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Deep brain stimulation (DBS) of the subthalamic nucleus or the globus pallidus is an established treatment for Parkinson’s disease (PD) that yields a marked and lasting improvement of motor symptoms. Yet, DBS benefit on gait disturbances in PD is still debated and can be a source of dissatisfaction and poor quality of life. Gait disturbances in PD encompass a variety of clinical manifestations and rely on different pathophysiological bases. While gait disturbances arising years after DBS surgery can be related to disease progression, early impairment of gait may be secondary to treatable causes and benefits from DBS reprogramming. In this review, we tackle the issue of gait disturbances in PD patients with DBS by discussing their neurophysiological basis, providing a detailed clinical characterization, and proposing a pragmatic programming approach to support their management.

Keywords: Parkinson’s disease, freezing of gait (FOG), deep brain stimulation (DBS), subthalamic nucleus (STN), globus pallidus pars interna (GPi), pedunculopontine nucleus (PPN)


INTRODUCTION

In Parkinson’s disease (PD) a progressive dopaminergic neuronal loss alters the functioning of the cortico-striatal-thalamic network and determines an increasing motor impairment (Albin et al., 1989; Isaias et al., 2006, 2011, 2012; Litvak et al., 2011; de Hemptinne et al., 2013; Cagnan et al., 2015). Along with disease progression, PD leads to increasing disability with worsening of quality of life (Rascol et al., 2011). One of the main determinants of poor quality of life in PD is gait impairment, mainly because it correlates with mobility reduction, falls and hospitalization (Muslimović et al., 2008).

The term gait impairment is unspecific and encompasses a variety of gait disturbances that range from shuffling gait to walking difficulties due to dyskinesias. PD can also present peculiar gait disturbances, such as freezing of gait (FOG) (Nutt et al., 2011a). This clinical variability reflects a complex and diverse pathophysiology that challenges an appropriate treatment, which remains limited at best (Muslimović et al., 2008). Dopaminergic replacement therapy may indeed yield only a partial benefit and eventually deteriorate some aspects of gait and balance in PD (Peterson and Horak, 2016), possibly because of the unselective impact of levodopa on the locomotor network (Curtze et al., 2015; Palmisano et al., 2020a).

Deep brain stimulation (DBS) of the subthalamic nucleus (STN-DBS) or the globus pallidus pars interna (GPi-DBS) is an established treatment for PD that can provide a marked improvement of quality of life in PD patients with motor fluctuations (The Deep-Brain Stimulation for Parkinson’s Disease Study Group, 2001; Deuschl et al., 2006; Follett et al., 2010; Schuepbach et al., 2013). Comparative studies showed a similar benefit for the two targets (Follett et al., 2010; Tagliati, 2012; Weaver et al., 2012; Williams et al., 2014; Ramirez-Zamora and Ostrem, 2018) with motor improvement lasting for more than 30 years for STN-DBS (Merola et al., 2011) and over 10 years for GPi-DBS (Mansouri et al., 2018). Despite this sustained improvement of motor symptoms, the effect of DBS on gait impairment remains debated.

Converging evidence showed a positive effect for STN-DBS and GPi-DBS on gait in the first year after surgery (Bakker et al., 2004), while long-term follow up studies reported a progressive worsening of gait for both targets (Pötter-Nerger and Volkmann, 2013). A meta-regression analysis of 12 studies (nine with STN-DBS and three with GPi-DBS) on postural instability and gait disorder (PIGD) in PD showed that PIGD worsens to the preoperative state already 2 years after STN-DBS in meds-on condition (i.e., with medication) (St George et al., 2010). In line with these data, up to 42% of PD patients with STN-DBS report a subjective worsening of gait performance 6 months after surgery, despite general motor improvement (van Nuenen et al., 2008).

While chronic progressive loss of efficacy might be due to disease progression and to concomitant worsening of postural control (Limousin and Foltynie, 2019), an early gait deterioration after DBS is likely related to suboptimal stimulation (Farris and Giroux, 2013; Pötter-Nerger and Volkmann, 2013; Limousin and Foltynie, 2019). In line with this hypothesis, a case series review of 50 PD patients with PIGD and unsatisfactory STN-DBS outcomes showed that suboptimal stimulation was responsible for up to 52% of cases and reprogramming of DBS parameters improved the clinical outcome in 75% of cases (Farris and Giroux, 2013). Still, DBS programming is an iterative and poorly standardized process that requires expertise and careful trial-and-error adjustments (Kühn and Volkmann, 2017).

