston A. Parkinson’s disease — the story of an eponym. Nat Rev 
Neurol. 2018;14(1):57-62. doi:10.1038/nrneurol.2017.165 

44. Postuma RB, Berg D, Stern M, et al. MDS clinical diagnostic criteria for Parkinson’s 
disease. Mov Disord Off J Mov Disord Soc. 2015;30(12):1591-1601. 
doi:10.1002/mds.26424 

45. Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol Neurosurg 
Psychiatry. 2008;79(4):368-376. doi:10.1136/jnnp.2007.131045 

46. Jankovic J, McDermott M, Carter J, et al. Variable expression of Parkinson’s disease: a 
base-line analysis of the DATATOP cohort. The Parkinson Study Group. Neurology. 
1990;40(10):1529-1534. doi:10.1212/wnl.40.10.1529 

47. Stebbins GT, Goetz CG, Burn DJ, Jankovic J, Khoo TK, Tilley BC. How to identify 
tremor dominant and postural instability/gait difficulty groups with the movement 
disorder society unified Parkinson’s disease rating scale: comparison with the unified 
Parkinson’s disease rating scale. Mov Disord Off J Mov Disord Soc. 2013;28(5):668-
670. doi:10.1002/mds.25383 

48. Wj Z, J J, Fj P. The heterogeneity of Parkinson’s disease: clinical and prognostic 
implications. Neurology. 1985;35(4). doi:10.1212/wnl.35.4.522 

49. van der Heeden JF, Marinus J, Martinez-Martin P, Rodriguez-Blazquez C, Geraedts VJ, 
van Hilten JJ. Postural instability and gait are associated with severity and prognosis of 
Parkinson disease. Neurology. 2016;86(24):2243-2250. 
doi:10.1212/WNL.0000000000002768 

50. Josephs KA, Matsumoto JY, Ahlskog JE. Benign tremulous parkinsonism. Arch Neurol. 
2006;63(3):354-357. doi:10.1001/archneur.63.3.354 

51. Alves G, Larsen JP, Emre M, Wentzel-Larsen T, Aarsland D. Changes in motor subtype 
and risk for incident dementia in Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 
2006;21(8):1123-1130. doi:10.1002/mds.20897 

52. Reijnders JS a. M, Ehrt U, Lousberg R, Aarsland D, Leentjens AFG. The association 
between motor subtypes and psychopathology in Parkinson’s disease. Parkinsonism 
Relat Disord. 2009;15(5):379-382. doi:10.1016/j.parkreldis.2008.09.003 

53. Ygland Rödström E, Puschmann A. Clinical classification systems and long-term 
outcome in mid- and late-stage Parkinson’s disease. Npj Park Dis. 2021;7(1):1-9. 
doi:10.1038/s41531-021-00208-4 



Freezing of gait and gait impairment after STN-DBS 

224 
 

54. Pont-Sunyer C, Hotter A, Gaig C, et al. The onset of nonmotor symptoms in Parkinson’s 
disease (the ONSET PD study). Mov Disord Off J Mov Disord Soc. 2015;30(2):229-237. 
doi:10.1002/mds.26077 

55. Chaudhuri KR, Sauerbier A. Unravelling the nonmotor mysteries of Parkinson disease. 
Nat Rev Neurol. 2016;12(1):10-11. doi:10.1038/nrneurol.2015.236 

56. Sauerbier A, Jenner P, Todorova A, Chaudhuri KR. Non motor subtypes and 
Parkinson’s disease. Parkinsonism Relat Disord. 2016;22 Suppl 1:S41-46. 
doi:10.1016/j.parkreldis.2015.09.027 

57. Huang X, Ng SYE, Chia NSY, et al. Non-motor symptoms in early Parkinson’s disease 
with different motor subtypes and their associations with quality of life. Eur J Neurol. 
2019;26(3):400-406. doi:10.1111/ene.13803 

58. Berg D, Postuma RB, Adler CH, et al. MDS research criteria for prodromal Parkinson’s 
disease. Mov Disord Off J Mov Disord Soc. 2015;30(12):1600-1611. 
doi:10.1002/mds.26431 

59. Mahlknecht P, Seppi K, Poewe W. The Concept of Prodromal Parkinson’s Disease. J 
Park Dis. 2015;5(4):681-697. doi:10.3233/JPD-150685 

60. Chahine LM, Merchant K, Siderowf A, et al. Proposal for a Biologic Staging System of 
Parkinson’s Disease. J Park Dis. 13(3):297-309. doi:10.3233/JPD-225111 

61. Cardoso F, Goetz CG, Mestre TA, et al. A Statement of the MDS on Biological 
Definition, Staging, and Classification of Parkinson’s Disease. Mov Disord. n/a(n/a). 
doi:10.1002/mds.29683 

62. Krüger R, Klucken J, Weiss D, et al. Classification of advanced stages of Parkinson’s 
disease: translation into stratified treatments. J Neural Transm Vienna Austria 1996. 
2017;124(8):1015-1027. doi:10.1007/s00702-017-1707-x 

63. Coelho M, Ferreira JJ. Late-stage Parkinson disease. Nat Rev Neurol. 2012;8(8):435-
442. doi:10.1038/nrneurol.2012.126 

64. Berg D, Borghammer P, Fereshtehnejad SM, et al. Prodromal Parkinson disease 
subtypes - key to understanding heterogeneity. Nat Rev Neurol. 2021;17(6):349-361. 
doi:10.1038/s41582-021-00486-9 

65. Schaeffer E, Postuma RB, Berg D. Prodromal PD: A new nosological entity. Prog Brain 
Res. 2020;252:331-356. doi:10.1016/bs.pbr.2020.01.003 

66. Heinzel S, Berg D, Gasser T, et al. Update of the MDS research criteria for prodromal 
Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2019;34(10):1464-1470. 
doi:10.1002/mds.27802 

67. Fereshtehnejad SM, Montplaisir JY, Pelletier A, Gagnon JF, Berg D, Postuma RB. 
Validation of the MDS research criteria for prodromal Parkinson’s disease: Longitudinal 
assessment in a REM sleep behavior disorder (RBD) cohort. Mov Disord Off J Mov 
Disord Soc. 2017;32(6):865-873. doi:10.1002/mds.26989 



Freezing of gait and gait impairment after STN-DBS 

225 
 

68. Antonini A, Stoessl AJ, Kleinman LS, et al. Developing consensus among movement 
disorder specialists on clinical indicators for identification and management of advanced 
Parkinson’s disease: a multi-country Delphi-panel approach. Curr Med Res Opin. 
2018;34(12):2063-2073. doi:10.1080/03007995.2018.1502165 

69. Adler CH. Relevance of motor complications in Parkinson’s disease. Neurology. 
2002;58(4 Suppl 1):S51-56. doi:10.1212/wnl.58.suppl_1.s51 

70. Schrag A, Quinn N. Dyskinesias and motor fluctuations in Parkinson’s disease. A 
community-based study. Brain J Neurol. 2000;123 ( Pt 11):2297-2305. 
doi:10.1093/brain/123.11.2297 

71. Fabbri M, Barbosa R, Rascol O. Off-time Treatment Options for Parkinson’s Disease. 
Neurol Ther. 2023;12(2):391-424. doi:10.1007/s40120-022-00435-8 

72. Nutt JG. Motor fluctuations and dyskinesia in Parkinson’s disease. Parkinsonism Relat 
Disord. 2001;8(2):101-108. doi:10.1016/S1353-8020(01)00024-4 

73. Warren Olanow C, Kieburtz K, Rascol O, et al. Factors predictive of the development of 
Levodopa-induced dyskinesia and wearing-off in Parkinson’s disease. Mov Disord Off J 
Mov Disord Soc. 2013;28(8):1064-1071. doi:10.1002/mds.25364 

74. Fahn S, Oakes D, Shoulson I, et al. Levodopa and the progression of Parkinson’s 
disease. N Engl J Med. 2004;351(24):2498-2508. doi:10.1056/NEJMoa033447 

75. Titova N, Martinez-Martin P, Katunina E, Chaudhuri KR. Advanced Parkinson’s or 
“complex phase” Parkinson’s disease? Re-evaluation is needed. J Neural Transm Vienna 
Austria 1996. 2017;124(12):1529-1537. doi:10.1007/s00702-017-1799-3 

76. Hosking A, Hommel AALJ, Lorenzl S, et al. Characteristics of Patients with Late-Stage 
Parkinsonism Who are Nursing Home Residents Compared with those Living at Home. 
J Am Med Dir Assoc. 2021;22(2):440-445.e2. doi:10.1016/j.jamda.2020.06.025 

77. Coelho M, Marti MJ, Tolosa E, et al. Late-stage Parkinson’s disease: the Barcelona and 
Lisbon cohort. J Neurol. 2010;257(9):1524-1532. doi:10.1007/s00415-010-5566-8 

78. Hely MA, Reid WGJ, Adena MA, Halliday GM, Morris JGL. The Sydney multicenter 
study of Parkinson’s disease: the inevitability of dementia at 20 years. Mov Disord Off J 
Mov Disord Soc. 2008;23(6):837-844. doi:10.1002/mds.21956 

79. Kempster PA, O’Sullivan SS, Holton JL, Revesz T, Lees AJ. Relationships between age 
and late progression of Parkinson’s disease: a clinico-pathological study. Brain J Neurol. 
2010;133(Pt 6):1755-1762. doi:10.1093/brain/awq059 

80. Kempster PA, Williams DR, Selikhova M, Holton J, Revesz T, Lees AJ. Patterns of 
levodopa response in Parkinson’s disease: a clinico-pathological study. Brain J Neurol. 
2007;130(Pt 8):2123-2128. doi:10.1093/brain/awm142 

81. Macleod AD, Taylor KSM, Counsell CE. Mortality in Parkinson’s disease: a systematic 
review and meta-analysis. Mov Disord Off J Mov Disord Soc. 2014;29(13):1615-1622. 
doi:10.1002/mds.25898 



Freezing of gait and gait impairment after STN-DBS 

226 
 

82. Hely MA, Morris JG, Traficante R, Reid WG, O’Sullivan DJ, Williamson PM. The 
sydney multicentre study of Parkinson’s disease: progression and mortality at 10 years. J 
Neurol Neurosurg Psychiatry. 1999;67(3):300-307. doi:10.1136/jnnp.67.3.300 

83. Dommershuijsen LJ, Darweesh SKL, Ben-Shlomo Y, Kluger BM, Bloem BR. The 
elephant in the room: critical reflections on mortality rates among individuals with 
Parkinson’s disease. NPJ Park Dis. 2023;9(1):145. doi:10.1038/s41531-023-00588-9 

84. Weaver FM, Follett K, Stern M, et al. Bilateral deep brain stimulation vs best medical 
therapy for patients with advanced Parkinson disease: a randomized controlled trial. 
JAMA. 2009;301(1):63-73. doi:10.1001/jama.2008.929 

85. Deuschl G, Schade-Brittinger C, Krack P, et al. A randomized trial of deep-brain 
stimulation for Parkinson’s disease. N Engl J Med. 2006;355(9):896-908. 
doi:10.1056/NEJMoa060281 

86. Okun MS, Gallo BV, Mandybur G, et al. Subthalamic deep brain stimulation with a 
constant-current device in Parkinson’s disease: an open-label randomised controlled 
trial. Lancet Neurol. 2012;11(2):140-149. doi:10.1016/S1474-4422(11)70308-8 

87. Schuepbach WMM, Rau J, Knudsen K, et al. Neurostimulation for Parkinson’s disease 
with early motor complications. N Engl J Med. 2013;368(7):610-622. 
doi:10.1056/NEJMoa1205158 

88. Williams A, Gill S, Varma T, et al. Deep brain stimulation plus best medical therapy 
versus best medical therapy alone for advanced Parkinson’s disease (PD SURG trial): a 
randomised, open-label trial. Lancet Neurol. 2010;9(6):581-591. doi:10.1016/S1474-
4422(10)70093-4 

89. Mahlknecht P, Foltynie T, Limousin P, Poewe W. How Does Deep Brain Stimulation 
Change the Course of Parkinson’s Disease? Mov Disord Off J Mov Disord Soc. 
2022;37(8):1581-1592. doi:10.1002/mds.29052 

90. Chen Y, Zhu G, Liu D, et al. Subthalamic nucleus deep brain stimulation suppresses 
neuroinflammation by Fractalkine pathway in Parkinson’s disease rat model. Brain 
Behav Immun. 2020;90:16-25. doi:10.1016/j.bbi.2020.07.035 

91. Fischer DL, Kemp CJ, Cole-Strauss A, et al. Subthalamic Nucleus Deep Brain 
Stimulation Employs trkB Signaling for Neuroprotection and Functional Restoration. J 
Neurosci Off J Soc Neurosci. 2017;37(28):6786-6796. doi:10.1523/JNEUROSCI.2060-
16.2017 

92. Szlufik S, Duszynska-Lysak K, Przybyszewski A, et al. The potential neuromodulatory 
impact of subthalamic nucleus deep brain stimulation on Parkinson’s disease 
progression. J Clin Neurosci Off J Neurosurg Soc Australas. 2020;73:150-154. 
doi:10.1016/j.jocn.2019.12.059 

93. Hilker R, Portman AT, Voges J, et al. Disease progression continues in patients with 
advanced Parkinson’s disease and effective subthalamic nucleus stimulation. J Neurol 
Neurosurg Psychiatry. 2005;76(9):1217-1221. doi:10.1136/jnnp.2004.057893 



Freezing of gait and gait impairment after STN-DBS 

227 
 

94. Pal G, Ouyang B, Verhagen L, et al. Probing the striatal dopamine system for a putative 
neuroprotective effect of deep brain stimulation in Parkinson’s disease. Mov Disord Off 
J Mov Disord Soc. 2018;33(4):652-654. doi:10.1002/mds.27280 

95. Pal GD, Ouyang B, Serrano G, et al. Comparison of neuropathology in Parkinson’s 
disease subjects with and without deep brain stimulation. Mov Disord Off J Mov Disord 
Soc. 2017;32(2):274-277. doi:10.1002/mds.26882 

96. Contarino MF, Marinus J, van Hilten JJ. Does deep brain stimulation of the subthalamic 
nucleus prolong survival in Parkinson’s Disease? Mov Disord Off J Mov Disord Soc. 
2018;33(6):947-949. doi:10.1002/mds.27384 

97. Fahn S. The medical treatment of Parkinson disease from James Parkinson to George 
Cotzias. Mov Disord Off J Mov Disord Soc. 2015;30(1):4-18. doi:10.1002/mds.26102 

98. Titova N, Levin O, Katunina E, Ray Chaudhuri K. “Levodopa Phobia”: a review of a not 
uncommon and consequential phenomenon. NPJ Park Dis. 2018;4:31. 
doi:10.1038/s41531-018-0067-z 

99. PD Med Collaborative Group, Gray R, Ives N, et al. Long-term effectiveness of 
dopamine agonists and monoamine oxidase B inhibitors compared with levodopa as 
initial treatment for Parkinson’s disease (PD MED): a large, open-label, pragmatic 
randomised trial. Lancet Lond Engl. 2014;384(9949):1196-1205. doi:10.1016/S0140-
6736(14)60683-8 

100. Parkinson Study Group. Pramipexole vs levodopa as initial treatment for Parkinson 
disease: A randomized controlled trial. Parkinson Study Group. JAMA. 
2000;284(15):1931-1938. doi:10.1001/jama.284.15.1931 

101. Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE. A five-year 
study of the incidence of dyskinesia in patients with early Parkinson’s disease who were 
treated with ropinirole or levodopa. N Engl J Med. 2000;342(20):1484-1491. 
doi:10.1056/NEJM200005183422004 

102. Oertel WH, Wolters E, Sampaio C, et al. Pergolide versus levodopa monotherapy in 
early Parkinson’s disease patients: The PELMOPET study. Mov Disord Off J Mov 
Disord Soc. 2006;21(3):343-353. doi:10.1002/mds.20724 

103. Rinne UK, Bracco F, Chouza C, et al. Early treatment of Parkinson’s disease with 
cabergoline delays the onset of motor complications. Results of a double-blind levodopa 
controlled trial. The PKDS009 Study Group. Drugs. 1998;55 Suppl 1:23-30. 
doi:10.2165/00003495-199855001-00004 