In this review, we will tackle this issue and provide a pragmatic troubleshooting programming approach to manage early gait disturbances in PD patients with DBS. We will first describe the pathophysiological mechanism of gait impairment in PD, then provide a clinical characterization of gait disturbances and finally discuss the possible stimulation alternatives.

A comprehensive discussion of the long-term effects of DBS on PIGD is beyond the scope of this review and can be found elsewhere (Fasano et al., 2015; Limousin and Foltynie, 2019). Likewise, gait disturbances arising directly after DBS surgery are usually related to surgical causes and have already been reviewed elsewhere (Adams et al., 2011; Fleury et al., 2016; Sketchler and Shahed, 2019).



THE HUMAN SUPRASPINAL LOCOMOTOR NETWORK

In recent years, technological advances allowed to obtain important information about the physiology and pathophysiology of human gait, revealing the complex neural architecture of the locomotor network (Takakusaki et al., 2004; Takakusaki, 2017; Pozzi et al., 2019). This network comprises the primary motor cortex, the supplementary motor area (SMA), the basal ganglia, the thalamus, the mesencephalic locomotor region (MLR) with the pedunculopontine nucleus (PPN) and the cuneiform nucleus (CN), the cerebellum and the spinal network of central pattern generator (CPGs) (la Fougère et al., 2010; Tard et al., 2015; Snijders et al., 2016; Takakusaki, 2017).

The rhythmic activity of CPGs generates stepping movements, which are initiated and modulated by the supraspinal locomotor network (for review Nutt et al., 2011b).

The MLR is the core of locomotor adaptation as it is essential for the integration of sensorimotor and emotional stimuli that modifies the patterned activity of CPGs (Collomb-Clerc and Welter, 2015; Takakusaki, 2017). The main anatomical structures of the MLR are the CN and the PPN, which together regulate posture, muscular tone, and locomotion initiation (Takakusaki, 2008, 2017). A detailed discussion of the brainstem control of posture and gait is reported in Takakusaki (2008, 2017). In brief, the glutamatergic CN neurons exert a prokinetic effect possibly starting locomotion by releasing the CPGs, while the GABAergic PPN neurons inhibit the activity of the SNr that suppresses locomotor activities (Takakusaki, 2008, 2017). The PPN is innervated from the basal ganglia (in particular, the STN and the GPi), the thalamus (parafascicular and center-median nucleus) and the motor and premotor cortices (e.g., supplementary motor area, SMA) (Collomb-Clerc and Welter, 2015; Takakusaki, 2017), thus representing the cornerstone of MLR and key for sensorimotor integration (Mena-Segovia and Bolam, 2017). This role for the PNN in locomotor control has recently been supported by a study in five PD patients with GPi- and PPN-DBS that showed an increase in PPN neuronal activity during walking as compared to standing (Molina et al., 2020).

Within the basal ganglia, the striatum and its dopaminergic synapses are essential for motor learning and motor automaticity. Accordingly, the dopaminergic loss occurring in PD affects gait performances, especially when flexibility and adaptability in the gait pattern are required (Nutt et al., 1993, 2011b; Amboni et al., 2013; Fasano and Bloem, 2013; Santens, 2018).

The STN is ideally placed to regulate locomotion being directly connected with the SMA and projecting to the MLR structures (Nambu et al., 2002; Miocinovic et al., 2018). Accordingly, recent neurophysiological studies proved its role in locomotion control by assessing STN local field potentials (LFPs) in PD patients with advanced DBS devices (Rouse et al., 2011; Stanslaski et al., 2012). Time-frequency analysis of STN LFPs is altered in PD showing an excessive synchronization in the beta frequency band (13–35 Hz) and prolonged (>500 ms) beta-bursts (Oswal et al., 2013; Tinkhauser et al., 2017, 2018; Wang et al., 2018) in PD patients in meds-off (i.e., without medication) at rest. The neural activity of the STN during walking was mainly assessed as changes in beta synchronization as expressed by spectral power modulation. Fischer et al. (2018) showed a left-right alternating suppression of high-beta (20–30 Hz) spectral power in STN-LFPs of PD patients performing a visually guided stepping task while sitting and freely walking. Hell et al. (2018) reported suppression in high-beta power and bilateral oscillatory connectivity as well as a reduction in amplitude and duration of high-beta burst during gait as compared to rest. However, these findings are not consistent with the results of other studies that did not find STN beta suppression in freely moving PD patients (Quinn et al., 2015; Arnulfo et al., 2018). Quinn et al. (2015) reported similar STN beta power during lying, sitting, standing, and forward walking in 14 PD patients. We also found no difference in beta power during walking compared to sitting and standing in seven PD patients with STN-DBS (Arnulfo et al., 2018), but reported an interhemispheric decoupling (Arnulfo et al., 2018) and a frequency-shift of STN beta oscillations during gait (Canessa et al., 2020).