104. Verschuur CVM, Suwijn SR, Boel JA, et al. Randomized Delayed-Start Trial of 
Levodopa in Parkinson’s Disease. N Engl J Med. 2019;380(4):315-324. 
doi:10.1056/NEJMoa1809983 

105. Cilia R, Akpalu A, Sarfo FS, et al. The modern pre-levodopa era of Parkinson’s disease: 
insights into motor complications from sub-Saharan Africa. Brain J Neurol. 2014;137(Pt 
10):2731-2742. doi:10.1093/brain/awu195 



Freezing of gait and gait impairment after STN-DBS 

228 
 

106. Vlaar A, Hovestadt A, van Laar T, Bloem BR. The treatment of early Parkinson’s 
disease: levodopa rehabilitated. Pract Neurol. 2011;11(3):145-152. 
doi:10.1136/practneurol-2011-000011 

107. Armstrong MJ, Okun MS. Diagnosis and Treatment of Parkinson Disease: A Review. 
JAMA. 2020;323(6):548-560. doi:10.1001/jama.2019.22360 

108. Connolly BS, Lang AE. Pharmacological treatment of Parkinson disease: a review. 
JAMA. 2014;311(16):1670-1683. doi:10.1001/jama.2014.3654 

109. Stowe R, Ives N, Clarke CE, et al. Evaluation of the efficacy and safety of adjuvant 
treatment to levodopa therapy in Parkinson s disease patients with motor complications. 
Cochrane Database Syst Rev. 2010;(7):CD007166. 
doi:10.1002/14651858.CD007166.pub2 

110. Gray R, Patel S, Ives N, et al. Long-term Effectiveness of Adjuvant Treatment With 
Catechol-O-Methyltransferase or Monoamine Oxidase B Inhibitors Compared With 
Dopamine Agonists Among Patients With Parkinson Disease Uncontrolled by Levodopa 
Therapy: The PD MED Randomized Clinical Trial. JAMA Neurol. 2022;79(2):131-140. 
doi:10.1001/jamaneurol.2021.4736 

111. Fabbri M, Ferreira JJ, Rascol O. COMT Inhibitors in the Management of Parkinson’s 
Disease. CNS Drugs. 2022;36(3):261-282. doi:10.1007/s40263-021-00888-9 

112. Chapuis S, Ouchchane L, Metz O, Gerbaud L, Durif F. Impact of the motor 
complications of Parkinson’s disease on the quality of life. Mov Disord Off J Mov 
Disord Soc. 2005;20(2):224-230. doi:10.1002/mds.20279 

113. Nutt JG, Holford NH. The response to levodopa in Parkinson’s disease: imposing 
pharmacological law and order. Ann Neurol. 1996;39(5):561-573. 
doi:10.1002/ana.410390504 

114. LeWitt PA. Levodopa therapy for Parkinson’s disease: Pharmacokinetics and 
pharmacodynamics. Mov Disord Off J Mov Disord Soc. 2015;30(1):64-72. 
doi:10.1002/mds.26082 

115. Chaudhuri KR, Rizos A, Sethi KD. Motor and nonmotor complications in Parkinson’s 
disease: an argument for continuous drug delivery? J Neural Transm Vienna Austria 
1996. 2013;120(9):1305-1320. doi:10.1007/s00702-013-0981-5 

116. Deuschl G, Antonini A, Costa J, et al. European Academy of Neurology/Movement 
Disorder Society-European Section Guideline on the Treatment of Parkinson’s Disease: 
I. Invasive Therapies. Mov Disord Off J Mov Disord Soc. 2022;37(7):1360-1374. 
doi:10.1002/mds.29066 

117. Dafsari HS, Martinez-Martin P, Rizos A, et al. EuroInf 2: Subthalamic stimulation, 
apomorphine, and levodopa infusion in Parkinson’s disease. Mov Disord Off J Mov 
Disord Soc. 2019;34(3):353-365. doi:10.1002/mds.27626 

118. De Gaspari D, Siri C, Landi A, et al. Clinical and neuropsychological follow up at 12 
months in patients with complicated Parkinson’s disease treated with subcutaneous 



Freezing of gait and gait impairment after STN-DBS 

229 
 

apomorphine infusion or deep brain stimulation of the subthalamic nucleus. J Neurol 
Neurosurg Psychiatry. 2006;77(4):450-453. doi:10.1136/jnnp.2005.078659 

119. Morales-Briceño H, Ha AD, Chiang HL, et al. A single centre prospective study of three 
device-assisted therapies for Parkinson’s disease. NPJ Park Dis. 2023;9(1):101. 
doi:10.1038/s41531-023-00525-w 

120. Schoneburg B, Mancini M, Horak F, Nutt JG. Framework for Understanding Balance 
Dysfunction in Parkinson’s Disease. Mov Disord Off J Mov Disord Soc. 
2013;28(11):1474-1482. doi:10.1002/mds.25613 

121. Hely MA, Morris JGL, Reid WGJ, Trafficante R. Sydney Multicenter Study of 
Parkinson’s disease: non-L-dopa-responsive problems dominate at 15 years. Mov Disord 
Off J Mov Disord Soc. 2005;20(2):190-199. doi:10.1002/mds.20324 

122. Nieuwboer A, Giladi N. Characterizing freezing of gait in Parkinson’s disease: models 
of an episodic phenomenon. Mov Disord Off J Mov Disord Soc. 2013;28(11):1509-1519. 
doi:10.1002/mds.25683 

123. Debû B, De Oliveira Godeiro C, Lino JC, Moro E. Managing Gait, Balance, and Posture 
in Parkinson’s Disease. Curr Neurol Neurosci Rep. 2018;18(5):23. doi:10.1007/s11910-
018-0828-4 

124. Bloem BR, Hausdorff JM, Visser JE, Giladi N. Falls and freezing of gait in Parkinson’s 
disease: a review of two interconnected, episodic phenomena. Mov Disord Off J Mov 
Disord Soc. 2004;19(8):871-884. doi:10.1002/mds.20115 

125. Lisk R, Watters H, Yeong K. Hip fracture outcomes in patients with Parkinson’s disease. 
Clin Med. 2017;17(Suppl 3):s20. doi:10.7861/clinmedicine.17-3s-s20 

126. Marras C, McDermott MP, Rochon PA, et al. Predictors of deterioration in health-
related quality of life in Parkinson’s disease: Results from the DATATOP trial. Mov 
Disord. 2008;23(5):653-659. doi:10.1002/mds.21853 

127. Fasano A, Aquino CC, Krauss JK, Honey CR, Bloem BR. Axial disability and deep 
brain stimulation in patients with Parkinson disease. Nat Rev Neurol. 2015;11(2):98-110. 
doi:10.1038/nrneurol.2014.252 

128. Okuma Y. Freezing of gait and falls in Parkinson’s disease. J Park Dis. 2014;4(2):255-
260. doi:10.3233/JPD-130282 

129. Martínez-Martín P. An introduction to the concept of “quality of life in Parkinson’s 
disease.” J Neurol. 1998;245 Suppl 1:S2-6. doi:10.1007/pl00007733 

130. Ali F, Matsumoto JY, Hassan A. Camptocormia: Etiology, diagnosis, and treatment 
response. Neurol Clin Pract. 2018;8(3):240-248. doi:10.1212/CPJ.0000000000000453 

131. Pongmala C, Fabbri M, Zibetti M, et al. Gait and axial postural abnormalities 
correlations in Parkinson’s disease: A multicenter quantitative study. Parkinsonism Relat 
Disord. 2022;105:19-23. doi:10.1016/j.parkreldis.2022.10.026 



Freezing of gait and gait impairment after STN-DBS 

230 
 

132. Lewis SJG, Factor SA, Giladi N, et al. Addressing the Challenges of Clinical Research 
for Freezing of Gait in Parkinson’s Disease. Mov Disord Off J Mov Disord Soc. 
2022;37(2):264-267. doi:10.1002/mds.28837 

133. Mancini M, Bloem BR, Horak FB, Lewis SJG, Nieuwboer A, Nonnekes J. Clinical and 
methodological challenges for assessing freezing of gait: Future perspectives. Mov 
Disord Off J Mov Disord Soc. 2019;34(6):783-790. doi:10.1002/mds.27709 

134. Mirelman A, Bonato P, Camicioli R, et al. Gait impairments in Parkinson’s disease. 
Lancet Neurol. 2019;18(7):697-708. doi:10.1016/S1474-4422(19)30044-4 

135. Nonnekes J, Giladi N, Guha A, Fietzek UM, Bloem BR, Růžička E. Gait festination in 
parkinsonism: introduction of two phenotypes. J Neurol. 2019;266(2):426-430. 
doi:10.1007/s00415-018-9146-7 

136. Tosserams A, Nonnekes J. A Practical Guide to the Evaluation of Compensation 
Strategies for Gait Impairment in Parkinson’s Disease. J Park Dis. 2022;12(6):2005-
2008. doi:10.3233/JPD-223296 

137. Raccagni C, Nonnekes J, Bloem BR, et al. Gait and postural disorders in parkinsonism: a 
clinical approach. J Neurol. 2020;267(11):3169-3176. doi:10.1007/s00415-019-09382-1 

138. Moreau C, Cantiniaux S, Delval A, Defebvre L, Azulay JP. [Gait disorders in 
Parkinson’s disease: and pathophysiological approaches]. Rev Neurol (Paris). 
2010;166(2):158-167. doi:10.1016/j.neurol.2009.05.010 

139. Galna B, Lord S, Burn DJ, Rochester L. Progression of gait dysfunction in incident 
Parkinson’s disease: impact of medication and phenotype. Mov Disord Off J Mov Disord 
Soc. 2015;30(3):359-367. doi:10.1002/mds.26110 

140. Blin O, Ferrandez AM, Pailhous J, Serratrice G. [A new method of quantitative analysis 
of parkinsonian gait: report of 6 patients]. Rev Neurol (Paris). 1990;146(1):48-50. 

141. Zanardi APJ, da Silva ES, Costa RR, et al. Gait parameters of Parkinson’s disease 
compared with healthy controls: a systematic review and meta-analysis. Sci Rep. 
2021;11(1):752. doi:10.1038/s41598-020-80768-2 

142. Mirelman A, Bernad-Elazari H, Thaler A, et al. Arm swing as a potential new prodromal 
marker of Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2016;31(10):1527-
1534. doi:10.1002/mds.26720 

143. Morris ME, Iansek R, Matyas TA, Summers JJ. The pathogenesis of gait hypokinesia in 
Parkinson’s disease. Brain J Neurol. 1994;117 ( Pt 5):1169-1181. 
doi:10.1093/brain/117.5.1169 

144. Morris M, Iansek R, Matyas T, Summers J. Abnormalities in the stride length-cadence 
relation in parkinsonian gait. Mov Disord Off J Mov Disord Soc. 1998;13(1):61-69. 
doi:10.1002/mds.870130115 

145. O’Shea S, Morris ME, Iansek R. Dual task interference during gait in people with 
Parkinson disease: effects of motor versus cognitive secondary tasks. Phys Ther. 
2002;82(9):888-897. 



Freezing of gait and gait impairment after STN-DBS 

231 
 

146. Bond JM, Morris M. Goal-directed secondary motor tasks: Their effects on gait in 
subjects with Parkinson disease. Arch Phys Med Rehabil. 2000;81(1):110-116. 
doi:10.1016/S0003-9993(00)90230-2 

147. Morris ME, Iansek R, Matyas TA, Summers JJ. Stride length regulation in Parkinson’s 
disease. Normalization strategies and underlying mechanisms. Brain J Neurol. 1996;119 
( Pt 2):551-568. doi:10.1093/brain/119.2.551 

148. Raffegeau TE, Krehbiel LM, Kang N, et al. A meta-analysis: Parkinson’s disease and 
dual-task walking. Parkinsonism Relat Disord. 2019;62:28-35. 
doi:10.1016/j.parkreldis.2018.12.012 

149. Micó-Amigo ME, Kingma I, Heinzel S, et al. Dual vs. Single Tasking During Circular 
Walking: What Better Reflects Progression in Parkinson’s Disease? Front Neurol. 
2019;10:372. doi:10.3389/fneur.2019.00372 

150. Godi M, Arcolin I, Giardini M, Corna S, Schieppati M. A pathophysiological model of 
gait captures the details of the impairment of pace/rhythm, variability and asymmetry in 
Parkinsonian patients at distinct stages of the disease. Sci Rep. 2021;11(1):21143. 
doi:10.1038/s41598-021-00543-9 

151. Arcolin I, Corna S, Giardini M, Giordano A, Nardone A, Godi M. Proposal of a new 
conceptual gait model for patients with Parkinson’s disease based on factor analysis. 
Biomed Eng Online. 2019;18(1):70. doi:10.1186/s12938-019-0689-3 

152. Curtze C, Nutt JG, Carlson-Kuhta P, Mancini M, Horak FB. Levodopa Is a Double-
Edged Sword for Balance and Gait in People With Parkinson’s Disease. Mov Disord Off 
J Mov Disord Soc. 2015;30(10):1361-1370. doi:10.1002/mds.26269 

153. Hausdorff JM. Gait dynamics in Parkinson’s disease: common and distinct behavior 
among stride length, gait variability, and fractal-like scaling. Chaos Woodbury N. 
2009;19(2):026113. doi:10.1063/1.3147408 

154. Bryant MS, Rintala DH, Hou JG, Collins RL, Protas EJ. Gait variability in Parkinson’s 
disease: levodopa and walking direction. Acta Neurol Scand. 2016;134(1):83-86. 
doi:10.1111/ane.12505 

155. Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, Goldberger AL. Gait variability and 
basal ganglia disorders: Stride-to-stride variations of gait cycle timing in parkinson’s 
disease and Huntington’s disease. Mov Disord. 1998;13(3):428-437. 
doi:10.1002/mds.870130310 

156. Rennie L, Löfgren N, Moe-Nilssen R, Opheim A, Dietrichs E, Franzén E. The reliability 
of gait variability measures for individuals with Parkinson’s disease and healthy older 
adults - The effect of gait speed. Gait Posture. 2018;62:505-509. 
doi:10.1016/j.gaitpost.2018.04.011 

157. Frazzitta G, Pezzoli G, Bertotti G, Maestri R. Asymmetry and freezing of gait in 
parkinsonian patients. J Neurol. 2013;260(1):71-76. doi:10.1007/s00415-012-6585-4 



Freezing of gait and gait impairment after STN-DBS 

232 
 

158. Brodie MAD, Menz HB, Smith ST, Delbaere K, Lord SR. Good lateral harmonic 
stability combined with adequate gait speed is required for low fall risk in older people. 
Gerontology. 2015;61(1):69-78. doi:10.1159/000362836 

159. Lowry KA, Smiley-Oyen AL, Carrel AJ, Kerr JP. Walking stability using harmonic 
ratios in Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2009;24(2):261-267. 
doi:10.1002/mds.22352 

160. Latt MD, Menz HB, Fung VS, Lord SR. Acceleration patterns of the head and pelvis 
during gait in older people with Parkinson’s disease: a comparison of fallers and 
nonfallers. J Gerontol A Biol Sci Med Sci. 2009;64(6):700-706. 
doi:10.1093/gerona/glp009 

161. Iosa M, Morone G, Fusco A, et al. Loss of fractal gait harmony in Parkinson’s Disease. 
Clin Neurophysiol Off J Int Fed Clin Neurophysiol. 2016;127(2):1540-1546. 
doi:10.1016/j.clinph.2015.11.016 

162. Afsar O, Tirnakli U, Kurths J. Entropy-based complexity measures for gait data of 
patients with Parkinson’s disease. Chaos Woodbury N. 2016;26(2):023115. 
doi:10.1063/1.4942352 

163. Coates L, Shi J, Rochester L, Del Din S, Pantall A. Entropy of Real-World Gait in 
Parkinson’s Disease Determined from Wearable Sensors as a Digital Marker of Altered 
Ambulatory Behavior. Sensors. 2020;20(9):2631. doi:10.3390/s20092631 

164. Gates P, Discenzo FM, Kim JH, Lemke Z, Meggitt J, Ridgel AL. Analysis of Movement 
Entropy during Community Dance Programs for People with Parkinson’s Disease and 
Older Adults: A Cohort Study. Int J Environ Res Public Health. 2022;19(2):655. 
doi:10.3390/ijerph19020655 