Less evidence is available for the GPi. Recent works suggested a role for this nucleus in locomotion inhibition (Aristieta et al., 2021). One study in patients with isolated dystonia (without gait abnormalities) and GPi-DBS studied LFPs during treadmill-gait. The authors showed a selective suppression of beta power during gait as compared to rest (Singh et al., 2011). In PD, instead, no changes of GPi beta power were found in five patients during walking as compared to standing (Molina et al., 2020), so that other frequency bands might be related to gait in GPi neurons.

The cortical contribution to gait control has also received great interest recently. Molecular imaging studies unveiled a diffuse cortical activation during gait (Jacobs and Horak, 2007; Yogev-Seligmann et al., 2008; Collomb-Clerc and Welter, 2015; Tard et al., 2015; Peterson and Horak, 2016). In particular, the primary motor cortex is relevant for gait adaptation that requires precise forelimb positioning to avoid obstacles or to change direction (Drew et al., 2002; Beloozerova et al., 2003; Dunin-Barkowski et al., 2006). The SMA is involved in balance control during locomotion and plays a role in the timing of the anticipatory postural adjustments (APA) during gait initiation (Richard et al., 2017). The posterior parietal cortex is necessary to plan and execute gait pattern adaptations by modifying the internal model of body representation during locomotion (McVea and Pearson, 2009). Reactive and predictive sensorimotor adjustments during gait are assumed to be ruled by internal models located in the cerebellum (Blakemore and Sirigu, 2003; Morton and Bastian, 2016), which is intimately connected with the temporoparietal cortex and the frontal cortices (Collomb-Clerc and Welter, 2015; Santens, 2018).

Studies on motor cortex activity during gait showed suppression of spectral power in alpha and beta frequency bands as well as changes in cortical connectivity during gait (Wang and Choi, 2020). In particular, alpha and beta band power suppression along with theta power increase in the sensorimotor cortex were documented in demanding walking tasks (e.g., obstacle avoidance) and likely reflect a greater cortical planning (Bulea et al., 2015; Nordin et al., 2019). In PD, one study showed increased interhemispheric synchronization across many frequency bands during walking as compared to healthy controls, thus suggesting a more prominent cortical involvement in locomotor control in PD patients (Miron-Shahar et al., 2019).

Finally, some studies have focused on specific gait alterations, such as freezing of gait (FOG), a sudden and transient disruption of the gait pattern (Nieuwboer and Giladi, 2013). Tard et al. (2015) performed a [18F]-fluorodeoxyglucose brain positron-emission tomography in PD patients showing FOG and documented a cortical hypometabolism as well as a dysregulation of the GPi, STN, and the MLR. At cortical level, one study showed an increase in theta power during FOG (Shine et al., 2014). Studies on STN LFPs showed instead higher beta frequency amplitude (Toledo et al., 2014; Hell et al., 2018) and an increase in alpha frequency entropy (Syrkin-Nikolau et al., 2017) in PD patients with FOG. Beta burst duration was found to be prolonged in PD patients with FOG (Anidi et al., 2018). However, being FOG an episodic phenomenon, it is crucial to assess electrophysiological alterations during actual freezing episodes. We recorded STN- and cortical LFPs in five PD patients with STN-DBS and FOG and found no difference in beta power, beta burst duration or interhemispheric STN coupling between effective walking and freezing episodes, but showed a low-frequency cortical-STN decoupling at the transition from normal walking into gait freezing, which resolved with the recovery of an effective gait pattern. Of note, these changes were found only on the side with less dopaminergic innervation, thus supporting a role for striatal dopamine in FOG (Pozzi et al., 2019).

Taken together these results suggest that altered neuronal oscillations in the supraspinal locomotor network are associated with the occurrence of gait disturbances in PD. Neural oscillations reflect fluctuations of local neuronal ensembles and their synchronization provide a mean for dynamic brain coordination (Buzsáki and Wang, 2012). Alterations in neuronal oscillation dynamics (i.e., timely synchronization and desynchronization) in the locomotor network may thus hamper locomotor control and result in gait impairments. This knowledge provides a rationale for treating gait disorders with neuromodulation tools, such as DBS, that allows retuning the activity of neural ensembles, even if distant from the implantation site, by means of modulation of neural networks dynamics.