165. Zhang WS, Gao C, Tan YY, Chen SD. Prevalence of freezing of gait in Parkinson’s 
disease: a systematic review and meta-analysis. J Neurol. 2021;268(11):4138-4150. 
doi:10.1007/s00415-021-10685-5 

166. Kim SD, Allen NE, Canning CG, Fung VSC. Postural instability in patients with 
Parkinson’s disease. Epidemiology, pathophysiology and management. CNS Drugs. 
2013;27(2):97-112. doi:10.1007/s40263-012-0012-3 

167. Crouse JJ, Phillips JR, Jahanshahi M, Moustafa AA. Postural instability and falls in 
Parkinson’s disease. Rev Neurosci. 2016;27(5):549-555. doi:10.1515/revneuro-2016-
0002 

168. Nonnekes J, Timmer MHM, de Vries NM, Rascol O, Helmich RC, Bloem BR. 
Unmasking levodopa resistance in Parkinson’s disease. Mov Disord Off J Mov Disord 
Soc. 2016;31(11):1602-1609. doi:10.1002/mds.26712 

169. Henderson EJ, Lord SR, Brodie MA, et al. Rivastigmine for gait stability in patients with 
Parkinson’s disease (ReSPonD): a randomised, double-blind, placebo-controlled, phase 
2 trial. Lancet Neurol. 2016;15(3):249-258. doi:10.1016/S1474-4422(15)00389-0 



Freezing of gait and gait impairment after STN-DBS 

233 
 

170. Espay AJ, Dwivedi AK, Payne M, et al. Methylphenidate for gait impairment in 
Parkinson disease: a randomized clinical trial. Neurology. 2011;76(14):1256-1262. 
doi:10.1212/WNL.0b013e3182143537 

171. Moreau C, Delval A, Defebvre L, et al. Methylphenidate for gait hypokinesia and 
freezing in patients with Parkinson’s disease undergoing subthalamic stimulation: a 
multicentre, parallel, randomised, placebo-controlled trial. Lancet Neurol. 
2012;11(7):589-596. doi:10.1016/S1474-4422(12)70106-0 

172. Okuma Y, Yanagisawa N. The clinical spectrum of freezing of gait in Parkinson’s 
disease. Mov Disord Off J Mov Disord Soc. 2008;23 Suppl 2:S426-430. 
doi:10.1002/mds.21934 

173. Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, Nieuwboer A. Freezing of gait: 
moving forward on a mysterious clinical phenomenon. Lancet Neurol. 2011;10(8):734-
744. doi:10.1016/S1474-4422(11)70143-0 

174. Garcia-Ruiz PJ. Gait disturbances in Parkinson disease. Did freezing of gait exist before 
levodopa? Historical review. J Neurol Sci. 2011;307(1-2):15-17. 
doi:10.1016/j.jns.2011.05.019 

175. Teive HAG, Cunha P, Ferreira MG, et al. Freezing of gait (FOG) in Parkinson’s disease 
patients-the contribution of Garcin and Melaragno. Neurol Sci Off J Ital Neurol Soc Ital 
Soc Clin Neurophysiol. 2021;42(12):5413-5417. doi:10.1007/s10072-021-05381-1 

176. Giladi N, McMahon D, Przedborski S, et al. Motor blocks in Parkinson’s disease. 
Neurology. 1992;42(2):333-339. doi:10.1212/wnl.42.2.333 

177. Zhang F, Shi J, Duan Y, et al. Clinical features and related factors of freezing of gait in 
patients with Parkinson’s disease. Brain Behav. 2021;11(11):e2359. 
doi:10.1002/brb3.2359 

178. Giladi N. Gait disturbances in advanced stages of Parkinson’s disease. Adv Neurol. 
2001;86:273-278. 

179. Gilat M, D’Cruz N, Ginis P, Vandenberghe W, Nieuwboer A. Freezing of gait and 
levodopa. Lancet Neurol. 2021;20(7):505-506. doi:10.1016/S1474-4422(21)00175-7 

180. Jansen JAF, Capato TTC, Darweesh SKL, et al. Exploring the levodopa-paradox of 
freezing of gait in dopaminergic medication-naïve Parkinson’s disease populations. Npj 
Park Dis. 2023;9(1):1-5. doi:10.1038/s41531-023-00575-0 

181. Koehler PJ, Nonnekes J, Bloem BR. Freezing of gait before the introduction of 
levodopa. Lancet Neurol. 2021;20(2):97. doi:10.1016/S1474-4422(19)30091-2 

182. Nonnekes J, Koehler P, Bloem BR. Freezing of Gait Before Levodopa. J Park Dis. 
2021;11(4):2093-2094. doi:10.3233/JPD-212933 

183. Nonnekes J, Bereau M, Bloem BR. Freezing of Gait and Its Levodopa Paradox. JAMA 
Neurol. 2020;77(3):287-288. doi:10.1001/jamaneurol.2019.4006 



Freezing of gait and gait impairment after STN-DBS 

234 
 

184. Tosserams A, Mazaheri M, Vart P, Bloem BR, Nonnekes J. Sex and freezing of gait in 
Parkinson’s disease: a systematic review and meta-analysis. J Neurol. 2021;268(1):125-
132. doi:10.1007/s00415-020-10117-w 

185. Müller J, Seppi K, Stefanova N, Poewe W, Litvan I, Wenning GK. Freezing of gait in 
postmortem-confirmed atypical parkinsonism. Mov Disord Off J Mov Disord Soc. 
2002;17(5):1041-1045. doi:10.1002/mds.10234 

186. Yang H, Liu WV, Wang S, et al. Freezing of Gait in Multiple System Atrophy. Front 
Aging Neurosci. 2022;14:833287. doi:10.3389/fnagi.2022.833287 

187. Osaki Y, Morita Y, Miyamoto Y, Furuta K, Furuya H. Freezing of gait is an early 
clinical feature of progressive supranuclear palsy. Neurol Clin Neurosci. 2017;5(3):86-
90. doi:10.1111/ncn3.12122 

188. Maetzler W, Rattay TW, Hobert MA, et al. Freezing of Swallowing. Mov Disord Clin 
Pract. 2016;3(5):490-493. doi:10.1002/mdc3.12314 

189. Delval A, Defebvre L, Tard C. Freezing during tapping tasks in patients with advanced 
Parkinson’s disease and freezing of gait. PloS One. 2017;12(9):e0181973. 
doi:10.1371/journal.pone.0181973 

190. Nemanich ST, McNeely ME, Earhart GM, Norris SA, Black KJ. A Case of Apparent 
Upper-Body Freezing in Parkinsonism while Using a Wheelchair. Front Neurol. 
2017;8:205. doi:10.3389/fneur.2017.00205 

191. Vercruysse S, Gilat M, Shine JM, Heremans E, Lewis S, Nieuwboer A. Freezing beyond 
gait in Parkinson’s disease: a review of current neurobehavioral evidence. Neurosci 
Biobehav Rev. 2014;43:213-227. doi:10.1016/j.neubiorev.2014.04.010 

192. Lewis S, Factor S, Giladi N, Nieuwboer A, Nutt J, Hallett M. Stepping up to meet the 
challenge of freezing of gait in Parkinson’s disease. Transl Neurodegener. 
2022;11(1):23. doi:10.1186/s40035-022-00298-x 

193. Walton CC, Shine JM, Hall JM, et al. The major impact of freezing of gait on quality of 
life in Parkinson’s disease. J Neurol. 2015;262(1):108-115. doi:10.1007/s00415-014-
7524-3 

194. Schaafsma JD, Balash Y, Gurevich T, Bartels AL, Hausdorff JM, Giladi N. 
Characterization of freezing of gait subtypes and the response of each to levodopa in 
Parkinson’s disease. Eur J Neurol. 2003;10(4):391-398. doi:10.1046/j.1468-
1331.2003.00611.x 

195. Moreau C, Cantiniaux S, Delval A, Defebvre L, Azulay JP. Les troubles de la marche 
dans la maladie de Parkinson : problématique clinique et physiopathologique. Rev 
Neurol (Paris). 2010;166(2):158-167. doi:10.1016/j.neurol.2009.05.010 

196. The freezing phenomenon in Parkinsonism. In: Fahn S, Hallett M, Luders HO, Marsden 
CD, eds. Negative Motor Phenomena. Advances in Neurology, Vol. 67. Lippincott-
Raven Publishers, Philadelphia, pp. 53–63. 



Freezing of gait and gait impairment after STN-DBS 

235 
 

197. Spildooren J, Vercruysse S, Desloovere K, Vandenberghe W, Kerckhofs E, Nieuwboer 
A. Freezing of gait in Parkinson’s disease: the impact of dual-tasking and turning. Mov 
Disord Off J Mov Disord Soc. 2010;25(15):2563-2570. doi:10.1002/mds.23327 

198. Monaghan AS, Ragothaman A, Harker GR, Carlson-Kuhta P, Horak FB, Peterson DS. 
Freezing of Gait in Parkinson’s Disease: Implications for Dual-Task Walking. J Park 
Dis. 2023;13(6):1035-1046. doi:10.3233/JPD-230063 

199. Beck EN, Ehgoetz Martens KA, Almeida QJ. Freezing of Gait in Parkinson’s Disease: 
An Overload Problem? PloS One. 2015;10(12):e0144986. 
doi:10.1371/journal.pone.0144986 

200. Ginis P, Nackaerts E, Nieuwboer A, Heremans E. Cueing for people with Parkinson’s 
disease with freezing of gait: A narrative review of the state-of-the-art and novel 
perspectives. Ann Phys Rehabil Med. 2018;61(6):407-413. 
doi:10.1016/j.rehab.2017.08.002 

201. Cosentino C, Putzolu M, Mezzarobba S, et al. One cue does not fit all: A systematic 
review with meta-analysis of the effectiveness of cueing on freezing of gait in 
Parkinson’s disease. Neurosci Biobehav Rev. 2023;150:105189. 
doi:10.1016/j.neubiorev.2023.105189 

202. Russo Y, Stuart S, Silva-Batista C, Brumbach B, Vannozzi G, Mancini M. Does visual 
cueing improve gait initiation in people with Parkinson’s disease? Hum Mov Sci. 
2022;84:102970. doi:10.1016/j.humov.2022.102970 

203. Delval A, Moreau C, Bleuse S, et al. Auditory cueing of gait initiation in Parkinson’s 
disease patients with freezing of gait. Clin Neurophysiol Off J Int Fed Clin 
Neurophysiol. 2014;125(8):1675-1681. doi:10.1016/j.clinph.2013.12.101 

204. Espay AJ, Fasano A, van Nuenen BFL, Payne MM, Snijders AH, Bloem BR. “On” state 
freezing of gait in Parkinson disease: a paradoxical levodopa-induced complication. 
Neurology. 2012;78(7):454-457. doi:10.1212/WNL.0b013e3182477ec0 

205. Nonnekes J, Bloem BR. Biphasic Levodopa-Induced Freezing of Gait in Parkinson’s 
Disease. J Park Dis. 2020;10(3):1245-1248. doi:10.3233/JPD-201997 

206. Artusi CA, Lopiano L, Morgante F. Deep Brain Stimulation Selection Criteria for 
Parkinson’s Disease: Time to Go beyond CAPSIT-PD. J Clin Med. 2020;9(12):3931. 
doi:10.3390/jcm9123931 

207. Huang T, Li M, Huang J. Recent trends in wearable device used to detect freezing of 
gait and falls in people with Parkinson’s disease: A systematic review. Front Aging 
Neurosci. 2023;15:1119956. doi:10.3389/fnagi.2023.1119956 

208. Delval A, Tard C, Rambour M, Defebvre L, Moreau C. Characterization and 
quantification of freezing of gait in Parkinson’s disease: Can detection algorithms 
replace clinical expert opinion? Neurophysiol Clin Clin Neurophysiol. 2015;45(4-
5):305-313. doi:10.1016/j.neucli.2015.09.009 



Freezing of gait and gait impairment after STN-DBS 

236 
 

209. Chee R, Murphy A, Danoudis M, Georgiou-Karistianis N, Iansek R. Gait freezing in 
Parkinson’s disease and the stride length sequence effect interaction. Brain. 
2009;132(8):2151-2160. doi:10.1093/brain/awp053 

210. Nanhoe-Mahabier W, Snijders AH, Delval A, et al. Walking patterns in Parkinson’s 
disease with and without freezing of gait. Neuroscience. 2011;182:217-224. 
doi:10.1016/j.neuroscience.2011.02.061 

211. Barbe MT, Amarell M, Snijders AH, et al. Gait and upper limb variability in Parkinson’s 
disease patients with and without freezing of gait. J Neurol. 2014;261(2):330-342. 
doi:10.1007/s00415-013-7199-1 

212. Hausdorff JM, Schaafsma JD, Balash Y, Bartels AL, Gurevich T, Giladi N. Impaired 
regulation of stride variability in Parkinson’s disease subjects with freezing of gait. Exp 
Brain Res. 2003;149(2):187-194. doi:10.1007/s00221-002-1354-8 

213. Plotnik M, Hausdorff JM. The role of gait rhythmicity and bilateral coordination of 
stepping in the pathophysiology of freezing of gait in Parkinson’s disease. Mov Disord 
Off J Mov Disord Soc. 2008;23 Suppl 2:S444-450. doi:10.1002/mds.21984 

214. Plotnik M, Giladi N, Hausdorff JM. Bilateral coordination of walking and freezing of 
gait in Parkinson’s disease. Eur J Neurosci. 2008;27(8):1999-2006. doi:10.1111/j.1460-
9568.2008.06167.x 

215. Plotnik M, Giladi N, Balash Y, Peretz C, Hausdorff JM. Is freezing of gait in 
Parkinson’s disease related to asymmetric motor function? Ann Neurol. 2005;57(5):656-
663. doi:10.1002/ana.20452 

216. Okada Y, Fukumoto T, Takatori K, Nagino K, Hiraoka K. Variable Initial Swing Side 
and Prolonged Double Limb Support Represent Abnormalities of the First Three Steps 
of Gait Initiation in Patients with Parkinson’s Disease with Freezing of Gait. Front 
Neurol. 2011;2:85. doi:10.3389/fneur.2011.00085 

217. Nieuwboer A, Dom R, De Weerdt W, Desloovere K, Fieuws S, Broens-Kaucsik E. 
Abnormalities of the spatiotemporal characteristics of gait at the onset of freezing in 
Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2001;16(6):1066-1075. 
doi:10.1002/mds.1206 

218. Jacobs JV, Nutt JG, Carlson-Kuhta P, Stephens M, Horak FB. Knee trembling during 
freezing of gait represents multiple anticipatory postural adjustments. Exp Neurol. 
2009;215(2):334-341. doi:10.1016/j.expneurol.2008.10.019 

219. Schlenstedt C, Mancini M, Nutt J, et al. Are Hypometric Anticipatory Postural 
Adjustments Contributing to Freezing of Gait in Parkinson’s Disease? Front Aging 
Neurosci. 2018;10:36. doi:10.3389/fnagi.2018.00036 

220. Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder Society-sponsored 
revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS): scale 
presentation and clinimetric testing results. Mov Disord Off J Mov Disord Soc. 
2008;23(15):2129-2170. doi:10.1002/mds.22340 



Freezing of gait and gait impairment after STN-DBS 

237 
 

221. Espay AJ, Hausdorff JM, Sánchez-Ferro Á, et al. A roadmap for implementation of 
patient-centered digital outcome measures in Parkinson’s disease obtained using mobile 
health technologies. Mov Disord Off J Mov Disord Soc. 2019;34(5):657-663. 
doi:10.1002/mds.27671 

222. Moreau C, Rouaud T, Grabli D, et al. Overview on wearable sensors for the 
management of Parkinson’s disease. NPJ Park Dis. 2023;9(1):153. doi:10.1038/s41531-
023-00585-y 

223. Bouça-Machado R, Jalles C, Guerreiro D, et al. Gait Kinematic Parameters in 
Parkinson’s Disease: A Systematic Review. J Park Dis. 10(3):843-853. 
doi:10.3233/JPD-201969 