CLINICAL ASSESSMENT OF GAIT AND GAIT DISTURBANCES IN PARKINSON’S DISEASE

The complex pathophysiology of gait disturbances in PD translates into great clinical variability that can vary from shuffle bradykinetic gait to dyskinetic pseudo-ataxic gait and include peculiar gait alterations, like FOG (Nieuwboer and Giladi, 2013) or reckless gait (Fasano and Bloem, 2013).

To treat gait disturbances in PD with DBS is important to recognize their specific clinical features (Giladi et al., 2002, 2013). To this end, a careful clinical history is essential (Fasano and Bloem, 2013; Nonnekes et al., 2019b), first to distinguish between continuous and episodic gait disturbances, as well as their relation with dopaminergic medications intake (Giladi et al., 2013). The use of instrumental aids (e.g., orthosis) or any other compensatory strategy should always be evaluated and can be particularly informative in patients with FOG (Fasano and Bloem, 2013). The risk of falls should also always be investigated and can easily be done by screening for a previous fall, which is a reliable predictor of new falls (Grimbergen et al., 2004). Further, the implanted nucleus, time to surgery and the active stimulation paradigm, as well as the permitted paradigms of stimulation by the implantable pulse generator (IPG), are essentials. Finally, in every patient with PD and STN-DBS with gait disturbances the lead location should critically be reviewed as even small misplacement might greatly impact the clinical outcome (Nickl et al., 2019).

The evaluation of gait cannot be separated from a complete neurological examination. It starts by assessing standing and postural abnormalities (broad base width, camptocormia, etc.) as well as the presence of dyskinesia or dystonia, which may differ in laying of standing position. Since DBS may also induce gait impairment, the clinical evaluation must be performed at least in stim-on and stim-off condition (i.e., with and without stimulation), although there is no consensus on the delay of the examination. Whenever possible, a prolonged suspension (up to 72 h) is recommended (Reich et al., 2016). Furthermore, we encourage to perform the clinical assessment in both meds-off and meds-on condition, especially in those PD patients still presenting motor fluctuations.

For clinical purposes, it may be useful to divide gait into four conditions: (1) gait initiation, (2) unperturbed steady-state walking, (3) turning, and (4) gait adaptation (Smulders et al., 2016; Figure 1). All these gait conditions can be described by specific biomechanical parameters (for review see Morris et al., 2001; Hof et al., 2005; Perry et al., 2010).
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FIGURE 1. Gait disturbances in PD and possible troubleshooting with DBS. The main gait conditions (i.e., gait initiation, steady-state walking, gait adaptation and turning) are displayed. The top red panels list the most frequent pathological abnormalities occurring in PD patients in meds-off condition and assessed clinically or with a kinematic gait analysis. The green panels at the bottom list the adjustment in DBS programming and medications for troubleshooting the pathological changes of the different gait components. For steady-state, unperturbed linear walking, we addressed separately the possible adjustments in case of bradykinetic, dystonic, dyskinetic, or ataxic gait. APA, Anticipatory postural adjustments; FOG, freezing of gait; HSF, high frequency stimulation (i.e., >130 Hz); STN, subthalamic nucleus; GPi, Globus pallidus pars interna.


Gait initiation is the transition from quiet stance to steady-state walking. It is a highly challenging task for the balance control system and is of particular interest in the study of neural control of upright posture maintenance during whole-body movement (Delval et al., 2014). Gait initiation is characterized by APA, patterned muscular synergies (Farinelli et al., 2020) aiming to destabilize the antigravity postural set via misalignment between the center of pressure (CoP) and the center of mass (CoM) to generate a gravitational moment favoring CoM forward acceleration (Crenna and Frigo, 1991). The associated motor program seems to be centrally mediated (Palmisano et al., 2020b) with direct involvement of striatal dopamine (Petersen et al., 2012; Palmisano et al., 2020a). However, the contribution of the basal ganglia in gait initiation remains poorly known. This motor task also presents some methodological difficulties to be properly investigated in PD patients (Palmisano et al., 2020a,b). Subjects with PD usually have hypometric APA, with less weight shift than would be required to make an effective step (Burleigh-Jacobs et al., 1997; Jacobs et al., 2009). This translates clinically in a slower and shorter length of the first step as compared to healthy subjects (Rocchi et al., 2006; Jacobs et al., 2009), so that coordination of the movement pattern may not vary in PD (Rosin et al., 1997). The failure of APA is often associated with start hesitation (Giladi et al., 1992; Mancini et al., 2009), whereas multiple unsuccessful APA can occur with a subtype of FOG referred to as trembling in place (or knee-trembling) (Jacobs et al., 2009). Another pathological gait initiation pattern in PD, often associated with FOG, is festination, which is a rapid and progressive shortening of step length, accompanied by a compensatory increase in cadence (Nonnekes et al., 2019a).