224. Baltadjieva R, Giladi N, Gruendlinger L, Peretz C, Hausdorff JM. Marked alterations in 
the gait timing and rhythmicity of patients with de novo Parkinson’s disease. Eur J 
Neurosci. 2006;24(6):1815-1820. doi:10.1111/j.1460-9568.2006.05033.x 

225. Del Din S, Elshehabi M, Galna B, et al. Gait analysis with wearables predicts conversion 
to parkinson disease. Ann Neurol. 2019;86(3):357-367. doi:10.1002/ana.25548 

226. Morrison S, Moxey J, Reilly N, Russell DM, Thomas KM, Grunsfeld AA. The relation 
between falls risk and movement variability in Parkinson’s disease. Exp Brain Res. 
2021;239(7):2077-2087. doi:10.1007/s00221-021-06113-9 

227. Schmitt AC, Baudendistel ST, Fallon MS, Roper JA, Hass CJ. Assessing the 
Relationship between the Enhanced Gait Variability Index and Falls in Individuals with 
Parkinson’s Disease. Park Dis. 2020;2020:5813049. doi:10.1155/2020/5813049 

228. Hausdorff JM, Rios DA, Edelberg HK. Gait variability and fall risk in community-living 
older adults: a 1-year prospective study. Arch Phys Med Rehabil. 2001;82(8):1050-1056. 
doi:10.1053/apmr.2001.24893 

229. Callisaya ML, Blizzard L, Schmidt MD, et al. Gait, gait variability and the risk of 
multiple incident falls in older people: a population-based study. Age Ageing. 
2011;40(4):481-487. doi:10.1093/ageing/afr055 

230. Buckley C, Galna B, Rochester L, Mazzà C. Upper body accelerations as a biomarker of 
gait impairment in the early stages of Parkinson’s disease. Gait Posture. 2019;71:289-
295. doi:10.1016/j.gaitpost.2018.06.166 

231. Hausdorff JM. Gait dynamics, fractals and falls: finding meaning in the stride-to-stride 
fluctuations of human walking. Hum Mov Sci. 2007;26(4):555-589. 
doi:10.1016/j.humov.2007.05.003 

232. Collomb-Clerc A, Welter ML. Effects of deep brain stimulation on balance and gait in 
patients with Parkinson’s disease: A systematic neurophysiological review. 
Neurophysiol Clin Clin Neurophysiol. 2015;45(4-5):371-388. 
doi:10.1016/j.neucli.2015.07.001 

233. Cavallieri F, Campanini I, Gessani A, et al. Long-term effects of bilateral subthalamic 
nucleus deep brain stimulation on gait disorders in Parkinson’s disease: a clinical-
instrumental study. J Neurol. 2023;270(9):4342-4353. doi:10.1007/s00415-023-11780-5 



Freezing of gait and gait impairment after STN-DBS 

238 
 

234. Cabañes-Martínez L, Villadóniga M, Millán AS, Del Álamo M, Regidor I. Effects of 
deep brain stimulation on the kinematics of gait and balance in patients with idiopathic 
Parkinson’s disease. Clin Biomech Bristol Avon. 2022;98:105737. 
doi:10.1016/j.clinbiomech.2022.105737 

235. Allert N, Volkmann J, Dotse S, Hefter H, Sturm V, Freund HJ. Effects of bilateral 
pallidal or subthalamic stimulation on gait in advanced Parkinson’s disease. Mov Disord 
Off J Mov Disord Soc. 2001;16(6):1076-1085. doi:10.1002/mds.1222 

236. Ferrarin M, Rizzone M, Bergamasco B, et al. Effects of bilateral subthalamic stimulation 
on gait kinematics and kinetics in Parkinson’s disease. Exp Brain Res. 2005;160(4):517-
527. doi:10.1007/s00221-004-2036-5 

237. Shivitz N, Koop MM, Fahimi J, Heit G, Bronte-Stewart HM. Bilateral subthalamic 
nucleus deep brain stimulation improves certain aspects of postural control in 
Parkinson’s disease, whereas medication does not. Mov Disord Off J Mov Disord Soc. 
2006;21(8):1088-1097. doi:10.1002/mds.20905 

238. St George RJ, Carlson-Kuhta P, King LA, Burchiel KJ, Horak FB. Compensatory 
stepping in Parkinson’s disease is still a problem after deep brain stimulation 
randomized to STN or GPi. J Neurophysiol. 2015;114(3):1417-1423. 
doi:10.1152/jn.01052.2014 

239. St George RJ, Carlson-Kuhta P, Burchiel KJ, Hogarth P, Frank N, Horak FB. The effects 
of subthalamic and pallidal deep brain stimulation on postural responses in patients with 
Parkinson disease. J Neurosurg. 2012;116(6):1347-1356. doi:10.3171/2012.2.JNS11847 

240. L R, P CK, L C, Kj B, P H, Fb H. Effects of deep brain stimulation in the subthalamic 
nucleus or globus pallidus internus on step initiation in Parkinson disease: laboratory 
investigation. J Neurosurg. 2012;117(6). doi:10.3171/2012.8.JNS112006 

241. Wilkins KB, Parker JE, Bronte-Stewart HM. Gait variability is linked to the atrophy of 
the Nucleus Basalis of Meynert and is resistant to STN DBS in Parkinson’s disease. 
Neurobiol Dis. 2020;146:105134. doi:10.1016/j.nbd.2020.105134 

242. Snijders AH, Nijkrake MJ, Bakker M, Munneke M, Wind C, Bloem BR. Clinimetrics of 
freezing of gait. Mov Disord Off J Mov Disord Soc. 2008;23 Suppl 2:S468-474. 
doi:10.1002/mds.22144 

243. Movement Disorder Society Task Force on Rating Scales for Parkinson’s Disease. The 
Unified Parkinson’s Disease Rating Scale (UPDRS): status and recommendations. Mov 
Disord Off J Mov Disord Soc. 2003;18(7):738-750. doi:10.1002/mds.10473 

244. Giladi N, Shabtai H, Simon ES, Biran S, Tal J, Korczyn AD. Construction of freezing of 
gait questionnaire for patients with Parkinsonism. Parkinsonism Relat Disord. 
2000;6(3):165-170. doi:10.1016/s1353-8020(99)00062-0 

245. Nieuwboer A, Rochester L, Herman T, et al. Reliability of the new freezing of gait 
questionnaire: agreement between patients with Parkinson’s disease and their carers. 
Gait Posture. 2009;30(4):459-463. doi:10.1016/j.gaitpost.2009.07.108 



Freezing of gait and gait impairment after STN-DBS 

239 
 

246. Bloem BR, Marinus J, Almeida Q, et al. Measurement instruments to assess posture, 
gait, and balance in Parkinson’s disease: Critique and recommendations. Mov Disord Off 
J Mov Disord Soc. 2016;31(9):1342-1355. doi:10.1002/mds.26572 

247. Hulzinga F, Nieuwboer A, Dijkstra BW, et al. The New Freezing of Gait Questionnaire: 
Unsuitable as an Outcome in Clinical Trials? Mov Disord Clin Pract. 2020;7(2):199-
205. doi:10.1002/mdc3.12893 

248. Ziegler K, Schroeteler F, Ceballos-Baumann AO, Fietzek UM. A new rating instrument 
to assess festination and freezing gait in Parkinsonian patients. Mov Disord Off J Mov 
Disord Soc. 2010;25(8):1012-1018. doi:10.1002/mds.22993 

249. Barthel C, Mallia E, Debû B, Bloem BR, Ferraye MU. The Practicalities of Assessing 
Freezing of Gait. J Park Dis. 6(4):667-674. doi:10.3233/JPD-160927 

250. Reich MM, Sawalhe AD, Steigerwald F, Johannes S, Matthies C, Volkmann J. The 
Pirouette Test to Evaluate Asymmetry in Parkinsonian Gait Freezing. Mov Disord Clin 
Pract. 2014;1(2):136-138. doi:10.1002/mdc3.12018 

251. Morris TR, Cho C, Dilda V, et al. A comparison of clinical and objective measures of 
freezing of gait in Parkinson’s disease. Parkinsonism Relat Disord. 2012;18(5):572-577. 
doi:10.1016/j.parkreldis.2012.03.001 

252. Weiss A, Herman T, Giladi N, Hausdorff JM. New evidence for gait abnormalities 
among Parkinson’s disease patients who suffer from freezing of gait: insights using a 
body-fixed sensor worn for 3 days. J Neural Transm Vienna Austria 1996. 
2015;122(3):403-410. doi:10.1007/s00702-014-1279-y 

253. Filtjens B, Ginis P, Nieuwboer A, Slaets P, Vanrumste B. Automated freezing of gait 
assessment with marker-based motion capture and multi-stage spatial-temporal graph 
convolutional neural networks. J NeuroEngineering Rehabil. 2022;19(1):48. 
doi:10.1186/s12984-022-01025-3 

254. Serrao M, Ranavolo A, Conte C, et al. Effect of 24-h continuous rotigotine treatment on 
stationary and non-stationary locomotion in de novo patients with Parkinson disease in 
an open-label uncontrolled study. J Neurol. 2015;262(11):2539-2547. 
doi:10.1007/s00415-015-7883-4 

255. Giladi N. Medical treatment of freezing of gait. Mov Disord Off J Mov Disord Soc. 
2008;23 Suppl 2:S482-488. doi:10.1002/mds.21914 

256. Cibulcik F, Benetin J, Kurca E, et al. Effects of rasagiline on freezing of gait in 
Parkinson’s disease - an open-label, multicenter study. Biomed Pap Med Fac Univ 
Palacky Olomouc Czechoslov. 2016;160(4):549-552. doi:10.5507/bp.2016.023 

257. Coria F, Cozar-Santiago M del P. Rasagiline improves freezing in a patient with primary 
progressive freezing gait. Mov Disord Off J Mov Disord Soc. 2008;23(3):449-451. 
doi:10.1002/mds.21868 

258. Henderson EJ, Lord SR, Close JCT, Lawrence AD, Whone A, Ben-Shlomo Y. The 
ReSPonD trial--rivastigmine to stabilise gait in Parkinson’s disease a phase II, 
randomised, double blind, placebo controlled trial to evaluate the effect of rivastigmine 



Freezing of gait and gait impairment after STN-DBS 

240 
 

on gait in patients with Parkinson’s disease who have fallen. BMC Neurol. 2013;13:188. 
doi:10.1186/1471-2377-13-188 

259. Chan HF, Kukkle PL, Merello M, Lim SY, Poon YY, Moro E. Amantadine improves 
gait in PD patients with STN stimulation. Parkinsonism Relat Disord. 2013;19(3):316-
319. doi:10.1016/j.parkreldis.2012.11.005 

260. Kim YE, Yun JY, Yang HJ, et al. Intravenous amantadine for freezing of gait resistant to 
dopaminergic therapy: a randomized, double-blind, placebo-controlled, cross-over 
clinical trial. PloS One. 2012;7(11):e48890. doi:10.1371/journal.pone.0048890 

261. Lee JY, Oh S, Kim JM, et al. Intravenous amantadine on freezing of gait in Parkinson’s 
disease: a randomized controlled trial. J Neurol. 2013;260(12):3030-3038. 
doi:10.1007/s00415-013-7108-7 

262. Malkani R, Zadikoff C, Melen O, Videnovic A, Borushko E, Simuni T. Amantadine for 
freezing of gait in patients with Parkinson disease. Clin Neuropharmacol. 
2012;35(6):266-268. doi:10.1097/WNF.0b013e31826e3406 

263. Kitagawa M, Houzen H, Tashiro K. Effects of caffeine on the freezing of gait in 
Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2007;22(5):710-712. 
doi:10.1002/mds.21208 

264. Giladi N, Gurevich T, Shabtai H, Paleacu D, Simon ES. The effect of botulinum toxin 
injections to the calf muscles on freezing of gait in parkinsonism: a pilot study. J Neurol. 
2001;248(7):572-576. doi:10.1007/s004150170134 

265. Wieler M, Camicioli R, Jones CA, Martin WRW. Botulinum toxin injections do not 
improve freezing of gait in Parkinson disease. Neurology. 2005;65(4):626-628. 
doi:10.1212/01.wnl.0000172930.63669.c8 

266. Fernandez HH, Lannon MC, Trieschmann ME, Friedman JH. Botulinum toxin type B 
for gait freezing in Parkinson’s disease. Med Sci Monit Int Med J Exp Clin Res. 
2004;10(7):CR282-284. 

267. Rutz DG, Benninger DH. Physical Therapy for Freezing of Gait and Gait Impairments in 
Parkinson Disease: A Systematic Review. PM R. 2020;12(11):1140-1156. 
doi:10.1002/pmrj.12337 

268. Cosentino C, Baccini M, Putzolu M, Ristori D, Avanzino L, Pelosin E. Effectiveness of 
Physiotherapy on Freezing of Gait in Parkinson’s Disease: A Systematic Review and 
Meta-Analyses. Mov Disord Off J Mov Disord Soc. 2020;35(4):523-536. 
doi:10.1002/mds.27936 

269. Ernst M, Folkerts AK, Gollan R, et al. Physical exercise for people with Parkinson’s 
disease: a systematic review and network meta-analysis. Cochrane Database Syst Rev. 
2023;1(1):CD013856. doi:10.1002/14651858.CD013856.pub2 

270. Gilat M, Ginis P, Zoetewei D, et al. A systematic review on exercise and training-based 
interventions for freezing of gait in Parkinson’s disease. NPJ Park Dis. 2021;7(1):81. 
doi:10.1038/s41531-021-00224-4 



Freezing of gait and gait impairment after STN-DBS 

241 
 

271. Domingos J, de Lima ALS, Steenbakkers-van der Pol T, Godinho C, Bloem BR, de 
Vries NM. Boxing with and without Kicking Techniques for People with Parkinson’s 
Disease: An Explorative Pilot Randomized Controlled Trial. J Park Dis. 
2022;12(8):2585-2593. doi:10.3233/JPD-223447 

272. Domingos J, Radder D, Riggare S, et al. Implementation of a Community-Based 
Exercise Program for Parkinson Patients: Using Boxing as an Example. J Park Dis. 
2019;9(3):615-623. doi:10.3233/JPD-191616 

273. Domingos J, Dean J, Fernandes JB, et al. Lisbon Intensive Falls Trampoline Training 
(LIFTT) Program for people with Parkinson’s for balance, gait, and falls: study protocol 
for a randomized controlled trial. Trials. 2023;24(1):101. doi:10.1186/s13063-023-
07131-4 

274. Gómez-González J, Martín-Casas P, Cano-de-la-Cuerda R. Effects of auditory cues on 
gait initiation and turning in patients with Parkinson’s disease. Neurologia. 
2019;34(6):396-407. doi:10.1016/j.nrl.2016.10.008 

275. Barthel C, Nonnekes J, van Helvert M, et al. The laser shoes: A new ambulatory device 
to alleviate freezing of gait in Parkinson disease. Neurology. 2018;90(2):e164-e171. 
doi:10.1212/WNL.0000000000004795 

276. Bunting-Perry L, Spindler M, Robinson KM, Noorigian J, Cianci HJ, Duda JE. Laser 
light visual cueing for freezing of gait in Parkinson disease: A pilot study with male 
participants. J Rehabil Res Dev. 2013;50(2):223-230. doi:10.1682/jrrd.2011.12.0255 

277. Nonnekes J, Ružicka E, Nieuwboer A, Hallett M, Fasano A, Bloem BR. Compensation 
Strategies for Gait Impairments in Parkinson Disease: A Review. JAMA Neurol. 
2019;76(6):718-725. doi:10.1001/jamaneurol.2019.0033 

278. Santens P. Neuromodulatory procedures for gait disorders in Parkinson’s disease. Acta 
Neurol Belg. 2018;118(1):13-19. doi:10.1007/s13760-017-0862-z 

279. Kim MS, Chang WH, Cho JW, et al. Efficacy of cumulative high-frequency rTMS on 
freezing of gait in Parkinson’s disease. Restor Neurol Neurosci. 2015;33(4):521-530. 
doi:10.3233/RNN-140489 

280. Mi TM, Garg S, Ba F, et al. High-frequency rTMS over the supplementary motor area 
improves freezing of gait in Parkinson’s disease: a randomized controlled trial. 
Parkinsonism Relat Disord. 2019;68:85-90. doi:10.1016/j.parkreldis.2019.10.009 