Unperturbed steady-state walking refers to linear walking at preferred and constant speed on a flat surface. Even in the absence of biomechanical analysis, important spatiotemporal features of gait can be clinically evaluated, such as gait speed, cadence, steps variability, arm swing and limbs coordination. The step-length and -height for both feet separately can be also assessed. Unmedicated PD patients show bradykinetic gait with reduced step height and length (causing the typical shuffling gait), narrow base width, small step length variability with normal or increase cadence (Morris et al., 2001). PD patients can also show a progressive reduction of step length (i.e., sequence effect) as an expression of motor bradykinesia (Nutt et al., 2011a). The base width during walking is usually narrow in PD (Fasano and Bloem, 2013), while the step length variability may vary according to symptoms lateralization. This is usually more evident in the upper body, where bradykinesia is expressed by reduced arm swing and decreased range of motion of the trunk (Sterling et al., 2015). In case of great lateralization of the motor symptoms, a patient may present great stride-to-stride variability, an asymmetric reduction of arm swing, and poor range of motion of the trunk. Large gait variability is a dangerous alteration being associated with postural instability (Hausdorff et al., 1998; Hausdorff, 2005), which can lead to falls (Weiss et al., 2014). The presence of dyskinesia or dystonia might also alter the gait pattern with jerky movements of the limbs that may impair balance during walking. In this case, step length and gait velocity may be increased to reduce instability (Fasano and Bloem, 2013). The development of dyskinesia or dystonia during walking may be due to medication adjustments (e.g., levodopa-induced dyskinesia or meds-off dystonia) or be secondary to DBS itself (Krack et al., 1999; Baizabal-Carvallo and Jankovic, 2016).

Turning is one of the most frequent motor behaviors, taking place up to 100 times per hour (Mancini et al., 2016). Turing implies a modification of the gait pattern with asymmetrical steps and requires a dynamic adaptation of balance through coordinated movements of the trunk and limbs (Smulders et al., 2016). By asking the patient to turn it is possible to assess the mobility of the head, upper and lower part of the body, and the number of steps required. In PD, the physiological sequential movement of eyes-head-trunk-feet is lost in favor of an “en bloc” turning. This is characterized by a simultaneous onset of eyes, head, trunk, and leg movement (Crenna et al., 2007), which is slow and requires multiple steps (Smulders et al., 2016). Turning repetitively can elicit FOG (Reich et al., 2014), which appears most frequently at the end of a turn and affects the inner leg of the turn cycle (Spildooren et al., 2018).

Gait adaptation reflects the ability to modify the gait pattern and navigate the environment. While steady-state walking is a highly automatized process that requires minimal attention in healthy subjects (Patel et al., 2014), gait adaptation involves the activation of multiple brain areas (Hinton et al., 2019). Biomechanical studies have shown that PD patients are unstable and need more time to overcome an obstacle and hit it multiple times (Smulders et al., 2016). Gait adaptation can be particularly difficult in subjects with PD due to difficulties resisting external interference and task-switching (Amboni et al., 2013). This condition is known as “higher-level gait disorder” and presents typically with short cadence, short steps with marked step length variability, and FOG with poor response to walking aids (Nutt et al., 1993). Clinically, it may not be evident, but can be unmasked by obstacle crossing or dual-task walking. Patients should therefore be asked to walk through narrow passages (e.g., doors) or in a crowded space (Smulders et al., 2016; Pozzi et al., 2019). Another approach is to ask the patient to perform a cognitive task (e.g., backward counting) or a difficult motor task (e.g., carrying a tray) while walking. Under increased attentional demands, gait may become highly irregular or stop (i.e., “stops walking while talking” phenomenon) (Bloem et al., 2000; Hyndman and Ashburn, 2004). Alternatively, patients may neglect the onset of gait difficulties and focus on the cognitive task, thereby exhibiting reckless gait, a phenomenon more frequently observed in progressive supranuclear palsy (Ebersbach et al., 2013; Raccagni et al., 2019).

Freezing of Gait is an episodic and sudden interruption of the gait pattern with patients feeling the feet “glued to the ground” and the trunk is usually leant forward (Nieuwboer and Giladi, 2013). It occurs predominantly when the on-going locomotor pattern is interrupted (e.g., termination or initiation of gait), modulated (e.g., turning, obstacles navigation), or interfered (e.g., dual-task walking), particularly under time constraints (Bekkers et al., 2018). Focused attention and external stimuli (cues) may instead facilitate the overcoming of a FOG episode (Nieuwboer and Giladi, 2013).

With disease progression, the majority of PD patients develop FOG. A recent meta-analysis of 9,072 PD patients showed a weighted prevalence for FOG of 50.6% with a marked increase with years of disease (37.9% for ≤ 5 years vs. 64.6% for ≥ 9 years from diagnosis of PD) (Zhang et al., 2021). Patients predisposed to develop FOG usually show an altered locomotor pattern with increased step length variability and poor coordination (Nieuwboer and Giladi, 2013). FOG is associated with a high risk of falling and hospitalization (Bloem et al., 2004; Okuma et al., 2018). Falls likely occur because of weight-shifting impairments with inadequate scaling and timing of postural responses (Bekkers et al., 2018). As such, it represents a major determinant of poor quality of life in subjects with PD (Moore et al., 2007; Perez-Lloret et al., 2014). The pathophysiological mechanism leading to FOG abrupt onset remains largely unknown, but it likely involves transient derangements of the supraspinal locomotor network (Weiss et al., 2020).

FOG can be classified according to the medication state into meds-off FOG, meds-on FOG (i.e., induced by dopaminergic medication) and levodopa-resistant FOG, which persist after a supratherapeutic dose of levodopa (Nieuwboer and Giladi, 2013). Pseudo-on FOG is seen during seemingly optimal meds-on state, but which nevertheless improves with stronger dopaminergic stimulation (Espay et al., 2012).

FOG can be accompanied by additional though distinctive phenomena such as start hesitation, which is the inability in generating effective stepping at the beginning of walking, or trembling in place, which is shaking of the knees with the forefoot attached to the floor and the heel in the air (Nieuwboer and Giladi, 2013). Figure 2 shows the different clinical subtypes of FOG.
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FIGURE 2. Freezing of gait and possible troubleshooting with DBS. The clinical subtypes of FOG are displayed in the top blue panel, namely: start hesitation, gait freezing and trembling in place. The green panels below report the stimulation and medication adjustments for troubleshooting the different forms of FOG and precisely: meds-off/pseudo-on FOG, meds-on FOG and L-Dopa resistant FOG. HSF, high frequency stimulation (i.e., >130 Hz); LSF, low frequency stimulation (i.e., <80 Hz); STN, subthalamic nucleus; GPi, Globus pallidus pars interna; SNr, Substatia Nigra pars reticulata; IL-IL, interleaved-interlinked (Karl et al., 2020).


Festination represents a progressive increase in step cadence and gait speed with an excessive forward bending of the trunk that usually occurs during walking when approaching a destination. The pathophysiology of gait festination remains largely unclear, and it might be related to a defective production or processing of temporal cues at basal ganglia or cortical level (pre-SMA), respectively (Buhusi and Meck, 2005; Morris et al., 2008). Interestingly, a similar pathophysiological mechanism is shared by oral festination (Moreau et al., 2007; Ricciardi et al., 2016). A recent study advanced the hypothesis of a different subtype of festination in PD that derives from a postural abnormality (Nonnekes et al., 2019a). In this case, festination would emerge as a compensatory attempt to avoid falling due to the forward-leaning of the trunk and inappropriately small balance-correcting steps (Nonnekes et al., 2019a).

Functional gait disorders are characterized by symptoms not compatible with organically determined gait patterns and an inconsistent presentation with susceptibility to distraction (Baik and Lang, 2007; Araujo et al., 2019; Nonnekes et al., 2020). Functional movement disorders have been described also in subjects with PD following DBS (Breen et al., 2018; Maciel et al., 2021). A detailed discussion of functional movement disorders has been reported elsewhere (Edwards and Bhatia, 2012).