281. Mi TM, Garg S, Ba F, et al. Repetitive transcranial magnetic stimulation improves 
Parkinson’s freezing of gait via normalizing brain connectivity. NPJ Park Dis. 
2020;6:16. doi:10.1038/s41531-020-0118-0 

282. Chang WH, Kim MS, Park E, et al. Effect of Dual-Mode and Dual-Site Noninvasive 
Brain Stimulation on Freezing of Gait in Patients With Parkinson Disease. Arch Phys 
Med Rehabil. 2017;98(7):1283-1290. doi:10.1016/j.apmr.2017.01.011 

283. Samotus O, Parrent A, Jog M. Spinal Cord Stimulation Therapy for Gait Dysfunction in 
Advanced Parkinson’s Disease Patients. Mov Disord Off J Mov Disord Soc. 
2018;33(5):783-792. doi:10.1002/mds.27299 



Freezing of gait and gait impairment after STN-DBS 

242 
 

284. Cavallieri F, Mulroy E, Moro E. The history of deep brain stimulation. Parkinsonism 
Relat Disord. Published online December 25, 2023:105980. 
doi:10.1016/j.parkreldis.2023.105980 

285. Pycroft L, Stein J, Aziz T. Deep brain stimulation: An overview of history, methods, and 
future developments. Brain Neurosci Adv. 2018;2:2398212818816017. 
doi:10.1177/2398212818816017 

286. Okun MS, Vitek JL. Lesion therapy for Parkinson’s disease and other movement 
disorders: update and controversies. Mov Disord Off J Mov Disord Soc. 2004;19(4):375-
389. doi:10.1002/mds.20037 

287. Benabid AL, Pollak P, Louveau A, Henry S, de Rougemont J. Combined (thalamotomy 
and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson 
disease. Appl Neurophysiol. 1987;50(1-6):344-346. doi:10.1159/000100803 

288. Bergman H, Wichmann T, DeLong MR. Reversal of experimental parkinsonism by 
lesions of the subthalamic nucleus. Science. 1990;249(4975):1436-1438. 
doi:10.1126/science.2402638 

289. Subthalamic nucleotomy alleviates parkinsonism in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-exposed primate - PubMed. Accessed January 21, 2024. 
https://pubmed.ncbi.nlm.nih.gov/1361741/ 

290. Benabid AL, Pollak P, Gross C, et al. Acute and long-term effects of subthalamic 
nucleus stimulation in Parkinson’s disease. Stereotact Funct Neurosurg. 1994;62(1-
4):76-84. doi:10.1159/000098600 

291. Limousin P, Pollak P, Benazzouz A, et al. Effect of parkinsonian signs and symptoms of 
bilateral subthalamic nucleus stimulation. Lancet Lond Engl. 1995;345(8942):91-95. 
doi:10.1016/s0140-6736(95)90062-4 

292. Laitinen LV, Bergenheim AT, Hariz MI. Leksell’s posteroventral pallidotomy in the 
treatment of Parkinson’s disease. J Neurosurg. 1992;76(1):53-61. 
doi:10.3171/jns.1992.76.1.0053 

293. Benazzouz A, Hallett M. Mechanism of action of deep brain stimulation. Neurology. 
2000;55(12 Suppl 6):S13-16. 

294. Neumann WJ, Steiner LA, Milosevic L. Neurophysiological mechanisms of deep brain 
stimulation across spatiotemporal resolutions. Brain J Neurol. 2023;146(11):4456-4468. 
doi:10.1093/brain/awad239 

295. Xu W, Wang J, Li XN, et al. Neuronal and synaptic adaptations underlying the benefits 
of deep brain stimulation for Parkinson’s disease. Transl Neurodegener. 2023;12(1):55. 
doi:10.1186/s40035-023-00390-w 

296. Picillo M, Lozano AM, Kou N, Puppi Munhoz R, Fasano A. Programming Deep Brain 
Stimulation for Parkinson’s Disease: The Toronto Western Hospital Algorithms. Brain 
Stimulat. 2016;9(3):425-437. doi:10.1016/j.brs.2016.02.004 



Freezing of gait and gait impairment after STN-DBS 

243 
 

297. Volkmann J, Moro E, Pahwa R. Basic algorithms for the programming of deep brain 
stimulation in Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 2006;21 Suppl 
14:S284-289. doi:10.1002/mds.20961 

298. Senevirathne DKL, Mahboob A, Zhai K, et al. Deep Brain Stimulation beyond the 
Clinic: Navigating the Future of Parkinson’s and Alzheimer’s Disease Therapy. Cells. 
2023;12(11):1478. doi:10.3390/cells12111478 

299. Okun MS. Deep-brain stimulation for Parkinson’s disease. N Engl J Med. 
2012;367(16):1529-1538. doi:10.1056/NEJMct1208070 

300. Follett KA, Weaver FM, Stern M, et al. Pallidal versus subthalamic deep-brain 
stimulation for Parkinson’s disease. N Engl J Med. 2010;362(22):2077-2091. 
doi:10.1056/NEJMoa0907083 

301. Rodriguez-Oroz MC, Obeso JA, Lang AE, et al. Bilateral deep brain stimulation in 
Parkinson’s disease: a multicentre study with 4 years follow-up. Brain J Neurol. 
2005;128(Pt 10):2240-2249. doi:10.1093/brain/awh571 

302. Bove F, Mulas D, Cavallieri F, et al. Long-term Outcomes (15 Years) After Subthalamic 
Nucleus Deep Brain Stimulation in Patients With Parkinson Disease. Neurology. 
Published online June 2, 2021:10.1212/WNL.0000000000012246. 
doi:10.1212/WNL.0000000000012246 

303. Castrioto A, Lozano AM, Poon YY, Lang AE, Fallis M, Moro E. Ten-year outcome of 
subthalamic stimulation in Parkinson disease: a blinded evaluation. Arch Neurol. 
2011;68(12):1550-1556. doi:10.1001/archneurol.2011.182 

304. Zibetti M, Merola A, Rizzi L, et al. Beyond nine years of continuous subthalamic 
nucleus deep brain stimulation in Parkinson’s disease. Mov Disord Off J Mov Disord 
Soc. 2011;26(13):2327-2334. doi:10.1002/mds.23903 

305. Rizzone MG, Fasano A, Daniele A, et al. Long-term outcome of subthalamic nucleus 
DBS in Parkinson’s disease: from the advanced phase towards the late stage of the 
disease? Parkinsonism Relat Disord. 2014;20(4):376-381. 
doi:10.1016/j.parkreldis.2014.01.012 

306. Zampogna A, Cavallieri F, Bove F, et al. Axial impairment and falls in Parkinson’s 
disease: 15 years of subthalamic deep brain stimulation. NPJ Park Dis. 2022;8(1):121. 
doi:10.1038/s41531-022-00383-y 

307. Mainardi M, Ciprietti D, Pilleri M, et al. Deep brain stimulation of globus pallidus 
internus and subthalamic nucleus in Parkinson’s disease: a multicenter, retrospective 
study of efficacy and safety. Neurol Sci Off J Ital Neurol Soc Ital Soc Clin Neurophysiol. 
2024;45(1):177-185. doi:10.1007/s10072-023-06999-z 

308. Zhang J, Li J, Chen F, et al. STN versus GPi deep brain stimulation for dyskinesia 
improvement in advanced Parkinson’s disease: A meta-analysis of randomized 
controlled trials. Clin Neurol Neurosurg. 2021;201:106450. 
doi:10.1016/j.clineuro.2020.106450 



Freezing of gait and gait impairment after STN-DBS 

244 
 

309. Mazzone P, Lozano A, Stanzione P, et al. Implantation of human pedunculopontine 
nucleus: a safe and clinically relevant target in Parkinson’s disease. Neuroreport. 
2005;16(17):1877-1881. doi:10.1097/01.wnr.0000187629.38010.12 

310. Valldeoriola F. Simultaneous low-frequency deep brain stimulation of the substantia 
nigra pars reticulata and high-frequency stimulation of the subthalamic nucleus to treat 
levodopa unresponsive freezing of gait in Parkinson’s disease: A pilot study. 
Parkinsonism Relat Disord. 2019;63:231. doi:10.1016/j.parkreldis.2018.12.009 

311. Scholten M, Klemt J, Heilbronn M, et al. Effects of Subthalamic and Nigral Stimulation 
on Gait Kinematics in Parkinson’s Disease. Front Neurol. 2017;8:543. 
doi:10.3389/fneur.2017.00543 

312. Barbe MT, Tonder L, Krack P, et al. Deep Brain Stimulation for Freezing of Gait in 
Parkinson’s Disease With Early Motor Complications. Mov Disord Off J Mov Disord 
Soc. 2020;35(1):82-90. doi:10.1002/mds.27892 

313. Buhmann C, Huckhagel T, Engel K, et al. Adverse events in deep brain stimulation: A 
retrospective long-term analysis of neurological, psychiatric and other occurrences. PloS 
One. 2017;12(7):e0178984. doi:10.1371/journal.pone.0178984 

314. Kocabicak E, Temel Y. Deep brain stimulation of the subthalamic nucleus in 
Parkinson’s disease: surgical technique, tips, tricks and complications. Clin Neurol 
Neurosurg. 2013;115(11):2318-2323. doi:10.1016/j.clineuro.2013.08.020 

315. Engel K, Huckhagel T, Gulberti A, et al. Towards unambiguous reporting of 
complications related to deep brain stimulation surgery: A retrospective single-center 
analysis and systematic review of the literature. PloS One. 2018;13(8):e0198529. 
doi:10.1371/journal.pone.0198529 

316. Seijo FJ, Alvarez-Vega MA, Gutierrez JC, Fdez-Glez F, Lozano B. Complications in 
subthalamic nucleus stimulation surgery for treatment of Parkinson’s disease. Review of 
272 procedures. Acta Neurochir (Wien). 2007;149(9):867-876. doi:10.1007/s00701-007-
1267-1 

317. Krauss JK, Lipsman N, Aziz T, et al. Technology of deep brain stimulation: current 
status and future directions. Nat Rev Neurol. 2021;17(2):75-87. doi:10.1038/s41582-
020-00426-z 

318. Reich MM, Hsu J, Ferguson M, et al. A brain network for deep brain stimulation 
induced cognitive decline in Parkinson’s disease. Brain J Neurol. 2022;145(4):1410-
1421. doi:10.1093/brain/awac012 

319. Horn A, Reich M, Vorwerk J, et al. Connectivity Predicts deep brain stimulation 
outcome in Parkinson disease. Ann Neurol. 2017;82(1):67-78. doi:10.1002/ana.24974 

320. Lange F, Eldebakey H, Hilgenberg A, et al. Distinct phenotypes of stimulation-induced 
dysarthria represent different cortical networks in STN-DBS. Parkinsonism Relat 
Disord. 2023;109:105347. doi:10.1016/j.parkreldis.2023.105347 

321. Defer GL, Widner H, Marié RM, Rémy P, Levivier M. Core assessment program for 
surgical interventional therapies in Parkinson’s disease (CAPSIT-PD). Mov Disord Off J 



Freezing of gait and gait impairment after STN-DBS 

245 
 

Mov Disord Soc. 1999;14(4):572-584. doi:10.1002/1531-8257(199907)14:4<572::aid-
mds1005>3.0.co;2-c 

322. Kulshreshtha D, Pieterman M, Gilmore G, Jog M. Optimizing the selection of 
Parkinson’s disease patients for neuromodulation using the levodopa challenge test. J 
Neurol. 2022;269(2):846-852. doi:10.1007/s00415-021-10666-8 

323. Chen Y, Zu J, Zhang W, et al. Comparative Analysis of Acute Levodopa Challenge Test 
and the Outcomes of Deep Brain Stimulation in Parkinson’s Disease. J Neurol Surg Part 
Cent Eur Neurosurg. 2022;83(6):535-539. doi:10.1055/s-0041-1739226 

324. Wolke R, Becktepe JS, Paschen S, et al. The Role of Levodopa Challenge in Predicting 
the Outcome of Subthalamic Deep Brain Stimulation. Mov Disord Clin Pract. 
2023;10(8):1181-1191. doi:10.1002/mdc3.13825 

325. Lin W, Shi D, Wang D, Yang L, Wang Y, Jin L. Can Levodopa Challenge Testing 
Predict the Effect of Deep Brain Stimulation? One-Year Outcomes in a Chinese Cohort. 
Front Aging Neurosci. 2021;13:764308. doi:10.3389/fnagi.2021.764308 

326. Karachi C, Cormier-Dequaire F, Grabli D, et al. Clinical and anatomical predictors for 
freezing of gait and falls after subthalamic deep brain stimulation in Parkinson’s disease 
patients. Parkinsonism Relat Disord. 2019;62:91-97. 
doi:10.1016/j.parkreldis.2019.01.021 

327. Fasano A, Romito LM, Daniele A, et al. Motor and cognitive outcome in patients with 
Parkinson’s disease 8 years after subthalamic implants. Brain J Neurol. 
2010;133(9):2664-2676. doi:10.1093/brain/awq221 

328. Saranza G, Lang AE. Levodopa challenge test: indications, protocol, and guide. J 
Neurol. 2021;268(9):3135-3143. doi:10.1007/s00415-020-09810-7 

329. Beudel M, Cagnan H, Little S. Adaptive Brain Stimulation for Movement Disorders. 
Prog Neurol Surg. 2018;33:230-242. doi:10.1159/000481107 

330. Kuo CH, White-Dzuro GA, Ko AL. Approaches to closed-loop deep brain stimulation 
for movement disorders. Neurosurg Focus. 2018;45(2):E2. 
doi:10.3171/2018.5.FOCUS18173 

331. Patel B, Chiu S, Wong JK, et al. Deep brain stimulation programming strategies: 
segmented leads, independent current sources, and future technology. Expert Rev Med 
Devices. 2021;18(9):875-891. doi:10.1080/17434440.2021.1962286 

332. Munhoz RP, Albuainain G. Deep brain stimulation: new programming algorithms and 
teleprogramming. Expert Rev Neurother. 2023;23(5):467-478. 
doi:10.1080/14737175.2023.2208749 

333. Frey J, Cagle J, Johnson KA, et al. Past, Present, and Future of Deep Brain Stimulation: 
Hardware, Software, Imaging, Physiology and Novel Approaches. Front Neurol. 
2022;13:825178. doi:10.3389/fneur.2022.825178 



Freezing of gait and gait impairment after STN-DBS 

246 
 

334. Yamada K, Goto S, Hamasaki T, Kuratsu JI. Effect of bilateral subthalamic nucleus 
stimulation on levodopa-unresponsive axial symptoms in Parkinson’s disease. Acta 
Neurochir (Wien). 2008;150(1):15-22; discussion 22. doi:10.1007/s00701-007-1451-3 

335. Cebi I, Scholten M, Gharabaghi A, Weiss D. Clinical and Kinematic Correlates of 
Favorable Gait Outcomes From Subthalamic Stimulation. Front Neurol. 2020;11:212. 
doi:10.3389/fneur.2020.00212 

336. Schlenstedt C, Shalash A, Muthuraman M, Falk D, Witt K, Deuschl G. Effect of high-
frequency subthalamic neurostimulation on gait and freezing of gait in Parkinson’s 
disease: a systematic review and meta-analysis. Eur J Neurol. 2017;24(1):18-26. 
doi:10.1111/ene.13167 

337. Baizabal-Carvallo JF, Alonso-Juarez M. Low-frequency deep brain stimulation for 
movement disorders. Parkinsonism Relat Disord. 2016;31:14-22. 
doi:10.1016/j.parkreldis.2016.07.018 

338. Khoo HM, Kishima H, Hosomi K, et al. Low-frequency subthalamic nucleus stimulation 
in Parkinson’s disease: A randomized clinical trial. Mov Disord. 2014;29(2):270-274. 
doi:10.1002/mds.25810 

339. Moreau C, Defebvre L, Destée A, et al. STN-DBS frequency effects on freezing of gait 
in advanced Parkinson disease. Neurology. 2008;71(2):80-84. 
doi:10.1212/01.wnl.0000303972.16279.46 

340. Xie T, Vigil J, MacCracken E, et al. Low-frequency stimulation of STN-DBS reduces 
aspiration and freezing of gait in patients with PD. Neurology. 2015;84(4):415-420. 
doi:10.1212/WNL.0000000000001184 