TROUBLESHOOTING GAIT DISTURBANCES IN PARKINSON’S DISEASE PATIENTS WITH DEEP BRAIN STIMULATION

In all PD patients with DBS that develop early gait disturbances reprogramming should be attempted as it can lead to marked clinical improvement. DBS reprogramming is a complex procedure that requires customization of stimulation delivery, based on the symptomatology, anatomy, pathophysiology, and pharmacological condition of each patient (Volkmann et al., 2006; Picillo et al., 2016; Hell et al., 2019; Koeglsperger et al., 2019). For these reasons, there is no fixed algorithm that could work for every patient. Still, some basic concepts may facilitate the reprogramming process that, for sake of clarity, can be broken down into (1) changes of the stimulation parameters (i.e., amplitude, frequency and pulse width), (2) changes of the stimulation location (e.g., by modifying the active contacts or steering the stimulation), (3) changes of the paradigm of stimulation (e.g., interleaving stimulation) (Dayal et al., 2017). Of note, the optimization of pharmacological therapy is also essential to achieve a lasting improvement. In this regard, we suggest performing a clinical evaluation in meds-on condition after reprogramming, which should be performed in meds-off condition whenever possible. We also encourage to wait up to 10 min to assess the efficacy of any stimulation change as the effects may not be instantaneous, especially if performed in meds-on. Finally, we strongly suggest including exercise and physical therapy in the treatment of PD patients with gait disturbances (Mak et al., 2017; Gilat et al., 2021).


Gait Initiation Problems

Studies on the effects of DBS on gait initiation are few and with inconsistent results. Crenna et al. (2006) showed an improvement of both APA and the execution of the first step with unilateral and bilateral high frequency stimulation (HFS, i.e., > 130 Hz) of the STN, whereas Rocchi et al. (2012) reported an impairment of APA with bilateral STN- or GPi-DBS. The interesting observation that unilateral stimulation may improve bilateral symptoms led to the hypothesis of a “dominant” STN (Castrioto et al., 2011), which was documented in up to 50% of the patients with PD in one study (Rizzone et al., 2017).

STN-DBS and GPi-DBS did not improve compensatory stepping at gait initiation as compared to dopaminergic treatment (George et al., 2015). A selective improvement of gait disturbances at gait initiation was instead achieved with HFS of the SNr, which can be reached in some subjects with STN-DBS by selecting the most ventral contacts (Chastan et al., 2009; Scholten et al., 2017). This approach is still under investigation, but it might be used as a rescue strategy. Increasing dopaminergic medications can be also useful (Smulders et al., 2016) as levodopa showed to improve some APA (particularly the imbalance phase) and the stepping phases (Curtze et al., 2015; Palmisano et al., 2020a).


Troubleshooting

A summary is shown in Figure 1.


•Attempt HFS of the SNr (Figure 1; Chastan et al., 2009; Scholten et al., 2017).

•Adjust dopaminergic medications (e.g., increase levodopa) (Smulders et al., 2016; Figure 1).






Unperturbed Steady-State Walking Problems

A bradykinetic gait may arise after DBS due to an excessive reduction of dopaminergic medications (Castrioto et al., 2014). The reduction of dopaminergic medication may also be responsible for the development of dystonic contraction during walking (Krack et al., 1999; Castrioto et al., 2013). On the other hand, the presence of levodopa-induced dyskinesia might alter profoundly the gait pattern with jerky movements of the limbs that impair balance and walking (Krack et al., 1999; Castrioto et al., 2013). This condition has recently been described as lower body dyskinesias, which can be due to the synergic effect of dopaminergic medications and STN-DBS (Cossu and Pau, 2017).

STN-DBS may also directly induce a bradykinetic worsening of gait through an inadvertent stimulation to the pallido-thalamic tract that runs in the zona incerta region located dorsally and medially to the STN dorsal Zona incerta (dZi) (Castrioto et al., 2013; Fleury et al., 2016). This side effect can also affect GPi-DBS for current spread in the ansa lenticularis (Castrioto et al., 2013; Baizabal-Carvallo and Jankovic, 2016). The inadvertent stimulation of pallidal projections to the PPN may be a cause lateralized bradykinetic gait too (Baizabal-Carvallo and Jankovic, 2016; Cossu and Pau, 2017). In rare cases, dystonic gait might be secondary to HFS within the STN or to an inadvertent chronic overstimulation with current spread to the corticospinal tract (Castrioto et al., 2013; Baizabal-Carvallo and Jankovic, 2016). More often, STN-DBS directly induces dyskinetic gait, which may develop with delay (up to several hours) after stimulation adjustments (Krack et al., 1999; Baizabal-Carvallo and Jankovic, 2016). Balance impairment can be instead induced by inadvertent stimulation of the red nucleus or cerebellar fibers (Felice et al., 1990). This side-effect is more commonly seen in patients with essential tremor (ET) and thalamic DBS (Reich et al., 2016) but can be present also in PD (Felice et al., 1990). Clinically, it manifests as an ataxic gait, with wide base width, high stride-to-stride and gait speed variability.