341. Xie T, Kang UJ, Warnke P. Effect of stimulation frequency on immediate freezing of 
gait in newly activated STN DBS in Parkinson’s disease. J Neurol Neurosurg 
Psychiatry. 2012;83(10):1015-1017. doi:10.1136/jnnp-2011-302091 

342. Xie T, Bloom L, Padmanaban M, et al. Long-term effect of low frequency stimulation of 
STN on dysphagia, freezing of gait and other motor symptoms in PD. J Neurol 
Neurosurg Psychiatry. 2018;89(9):989-994. doi:10.1136/jnnp-2018-318060 

343. Sidiropoulos C. Low-frequency stimulation of STN-DBS reduces aspiration and freezing 
of gait in patients with PD. Neurology. 2015;85(6):557. 
doi:10.1212/WNL.0000000000001823 

344. Meoni S, Debȗ B, Pelissier P, et al. Asymmetric STN DBS for FOG in Parkinson’s 
disease: A pilot trial. Parkinsonism Relat Disord. 2019;63:94-99. 
doi:10.1016/j.parkreldis.2019.02.032 

345. Fasano A, Herzog J, Seifert E, et al. Modulation of gait coordination by subthalamic 
stimulation improves freezing of gait. Mov Disord Off J Mov Disord Soc. 
2011;26(5):844-851. doi:10.1002/mds.23583 

346. Karl JA, Ouyang B, Verhagen Metman L. A Novel Dual-Frequency Deep Brain 
Stimulation Paradigm for Parkinson’s Disease. Neurol Ther. 2019;8(2):483-489. 
doi:10.1007/s40120-019-0140-5 



Freezing of gait and gait impairment after STN-DBS 

247 
 

347. Karl JA, Ouyang B, Goetz S, Metman LV. A Novel DBS Paradigm for Axial Features in 
Parkinson’s Disease: A Randomized Crossover Study. Mov Disord Off J Mov Disord 
Soc. 2020;35(8):1369-1378. doi:10.1002/mds.28048 

348. Lizárraga KJ, Gnanamanogaran B, Al-Ozzi TM, et al. Lateralized Subthalamic 
Stimulation for Axial Dysfunction in Parkinson’s Disease: A Randomized Trial. Mov 
Disord Off J Mov Disord Soc. 2022;37(5):1079-1087. doi:10.1002/mds.28953 

349. Silva de Lima AL, Evers LJW, Hahn T, et al. Freezing of gait and fall detection in 
Parkinson’s disease using wearable sensors: a systematic review. J Neurol. 
2017;264(8):1642-1654. doi:10.1007/s00415-017-8424-0 

350. Schüpbach WMM, Chastan N, Welter ML, et al. Stimulation of the subthalamic nucleus 
in Parkinson’s disease: a 5 year follow up. J Neurol Neurosurg Psychiatry. 
2005;76(12):1640-1644. doi:10.1136/jnnp.2005.063206 

351. Piboolnurak P, Lang AE, Lozano AM, et al. Levodopa response in long-term bilateral 
subthalamic stimulation for Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 
2007;22(7):990-997. doi:10.1002/mds.21482 

352. Gervais-Bernard H, Xie-Brustolin J, Mertens P, et al. Bilateral subthalamic nucleus 
stimulation in advanced Parkinson’s disease: five year follow-up. J Neurol. 
2009;256(2):225-233. doi:10.1007/s00415-009-0076-2 

353. Volonté MA, Clarizio G, Galantucci S, et al. Long term follow-up in advanced 
Parkinson’s disease treated with DBS of the subthalamic nucleus. J Neurol. 
2021;268(8):2821-2830. doi:10.1007/s00415-021-10430-y 

354. Schnalke N, Konitsioti A, Frank A, et al. Morbidity Milestones Demonstrate Long 
Disability-Free Survival in Parkinson’s Disease Patients with Deep Brain Stimulation of 
the Subthalamic Nucleus. Mov Disord Clin Pract. 2023;10(4):569-578. 
doi:10.1002/mdc3.13698 

355. Limousin P, Foltynie T. Long-term outcomes of deep brain stimulation in Parkinson 
disease. Nat Rev Neurol. 2019;15(4):234-242. doi:10.1038/s41582-019-0145-9 

356. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic 
Parkinson’s disease: a clinico-pathological study of 100 cases. J Neurol Neurosurg 
Psychiatry. 1992;55(3):181-184. doi:10.1136/jnnp.55.3.181 

357. Schade S, Mollenhauer B, Trenkwalder C. Levodopa Equivalent Dose Conversion 
Factors: An Updated Proposal Including Opicapone and Safinamide. Mov Disord Clin 
Pract. 2020;7(3):343-345. doi:10.1002/mdc3.12921 

358. Goetz CG, Stebbins GT, Tilley BC. Calibration of unified Parkinson’s disease rating 
scale scores to Movement Disorder Society-unified Parkinson’s disease rating scale 
scores. Mov Disord Off J Mov Disord Soc. 2012;27(10):1239-1242. 
doi:10.1002/mds.25122 

359. Scrucca L, Santucci A, Aversa F. Competing risk analysis using R: an easy guide for 
clinicians. Bone Marrow Transplant. 2007;40(4):381-387. doi:10.1038/sj.bmt.1705727 



Freezing of gait and gait impairment after STN-DBS 

248 
 

360. Scrucca L, Santucci A, Aversa F. Regression modeling of competing risk using R: an in 
depth guide for clinicians. Bone Marrow Transplant. 2010;45(9):1388-1395. 
doi:10.1038/bmt.2009.359 

361. Bang Henriksen M, Johnsen EL, Sunde N, Vase A, Gjelstrup MC, Østergaard K. 
Surviving 10 years with deep brain stimulation for Parkinson’s disease--a follow-up of 
79 patients. Eur J Neurol. 2016;23(1):53-61. doi:10.1111/ene.12614 

362. Constantinescu R, Eriksson B, Jansson Y, et al. Key clinical milestones 15 years and 
onwards after DBS-STN surgery-A retrospective analysis of patients that underwent 
surgery between 1993 and 2001. Clin Neurol Neurosurg. 2017;154:43-48. 
doi:10.1016/j.clineuro.2017.01.010 

363. Ngoga D, Mitchell R, Kausar J, Hodson J, Harries A, Pall H. Deep brain stimulation 
improves survival in severe Parkinson’s disease. J Neurol Neurosurg Psychiatry. 
2014;85(1):17-22. doi:10.1136/jnnp-2012-304715 

364. Mahlknecht P, Peball M, Mair K, et al. Has Deep Brain Stimulation Changed the Very 
Long-Term Outcome of Parkinson’s Disease? A Controlled Longitudinal Study. Mov 
Disord Clin Pract. 2020;7(7):782-787. doi:10.1002/mdc3.13039 

365. Merola A, Zibetti M, Angrisano S, et al. Parkinson’s disease progression at 30 years: a 
study of subthalamic deep brain-stimulated patients. Brain J Neurol. 2011;134(Pt 
7):2074-2084. doi:10.1093/brain/awr121 

366. Gonzalez MC, Dalen I, Maple-Grødem J, Tysnes OB, Alves G. Parkinson’s disease 
clinical milestones and mortality. NPJ Park Dis. 2022;8(1):58. doi:10.1038/s41531-022-
00320-z 

367. Forsaa EB, Larsen JP, Wentzel-Larsen T, Alves G. What predicts mortality in Parkinson 
disease?: a prospective population-based long-term study. Neurology. 
2010;75(14):1270-1276. doi:10.1212/WNL.0b013e3181f61311 

368. St George RJ, Nutt JG, Burchiel KJ, Horak FB. A meta-regression of the long-term 
effects of deep brain stimulation on balance and gait in PD. Neurology. 
2010;75(14):1292-1299. doi:10.1212/WNL.0b013e3181f61329 

369. Bove F, Fraix V, Cavallieri F, et al. Dementia and subthalamic deep brain stimulation in 
Parkinson disease: A long-term overview. Neurology. 2020;95(4):e384-e392. 
doi:10.1212/WNL.0000000000009822 

370. Coelho M, Marti MJ, Sampaio C, et al. Dementia and severity of parkinsonism 
determines the handicap of patients in late-stage Parkinson’s disease: the Barcelona-
Lisbon cohort. Eur J Neurol. 2015;22(2):305-312. doi:10.1111/ene.12567 

371. Krack P, Batir A, Van Blercom N, et al. Five-year follow-up of bilateral stimulation of 
the subthalamic nucleus in advanced Parkinson’s disease. N Engl J Med. 
2003;349(20):1925-1934. doi:10.1056/NEJMoa035275 

372. Post B, Merkus MP, de Haan RJ, Speelman JD, CARPA Study Group. Prognostic 
factors for the progression of Parkinson’s disease: a systematic review. Mov Disord Off J 
Mov Disord Soc. 2007;22(13):1839-1851; quiz 1988. doi:10.1002/mds.21537 



Freezing of gait and gait impairment after STN-DBS 

249 
 

373. Moore O, Peretz C, Giladi N. Freezing of gait affects quality of life of peoples with 
Parkinson’s disease beyond its relationships with mobility and gait. Mov Disord Off J 
Mov Disord Soc. 2007;22(15):2192-2195. doi:10.1002/mds.21659 

374. Latt MD, Lord SR, Morris JGL, Fung VSC. Clinical and physiological assessments for 
elucidating falls risk in Parkinson’s disease. Mov Disord Off J Mov Disord Soc. 
2009;24(9):1280-1289. doi:10.1002/mds.22561 

375. Nonnekes J, Bereau M, Bloem BR. Freezing of Gait and Its Levodopa Paradox. JAMA 
Neurol. 2020;77(3):287-288. doi:10.1001/jamaneurol.2019.4006 

376. di Biase L, Fasano A. Low-frequency deep brain stimulation for Parkinson’s disease: 
Great expectation or false hope? Mov Disord. 2016;31(7):962-967. 
doi:10.1002/mds.26658 

377. Vercruysse S, Vandenberghe W, Münks L, Nuttin B, Devos H, Nieuwboer A. Effects of 
deep brain stimulation of the subthalamic nucleus on freezing of gait in Parkinson’s 
disease: a prospective controlled study. J Neurol Neurosurg Psychiatry. 2014;85(8):871-
877. doi:10.1136/jnnp-2013-306336 

378. Faist M, Xie J, Kurz D, et al. Effect of bilateral subthalamic nucleus stimulation on gait 
in Parkinson’s disease. Brain. 2001;124(8):1590-1600. doi:10.1093/brain/124.8.1590 

379. Krystkowiak P, Blatt JL, Bourriez JL, et al. Effects of Subthalamic Nucleus Stimulation 
and Levodopa Treatment on Gait Abnormalities in Parkinson Disease. Arch Neurol. 
2003;60(1):80-84. doi:10.1001/archneur.60.1.80 

380. Hausdorff JM, Gruendlinger L, Scollins L, O’Herron S, Tarsy D. Deep brain stimulation 
effects on gait variability in Parkinson’s disease. Mov Disord. 2009;24(11):1688-1692. 
doi:10.1002/mds.22554 

381. Bastos P, Meira B, Mendonça M, Barbosa R. Distinct gait dimensions are modulated by 
physical activity in Parkinson’s disease patients. J Neural Transm Vienna Austria 1996. 
2022;129(7):879-887. doi:10.1007/s00702-022-02501-9 

382. Kim R, Kim HJ, Shin C, et al. Long-term effect of subthalamic nucleus deep brain 
stimulation on freezing of gait in Parkinson’s disease. J Neurosurg. 2019;131(6):1797-
1804. doi:10.3171/2018.8.JNS18350 

383. Deuschl G, Agid Y. Subthalamic neurostimulation for Parkinson’s disease with early 
fluctuations: balancing the risks and benefits. Lancet Neurol. 2013;12(10):1025-1034. 
doi:10.1016/S1474-4422(13)70151-0 

384. Carpinella I, Crenna P, Marzegan A, et al. Effect of L-dopa and subthalamic nucleus 
stimulation on arm and leg swing during gait in Parkinson’s Disease. Annu Int Conf 
IEEE Eng Med Biol Soc IEEE Eng Med Biol Soc Annu Int Conf. 2007;2007:6665-6668. 
doi:10.1109/IEMBS.2007.4353888 

385. Ferrarin M, Rizzone M, Bergamasco B, et al. Effects of bilateral subthalamic stimulation 
on gait kinematics and kinetics in Parkinson’s disease. Exp Brain Res. 2005;160(4):517-
527. doi:10.1007/s00221-004-2036-5 



Freezing of gait and gait impairment after STN-DBS 

250 
 

386. Wilkins KB, Parker JE, Bronte-Stewart HM. Gait variability is linked to the atrophy of 
the Nucleus Basalis of Meynert and is resistant to STN DBS in Parkinson’s disease. 
Neurobiol Dis. 2020;146:105134. doi:10.1016/j.nbd.2020.105134 

387. Tripathi R, McKay JL, Factor SA, et al. Impact of deep brain stimulation on gait in 
Parkinson disease: A kinematic study. Gait Posture. 2023;108:151-156. 
doi:10.1016/j.gaitpost.2023.12.002 

388. Machado AG, Deogaonkar M, Cooper S. Deep brain stimulation for movement 
disorders: patient selection and technical options. Cleve Clin J Med. 2012;79 Suppl 
2:S19-24. doi:10.3949/ccjm.79.s2a.04 

389. Zaidel A, Bergman H, Ritov Y, Israel Z. Levodopa and subthalamic deep brain 
stimulation responses are not congruent. Mov Disord Off J Mov Disord Soc. 
2010;25(14):2379-2386. doi:10.1002/mds.23294 

390. Tsai ST, Lin SH, Chou YC, et al. Prognostic factors of subthalamic stimulation in 
Parkinson’s disease: a comparative study between short- and long-term effects. 
Stereotact Funct Neurosurg. 2009;87(4):241-248. doi:10.1159/000225977 

391. Lin Z, Zhang C, Li D, Sun B. Preoperative Levodopa Response and Deep Brain 
Stimulation Effects on Motor Outcomes in Parkinson’s Disease: A Systematic Review. 
Mov Disord Clin Pract. 2022;9(2):140-155. doi:10.1002/mdc3.13379 

392. Hausdorff JM. Gait dynamics, fractals and falls: finding meaning in the stride-to-stride 
fluctuations of human walking. Hum Mov Sci. 2007;26(4):555-589. 
doi:10.1016/j.humov.2007.05.003 

393. Castiglia SF, Trabassi D, De Icco R, et al. Harmonic ratio is the most responsive trunk-
acceleration derived gait index to rehabilitation in people with Parkinson’s disease at 
moderate disease stages. Gait Posture. 2022;97:152-158. 
doi:10.1016/j.gaitpost.2022.07.235 

394. Castiglia SF, Tatarelli A, Trabassi D, et al. Ability of a Set of Trunk Inertial Indexes of 
Gait to Identify Gait Instability and Recurrent Fallers in Parkinson’s Disease. Sensors. 
2021;21(10):3449. doi:10.3390/s21103449 

395. Moreau C, Rouaud T, Grabli D, et al. Overview on wearable sensors for the 
management of Parkinson’s disease. NPJ Park Dis. 2023;9(1):153. doi:10.1038/s41531-
023-00585-y 

396. Antonini A, Reichmann H, Gentile G, et al. Toward objective monitoring of Parkinson’s 
disease motor symptoms using a wearable device: wearability and performance 
evaluation of PDMonitor®. Front Neurol. 2023;14:1080752. 
doi:10.3389/fneur.2023.1080752 

397. Espay AJ, Hausdorff JM, Sanchez-Ferro Á, et al. A Roadmap for Implementation of 
Patient-Centered Digital Outcome Measures in Parkinson’s disease Obtained Using 
Mobile Health Technologies. Mov Disord Off J Mov Disord Soc. 2019;34(5):657-663. 
doi:10.1002/mds.27671 



Freezing of gait and gait impairment after STN-DBS 

251 
 

398. Ricci M, Di Lazzaro G, Pisani A, Mercuri NB, Giannini F, Saggio G. Assessment of 
Motor Impairments in Early Untreated Parkinson’s Disease Patients: The Wearable 
Electronics Impact. IEEE J Biomed Health Inform. 2020;24(1):120-130. 
doi:10.1109/JBHI.2019.2903627 

399. Di Lazzaro G, Ricci M, Al-Wardat M, et al. Technology-Based Objective Measures 
Detect Subclinical Axial Signs in Untreated, de novo Parkinson’s Disease. J Park Dis. 
2020;10(1):113-122. doi:10.3233/JPD-191758 

400. Albani G, Cimolin V, Fasano A, Trotti C, Galli M, Mauro A. “Masters and servants” in 
parkinsonian gait: a three-dimensional analysis of biomechanical changes sensitive to 
disease progression. Funct Neurol. 2014;29(2):99-105. 

401. Rehman RZU, Del Din S, Guan Y, Yarnall AJ, Shi JQ, Rochester L. Selecting Clinically 
Relevant Gait Characteristics for Classification of Early Parkinson’s Disease: A 
Comprehensive Machine Learning Approach. Sci Rep. 2019;9(1):17269. 
doi:10.1038/s41598-019-53656-7 

402. Sethi K. Levodopa unresponsive symptoms in Parkinson disease. Mov Disord Off J Mov 
Disord Soc. 2008;23 Suppl 3:S521-533. doi:10.1002/mds.22049 

403. Ávila de Oliveira J, Bazán PR, de Oliveira CEN, et al. The effects of levodopa in the 
spatiotemporal gait parameters are mediated by self-selected gait speed in Parkinson’s 
disease. Eur J Neurosci. 2021;54(11):8020-8028. doi:10.1111/ejn.15522 

404. Wu Z, Jiang X, Zhong M, et al. Wearable Sensors Measure Ankle Joint Changes of 
Patients with Parkinson’s Disease before and after Acute Levodopa Challenge. Park Dis. 
2020;2020:2976535. doi:10.1155/2020/2976535 

405. Baudendistel ST, Schmitt AC, Roemmich RT, Harrison IL, Hass CJ. Levodopa 
facilitates improvements in gait kinetics at the hip, not the ankle, in individuals with 
Parkinson’s disease. J Biomech. 2021;121:110366. doi:10.1016/j.jbiomech.2021.110366 

406. Mondal B, Choudhury S, Banerjee R, et al. Analysis of gait in Parkinson’s disease 
reflecting the effect of l-DOPA. Ann Mov Disord. 2019;2(1):21. 
doi:10.4103/AOMD.AOMD_19_18 

407. Tao W, Liu T, Zheng R, Feng H. Gait analysis using wearable sensors. Sensors. 
2012;12(2):2255-2283. doi:10.3390/s120202255 

408. Muro-de-la-Herran A, Garcia-Zapirain B, Mendez-Zorrilla A. Gait analysis methods: an 
overview of wearable and non-wearable systems, highlighting clinical applications. 
Sensors. 2014;14(2):3362-3394. doi:10.3390/s140203362 

409. di Biase L, Di Santo A, Caminiti ML, et al. Gait Analysis in Parkinson’s Disease: An 
Overview of the Most Accurate Markers for Diagnosis and Symptoms Monitoring. 
Sensors. 2020;20(12):3529. doi:10.3390/s20123529 

410. Louis ED, Schupf N, Manly J, Marder K, Tang MX, Mayeux R. Association between 
mild parkinsonian signs and mild cognitive impairment in a community. Neurology. 
2005;64(7):1157-1161. doi:10.1212/01.WNL.0000156157.97411.5E 



Freezing of gait and gait impairment after STN-DBS 

252 
 

411. Louis ED, Tang MX, Schupf N. Mild parkinsonian signs are associated with increased 
risk of dementia in a prospective, population-based study of elders. Mov Disord Off J 
Mov Disord Soc. 2010;25(2):172-178. doi:10.1002/mds.22943 

412. Hoehn MM, Yahr MD. Parkinsonism: onset, progression and mortality. Neurology. 
1967;17(5):427-442. doi:10.1212/wnl.17.5.427 

413. Fabbri M, Coelho M, Abreu D, et al. Do patients with late-stage Parkinson’s disease still 
respond to levodopa? Parkinsonism Relat Disord. 2016;26:10-16. 
doi:10.1016/j.parkreldis.2016.02.021 

414. Bouça-Machado R, Jalles C, Guerreiro D, et al. Gait Kinematic Parameters in 
Parkinson’s Disease: A Systematic Review. J Park Dis. 2020;10(3):843-853. 
doi:10.3233/JPD-201969 

415. Lord S, Galna B, Rochester L. Moving forward on gait measurement: toward a more 
refined approach. Mov Disord Off J Mov Disord Soc. 2013;28(11):1534-1543. 
doi:10.1002/mds.25545 

416. Ossig C, Antonini A, Buhmann C, et al. Wearable sensor-based objective assessment of 
motor symptoms in Parkinson’s disease. J Neural Transm Vienna Austria 1996. 
2016;123(1):57-64. doi:10.1007/s00702-015-1439-8 

417. Griffiths RI, Kotschet K, Arfon S, et al. Automated assessment of bradykinesia and 
dyskinesia in Parkinson’s disease. J Park Dis. 2012;2(1):47-55. doi:10.3233/JPD-2012-
11071 

418. Horne MK, McGregor S, Bergquist F. An objective fluctuation score for Parkinson’s 
disease. PloS One. 2015;10(4):e0124522. doi:10.1371/journal.pone.0124522 

419. Joshi R, Bronstein JM, Keener A, et al. PKG Movement Recording System Use Shows 
Promise in Routine Clinical Care of Patients With Parkinson’s Disease. Front Neurol. 
2019;10:1027. doi:10.3389/fneur.2019.01027 

420. Knudson M, Thomsen TH, Kjaer TW. Comparing Objective and Subjective Measures of 
Parkinson’s Disease Using the Parkinson’s KinetiGraph. Front Neurol. 2020;11:570833. 
doi:10.3389/fneur.2020.570833 

421. Antonini A, Reichmann H, Gentile G, et al. Toward objective monitoring of Parkinson’s 
disease motor symptoms using a wearable device: wearability and performance 
evaluation of PDMonitor®. Front Neurol. 2023;14. Accessed October 30, 2023. 
https://www.frontiersin.org/articles/10.3389/fneur.2023.1080752 

422. Colosimo C, Merello M, Hughes AJ, Sieradzan K, Lees AJ. Motor response to acute 
dopaminergic challenge with apomorphine and levodopa in Parkinson’s disease: 
implications for the pathogenesis of the on-off phenomenon. J Neurol Neurosurg 
Psychiatry. 1996;60(6):634-637. doi:10.1136/jnnp.60.6.634 

423. Rodriguez M, Lera G, Vaamonde J, Luquin MR, Obeso JA. Motor response to 
apomorphine and levodopa in asymmetric Parkinson’s disease. J Neurol Neurosurg 
Psychiatry. 1994;57(5):562-566. doi:10.1136/jnnp.57.5.562 



Freezing of gait and gait impairment after STN-DBS 

253 
 

424. Espay AJ, Bonato P, Nahab FB, et al. Technology in Parkinson’s disease: Challenges 
and opportunities. Mov Disord Off J Mov Disord Soc. 2016;31(9):1272-1282. 
doi:10.1002/mds.26642 

425. Evers LJW, Krijthe JH, Meinders MJ, Bloem BR, Heskes TM. Measuring Parkinson’s 
disease over time: The real-world within-subject reliability of the MDS-UPDRS. Mov 
Disord Off J Mov Disord Soc. 2019;34(10):1480-1487. doi:10.1002/mds.27790 

426. Monje MHG, Sánchez-Ferro Á, Pineda-Pardo JA, Vela-Desojo L, Alonso-Frech F, 
Obeso JA. Motor Onset Topography and Progression in Parkinson’s Disease: the Upper 
Limb Is First. Mov Disord Off J Mov Disord Soc. 2021;36(4):905-915. 
doi:10.1002/mds.28462 

427. Hashimoto T, Ueno K, Ogawa A, et al. Hand before foot? Cortical somatotopy suggests 
manual dexterity is primitive and evolved independently of bipedalism. Philos Trans R 
Soc Lond B Biol Sci. 2013;368(1630):20120417. doi:10.1098/rstb.2012.0417 

428. Häger-Ross C, Schieber MH. Quantifying the independence of human finger 
movements: comparisons of digits, hands, and movement frequencies. J Neurosci Off J 
Soc Neurosci. 2000;20(22):8542-8550. doi:10.1523/JNEUROSCI.20-22-08542.2000 

429. Hernandez LF, Obeso I, Costa RM, Redgrave P, Obeso JA. Dopaminergic Vulnerability 
in Parkinson Disease: The Cost of Humans’ Habitual Performance. Trends Neurosci. 
2019;42(6):375-383. doi:10.1016/j.tins.2019.03.007 

430. Pineda-Pardo JA, Sánchez-Ferro Á, Monje MHG, Pavese N, Obeso JA. Onset pattern of 
nigrostriatal denervation in early Parkinson’s disease. Brain J Neurol. 
2022;145(3):1018-1028. doi:10.1093/brain/awab378 

431. Foffani G, Obeso JA. A Cortical Pathogenic Theory of Parkinson’s Disease. Neuron. 
2018;99(6):1116-1128. doi:10.1016/j.neuron.2018.07.028 

432. Wong YC, Luk K, Purtell K, et al. Neuronal vulnerability in Parkinson disease: Should 
the focus be on axons and synaptic terminals? Mov Disord Off J Mov Disord Soc. 
2019;34(10):1406-1422. doi:10.1002/mds.27823 

433. Nutt JG, Carter JH, Van Houten L, Woodward WR. Short- and long-duration responses 
to levodopa during the first year of levodopa therapy. Ann Neurol. 1997;42(3):349-355. 
doi:10.1002/ana.410420311 

434. Obeso JA, Rodriguez-Oroz M, Marin C, et al. The origin of motor fluctuations in 
Parkinson’s disease: importance of dopaminergic innervation and basal ganglia circuits. 
Neurology. 2004;62(1 Suppl 1):S17-30. doi:10.1212/wnl.62.1_suppl_1.s17 

435. Fabbri M, Coelho M, Abreu D, Ferreira JJ. Levodopa response in later stages of 
Parkinson’s disease: A case-control study. Parkinsonism Relat Disord. 2020;77:160-
162. doi:10.1016/j.parkreldis.2019.10.027 

436. Schaafsma JD, Giladi N, Balash Y, Bartels AL, Gurevich T, Hausdorff JM. Gait 
dynamics in Parkinson’s disease: relationship to Parkinsonian features, falls and 
response to levodopa. J Neurol Sci. 2003;212(1-2):47-53. doi:10.1016/s0022-
510x(03)00104-7 



Freezing of gait and gait impairment after STN-DBS 

254 
 

437. Morrison S, Moxey J, Reilly N, Russell DM, Thomas KM, Grunsfeld AA. The relation 
between falls risk and movement variability in Parkinson’s disease. Exp Brain Res. 
2021;239(7):2077-2087. doi:10.1007/s00221-021-06113-9 

438. Menz HB, Lord SR, Fitzpatrick RC. Acceleration patterns of the head and pelvis when 
walking are associated with risk of falling in community-dwelling older people. J 
Gerontol A Biol Sci Med Sci. 2003;58(5):M446-452. doi:10.1093/gerona/58.5.m446 

439. Bohnen NI, Costa RM, Dauer WT, et al. Discussion of Research Priorities for Gait 
Disorders in Parkinson’s Disease. Mov Disord Off J Mov Disord Soc. 2022;37(2):253-
263. doi:10.1002/mds.28883 

440. Rosano C, Aizenstein H, Brach J, Longenberger A, Studenski S, Newman AB. Special 
article: gait measures indicate underlying focal gray matter atrophy in the brain of older 
adults. J Gerontol A Biol Sci Med Sci. 2008;63(12):1380-1388. 
doi:10.1093/gerona/63.12.1380 

441. Maidan I, Mirelman A, Hausdorff JM, Stern Y, Habeck CG. Distinct cortical thickness 
patterns link disparate cerebral cortex regions to select mobility domains. Sci Rep. 
2021;11(1):6600. doi:10.1038/s41598-021-85058-z 

442. Mak MKY. Reduced step length, not step length variability is central to gait hypokinesia 
in people with Parkinson’s disease. Clin Neurol Neurosurg. 2013;115(5):587-590. 
doi:10.1016/j.clineuro.2012.07.014 

443. Nonnekes J, Snijders AH, Nutt JG, Deuschl G, Giladi N, Bloem BR. Freezing of gait: a 
practical approach to management. Lancet Neurol. 2015;14(7):768-778. 
doi:10.1016/S1474-4422(15)00041-1 

444. Perez-Lloret S, Negre-Pages L, Damier P, et al. Prevalence, determinants, and effect on 
quality of life of freezing of gait in Parkinson disease. JAMA Neurol. 2014;71(7):884-
890. doi:10.1001/jamaneurol.2014.753 

445. Ferraye MU, Debû B, Pollak P. Deep brain stimulation effect on freezing of gait. Mov 
Disord Off J Mov Disord Soc. 2008;23 Suppl 2:S489-494. doi:10.1002/mds.21975 

446. Barbosa R, Guedes LC, Cattoni MB, et al. Long-term follow-up of subthalamic nucleus 
deep brain stimulation in patients with Parkinson’s disease: An analysis of survival and 
disability milestones. Parkinsonism Relat Disord. 2024;118:105921. 
doi:10.1016/j.parkreldis.2023.105921 

447. Markham CH, Diamond SG. Long-term follow-up of early dopa treatment in 
Parkinson’s disease. Ann Neurol. 1986;19(4):365-372. doi:10.1002/ana.410190410 

448. Tommasi G, Lopiano L, Zibetti M, et al. Freezing and hypokinesia of gait induced by 
stimulation of the subthalamic region. J Neurol Sci. 2007;258(1-2):99-103. 
doi:10.1016/j.jns.2007.03.002 

449. El Ouadih Y, Marques A, Pereira B, et al. Deep brain stimulation of the subthalamic 
nucleus in severe Parkinson’s disease: relationships between dual-contact topographic 
setting and 1-year worsening of speech and gait. Acta Neurochir (Wien). Published 
online October 27, 2023. doi:10.1007/s00701-023-05843-9 



Freezing of gait and gait impairment after STN-DBS 

255 
 

450. Temiz G, Santin M des N, Olivier C, et al. Freezing of gait depends on cortico-
subthalamic network recruitment following STN-DBS in PD patients. Parkinsonism 
Relat Disord. 2022;104:49-57. doi:10.1016/j.parkreldis.2022.10.002 

451. Mügge F, Kleinholdermann U, Heun A, Ollenschläger M, Hannink J, Pedrosa DJ. 
Subthalamic 85 Hz deep brain stimulation improves walking pace and stride length in 
Parkinson’s disease patients. Neurol Res Pract. 2023;5(1):33. doi:10.1186/s42466-023-
00263-7 

452. Karl JA, Ouyang B, Verhagen Metman L. A Novel Dual-Frequency Deep Brain 
Stimulation Paradigm for Parkinson’s Disease. Neurol Ther. 2019;8(2):483-489. 
doi:10.1007/s40120-019-0140-5 

453. Seger A, Gulberti A, Vettorazzi E, et al. Short Pulse and Conventional Deep Brain 
Stimulation Equally Improve the Parkinsonian Gait Disorder. J Park Dis. 
2021;11(3):1455-1464. doi:10.3233/JPD-202492 

454. Neudorfer C, Butenko K, Oxenford S, et al. Lead-DBS v3.0: Mapping deep brain 
stimulation effects to local anatomy and global networks. NeuroImage. 
2023;268:119862. doi:10.1016/j.neuroimage.2023.119862 

455. Fonov V, Evans AC, Botteron K, et al. Unbiased average age-appropriate atlases for 
pediatric studies. NeuroImage. 2011;54(1):313-327. 
doi:10.1016/j.neuroimage.2010.07.033 

456. Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeomorphic image 
registration with cross-correlation: evaluating automated labeling of elderly and 
neurodegenerative brain. Med Image Anal. 2008;12(1):26-41. 
doi:10.1016/j.media.2007.06.004 

457. Husch A, V Petersen M, Gemmar P, Goncalves J, Hertel F. PaCER - A fully automated 
method for electrode trajectory and contact reconstruction in deep brain stimulation. 
NeuroImage Clin. 2018;17:80-89. doi:10.1016/j.nicl.2017.10.004 

458. Ewert S, Plettig P, Li N, et al. Toward defining deep brain stimulation targets in MNI 
space: A subcortical atlas based on multimodal MRI, histology and structural 
connectivity. NeuroImage. 2018;170:271-282. doi:10.1016/j.neuroimage.2017.05.015 

459. Ismail Fawaz H, Forestier G, Weber J, Idoumghar L, Muller PA. Deep learning for time 
series classification: a review. Data Min Knowl Discov. 2019;33(4):917-963. 
doi:10.1007/s10618-019-00619-1 

460. Tang W, Long G, Liu L, Zhou T, Jiang J, Blumenstein M. Rethinking 1D-CNN for Time 
Series Classification: A Stronger Baseline.; 2020. 

461. Gavriliuc O, Paschen S, Andrusca A, Helmers AK, Schlenstedt C, Deuschl G. Clinical 
patterns of gait freezing in Parkinson’s disease and their response to interventions: An 
observer-blinded study. Parkinsonism Relat Disord. 2020;80:175-180. 
doi:10.1016/j.parkreldis.2020.09.043 



Freezing of gait and gait impairment after STN-DBS 

256 
 

462. Su ZH, Patel S, Gavine B, et al. Deep Brain Stimulation and Levodopa Affect Gait 
Variability in Parkinson Disease Differently. Neuromodulation J Int Neuromodulation 
Soc. 2023;26(2):382-393. doi:10.1016/j.neurom.2022.04.035 

463. Timmermann L, Braun M, Groiss S, et al. Differential effects of levodopa and 
subthalamic nucleus deep brain stimulation on bradykinesia in Parkinson’s disease. Mov 
Disord Off J Mov Disord Soc. 2008;23(2):218-227. doi:10.1002/mds.21808 

464. Rocchi L, Chiari L, Horak F. Effects of deep brain stimulation and levodopa on postural 
sway in Parkinson’s disease. J Neurol Neurosurg Psychiatry. 2002;73(3):267-274. 
doi:10.1136/jnnp.73.3.267 

465. Ferraye MU, Debû B, Fraix V, et al. Effects of subthalamic nucleus stimulation and 
levodopa on freezing of gait in Parkinson disease. Neurology. 2008;70(16 Pt 2):1431-
1437. doi:10.1212/01.wnl.0000310416.90757.85 

466. Mueller K, Urgošík D, Ballarini T, et al. Differential effects of deep brain stimulation 
and levodopa on brain activity in Parkinson’s disease. Brain Commun. 
2020;2(1):fcaa005. doi:10.1093/braincomms/fcaa005 

467. Ehgoetz Martens KA, Hall JM, Georgiades MJ, et al. The functional network signature 
of heterogeneity in freezing of gait. Brain J Neurol. 2018;141(4):1145-1160. 
doi:10.1093/brain/awy019 

468. Li N, Suo X, Zhang J, et al. Disrupted functional brain network topology in Parkinson’s 
disease patients with freezing of gait. Neurosci Lett. 2021;759:135970. 
doi:10.1016/j.neulet.2021.135970 

469. Annic A, Moreau C, Salleron J, et al. Predictive factors for improvement of gait by low-
frequency stimulation in Parkinson’s disease. J Park Dis. 2014;4(3):413-420. 
doi:10.3233/JPD-130337 

470. Mendonça MD, Barbosa R, Seromenho-Santos A, Reizinho C, Bugalho P, CHLO 
Movement Disorders Surgery Group. Early use of 80 Hz subthalamic stimulation in 
Parkinson’s disease as an alternative for High-frequency stimulation induced gait 
changes and postural instability. Brain Stimulat. 2018;11(3):620-622. 
doi:10.1016/j.brs.2017.12.005 

471. Ramdhani RA, Patel A, Swope D, Kopell BH. Early Use of 60 Hz Frequency 
Subthalamic Stimulation in Parkinson’s Disease: A Case Series and Review. 
Neuromodulation Technol Neural Interface. 2015;18(8):664-669. doi:10.1111/ner.12288 

472. Ferraye MU, Debû B, Fraix V, et al. Effects of pedunculopontine nucleus area 
stimulation on gait disorders in Parkinson’s disease. Brain. 2010;133(1):205-214. 
doi:10.1093/brain/awp229 

473. Moro E, Hamani C, Poon YY, et al. Unilateral pedunculopontine stimulation improves 
falls in Parkinson’s disease. Brain. 2010;133(1):215-224. doi:10.1093/brain/awp261 

474. Snijders AH, Haaxma CA, Hagen YJ, Munneke M, Bloem BR. Freezer or non-freezer: 
clinical assessment of freezing of gait. Parkinsonism Relat Disord. 2012;18(2):149-154. 
doi:10.1016/j.parkreldis.2011.09.006 



Freezing of gait and gait impairment after STN-DBS 

257 
 

475. Cockx H, Klaver E, Tjepkema-Cloostermans M, van Wezel R, Nonnekes J. The Gray 
Area of Freezing of Gait Annotation: A Guideline and Open-Source Practical Tool. Mov 
Disord Clin Pract. 2022;9(8):1099-1104. doi:10.1002/mdc3.13556 

476. Giannakopoulou KM, Roussaki I, Demestichas K. Internet of Things Technologies and 
Machine Learning Methods for Parkinson’s Disease Diagnosis, Monitoring and 
Management: A Systematic Review. Sensors. 2022;22(5):1799. doi:10.3390/s22051799 

477. Reches T, Dagan M, Herman T, et al. Using Wearable Sensors and Machine Learning to 
Automatically Detect Freezing of Gait during a FOG-Provoking Test. Sensors. 
2020;20(16):4474. doi:10.3390/s20164474 

478. Kwon H, Clifford GD, Genias I, et al. An Explainable Spatial-Temporal Graphical 
Convolutional Network to Score Freezing of Gait in Parkinsonian Patients. Sensors. 
2023;23(4):1766. doi:10.3390/s23041766 

479. Ma L, Mi TM, Jia Q, Han C, Chhetri JK, Chan P. Gait variability is sensitive to detect 
Parkinson’s disease patients at high fall risk. Int J Neurosci. 2022;132(9):888-893. 
doi:10.1080/00207454.2020.1849189 

480. Melbourne JA, Kehnemouyi YM, O’Day JJ, et al. Kinematic adaptive deep brain 
stimulation for gait impairment and freezing of gait in Parkinson’s disease. Brain Stimul 
Basic Transl Clin Res Neuromodulation. 2023;16(4):1099-1101. 
doi:10.1016/j.brs.2023.07.003 

481. Kim R, Kim HJ, Shin C, et al. Long-term effect of subthalamic nucleus deep brain 
stimulation on freezing of gait in Parkinson’s disease. J Neurosurg. 2019;131(6):1797-
1804. doi:10.3171/2018.8.JNS18350 

482. Karachi C, Cormier-Dequaire F, Grabli D, et al. Clinical and anatomical predictors for 
freezing of gait and falls after subthalamic deep brain stimulation in Parkinson’s disease 
patients. Parkinsonism Relat Disord. 2019;62:91-97. 
doi:10.1016/j.parkreldis.2019.01.021 

483. Nieuwboer A, Giladi N. The challenge of evaluating freezing of gait in patients with 
Parkinson’s disease. Br J Neurosurg. 2008;22 Suppl 1:S16-18. 
doi:10.1080/02688690802448376 

484. Cavallieri F, Campanini I, Gessani A, et al. Long-term effects of bilateral subthalamic 
nucleus deep brain stimulation on gait disorders in Parkinson’s disease: a clinical-
instrumental study. J Neurol. 2023;270(9):4342-4353. doi:10.1007/s00415-023-11780-5 

485. Hausdorff JM, Gruendlinger L, Scollins L, O’Herron S, Tarsy D. Deep brain stimulation 
effects on gait variability in Parkinson’s disease. Mov Disord. 2009;24(11):1688-1692. 
doi:10.1002/mds.22554 

486. Greenland JC, Camacho M, Williams-Gray CH. The dilemma between milestones of 
progression versus clinical scales in Parkinson’s disease. Handb Clin Neurol. 
2023;192:169-185. doi:10.1016/B978-0-323-85538-9.00010-9 



Freezing of gait and gait impairment after STN-DBS 

258 
 

487. Hely MA, Morris JGL, Reid WGJ, Trafficante R. Sydney Multicenter Study of 
Parkinson’s disease: non-L-dopa-responsive problems dominate at 15 years. Mov Disord 
Off J Mov Disord Soc. 2005;20(2):190-199. doi:10.1002/mds.20324 

488. Hely MA, Reid WGJ, Adena MA, Halliday GM, Morris JGL. The Sydney multicenter 
study of Parkinson’s disease: the inevitability of dementia at 20 years. Mov Disord Off J 
Mov Disord Soc. 2008;23(6):837-844. doi:10.1002/mds.21956 

489. Cilia R, Cereda E, Akpalu A, et al. Natural history of motor symptoms in Parkinson’s 
disease and the long-duration response to levodopa. Brain J Neurol. 2020;143(8):2490-
2501. doi:10.1093/brain/awaa181 

490. Ong JNA, Shin JH, Jeon S, et al. Development of Clinical Milestones in Parkinson’s 
Disease After Bilateral Subthalamic Deep Brain Stimulation. J Mov Disord. 
2022;15(2):124-131. doi:10.14802/jmd.21106 

491. Marsili L, Mahajan A. Clinical milestones in Parkinson’s disease: Past, present, and 
future. J Neurol Sci. 2022;432:120082. doi:10.1016/j.jns.2021.120082 

492. Mancini M, Carlson-Kuhta P, Zampieri C, Nutt JG, Chiari L, Horak FB. Postural sway 
as a marker of progression in Parkinson’s disease: a pilot longitudinal study. Gait 
Posture. 2012;36(3):471-476. doi:10.1016/j.gaitpost.2012.04.010 

493. Goetz CG, Poewe W, Rascol O, et al. Movement Disorder Society Task Force report on 
the Hoehn and Yahr staging scale: status and recommendations. Mov Disord Off J Mov 
Disord Soc. 2004;19(9):1020-1028. doi:10.1002/mds.20213 

494. Poewe W. Clinical measures of progression in Parkinson’s disease. Mov Disord Off J 
Mov Disord Soc. 2009;24 Suppl 2:S671-676. doi:10.1002/mds.22600 

495. Bonnet AM, Loria Y, Saint-Hilaire MH, Lhermitte F, Agid Y. Does long-term 
aggravation of Parkinson’s disease result from nondopaminergic lesions? Neurology. 
1987;37(9):1539-1542. doi:10.1212/wnl.37.9.1539 

496. Turner TH, Dale ML. Inconsistent Movement Disorders Society–Unified Parkinson’s 
Disease Rating Scale Part III Ratings in the Parkinson’s Progression Marker Initiative. 
Mov Disord Off J Mov Disord Soc. 2020;35(8):1488-1489. doi:10.1002/mds.28108 

497. Regnault A, Boroojerdi B, Meunier J, Bani M, Morel T, Cano S. Does the MDS-UPDRS 
provide the precision to assess progression in early Parkinson’s disease? Learnings from 
the Parkinson’s progression marker initiative cohort. J Neurol. 2019;266(8):1927-1936. 
doi:10.1007/s00415-019-09348-3 

498. Ávila de Oliveira J, Bazán PR, de Oliveira CEN, et al. The effects of levodopa in the 
spatiotemporal gait parameters are mediated by self-selected gait speed in Parkinson’s 
disease. Eur J Neurosci. 2021;54(11):8020-8028. doi:10.1111/ejn.15522 

499. Blin O, Ferrandez AM, Pailhous J, Serratrice G. Dopa-sensitive and dopa-resistant gait 
parameters in Parkinson’s disease. J Neurol Sci. 1991;103(1):51-54. doi:10.1016/0022-
510x(91)90283-d 



Freezing of gait and gait impairment after STN-DBS 

259 
 

500. Pelicioni PHS, Brodie MA, Latt MD, et al. Head and trunk stability during gait before 
and after levodopa intake in Parkinson’s disease subtypes. Exp Gerontol. 2018;111:78-
85. doi:10.1016/j.exger.2018.06.031 

501. Bryant MS, Rintala DH, Hou JG, et al. Gait variability in Parkinson’s disease: influence 
of walking speed and dopaminergic treatment. Neurol Res. 2011;33(9):959-964. 
doi:10.1179/1743132811Y.0000000044 

502. Kurz MJ, Hou JG. Levodopa influences the regularity of the ankle joint kinematics in 
individuals with Parkinson’s disease. J Comput Neurosci. 2010;28(1):131-136. 
doi:10.1007/s10827-009-0192-0 

503. Aich S, Pradhan PM, Park J, Sethi N, Vathsa VSS, Kim HC. A Validation Study of 
Freezing of Gait (FoG) Detection and Machine-Learning-Based FoG Prediction Using 
Estimated Gait Characteristics with a Wearable Accelerometer. Sensors. 
2018;18(10):3287. doi:10.3390/s18103287 

504. Borzì L, Mazzetta I, Zampogna A, Suppa A, Olmo G, Irrera F. Prediction of Freezing of 
Gait in Parkinson’s Disease Using Wearables and Machine Learning. Sensors. 
2021;21(2):614. doi:10.3390/s21020614 

505. Ramaswami R, Bayer R, Galea S. Precision Medicine from a Public Health Perspective. 
Annu Rev Public Health. 2018;39:153-168. doi:10.1146/annurev-publhealth-040617-
014158 

506. Budin-Ljøsne I, Harris JR. Ask not what personalized medicine can do for you--ask 
what you can do for personalized medicine. Public Health Genomics. 2015;18(3):131-
138. doi:10.1159/000373919 

507. McGilchrist I. The Divided Brain and the Search for Meaning: Why We Are So 
Unhappy. Yale University Press; 2012. 
https://books.google.fr/books?id=QnA90Z_MrhkC 

508. Duysens J, Smits-Engelsman B. Freezing as Seen from the Inside. Mov Disord Off J 
Mov Disord Soc. Published online May 11, 2023. doi:10.1002/mds.29444 

509. Hanff AM, Pauly C, Pauly L, et al. Determinants of patient-reported functional mobility 
in people with Parkinson’s disease: A systematic review. Gait Posture. 2024;108:97-
109. doi:10.1016/j.gaitpost.2023.11.013 

510. Johnston BC, Patrick DL, Devji T, et al. Patient-reported outcomes. In: Cochrane 
Handbook for Systematic Reviews of Interventions. John Wiley & Sons, Ltd; 2019:479-
492. doi:10.1002/9781119536604.ch18 

511. Leavy B, Löfgren N, Nilsson M, Franzén E. Patient-reported and performance-based 
measures of walking in mild-moderate Parkinson’s disease. Brain Behav. 
2018;8(9):e01081. doi:10.1002/brb3.1081 

512. Conway ZJ, Silburn PA, Perera T, O’Maley K, Cole MH. Low-frequency STN-DBS 
provides acute gait improvements in Parkinson’s disease: a double-blinded randomised 
cross-over feasibility trial. J Neuroengineering Rehabil. 2021;18(1):125. 
doi:10.1186/s12984-021-00921-4 



Freezing of gait and gait impairment after STN-DBS 

260 
 

513. Cavallieri F, Fraix V, Bove F, et al. Predictors of Long-Term Outcome of Subthalamic 
Stimulation in Parkinson Disease. Ann Neurol. 2021;89(3):587-597. 
doi:10.1002/ana.25994 

514. Fasano A, Laganiere SE, Lam S, Fox MD. Lesions causing freezing of gait localize to a 
cerebellar functional network. Ann Neurol. 2017;81(1):129-141. doi:10.1002/ana.24845 

515. Béreau M, Kibleur A, Servant M, et al. Motivational and cognitive predictors of apathy 
after subthalamic nucleus stimulation in Parkinson’s disease. Brain J Neurol. Published 
online October 3, 2023:awad324. doi:10.1093/brain/awad324 

 l'onglet Zotero.Automatic citation updates are disabled. To see the bibliography, click 
Refresh in the Zotero tab. 

 

 