Troubleshooting

A summary of troubleshooting is shown in Figure 1.


•Bradykinetic gait


-Increase stimulation amplitude (Volkmann et al., 2006; Koeglsperger et al., 2019). In case of lateralized bradykinetic gait, the brain side contralateral to the worst hemibody should be addressed first (Figure 1).

-Try contacts at the dorsolateral margin of the STN (Figure 1; Herzog et al., 2004; Nickl et al., 2019). In case of GPi-DBS, a more dorsal stimulation is preferable (Figure 1; Bejjani et al., 1997; Rabin and Kumar, 2015; Baizabal-Carvallo and Jankovic, 2016; Au et al., 2020).

-In case of suspected inadvertent stimulation (e.g., dZi) use a bipolar configuration or the horizontal steering of the stimulation, if supported by segmented leads (Figure 1; Steigerwald et al., 2019). Still, an increase of the stimulation amplitude might be required to maintain sufficient control of motor fluctuations. In this case the use of an anodic block may be attempted (Figure 1; Valente et al., 2010).

-Adjust dopaminergic medications (e.g., increase levodopa; Figure 1) (Smulders et al., 2016).






•Dystonic gait


-Increase the stimulation amplitude or pulse-width contralateral to the dystonic side (Figure 1; Volkmann et al., 2006; Koeglsperger et al., 2019).

-Rule out the rare case of a stimulation-induced dystonia (Figure 1). Start with excluding pyramidal side-effects by reducing stimulation or performing a bipolar stimulation and beware that it may require a prolonged evaluation (up to few days). Eventually steer the stimulation outside the STN aiming to the dorsolateral border (Figure 1; Castrioto et al., 2013; Baizabal-Carvallo and Jankovic, 2016).

-Adjust dopaminergic medications (e.g., increase levodopa; Figure 1) (Smulders et al., 2016).






•Dyskinetic gait


-For STN-DBS, try dorsal contacts (Figure 1; Volkmann et al., 2006; Herzog et al., 2007; Aquino et al., 2019; Koeglsperger et al., 2019). In GPi-DBS an increase of the stimulation amplitude may suffice, otherwise test more ventral contacts (Figure 1; Bejjani et al., 1997; Krack et al., 1998; Rabin and Kumar, 2015; Baizabal-Carvallo and Jankovic, 2016; Au et al., 2020).

-Reduce dopaminergic medications (e.g., reduce levodopa) and eventually increase STN/GPi stimulation to preserve sufficient control of motor fluctuations (Figure 1).






•Ataxic gait


-Reduce the stimulation amplitude, but beware that this would come at the expense of the total electrical energy delivered (TEED) with likely worsening of motor fluctuations (Figure 1; Volkmann et al., 2006; Koeglsperger et al., 2019).

-Try short pulse width (Figure 1; Reich et al., 2015). This would allow for a more selective stimulation based on different neuronal chronaxies and increase the therapeutic window. An increase in stimulation amplitude of ∼0.5 mA/10 μs would be likely required.

-Use a bipolar configuration to limit the inadvertent current spread and TEED reduction (Figure 1). Still, an increase of the stimulation amplitude may be required to maintain sufficient control of motor fluctuations.

-With a segmented lead, the horizontal steering of the stimulation may allow an improvement of the symptomatology and can prevent inadvertent stimulation of nearby structures (Figure 1; Steigerwald et al., 2019). To this aim, the use of an anodic block may also be attempted (Valente et al., 2010).








Turning Problems

STN-DBS has been reported to positively affect turning in PD by decreasing inter-segmental latencies (i.e., eye-head, eye-foot, and head-trunk) (Lohnes and Earhart, 2012). This benefit may be a specific effect of STN-DBS as dopaminergic medications improved turning during walking but not turning in place (Smulders et al., 2016). No data are available for GPi-DBS.


Troubleshooting

A summary is reported in Figure 1.


•No recommendation can be made due to the lack of evidence in the literature. We empirically suggest following the troubleshooting proposed for gait initiation, assessing the two hemibodies separately while the patient is asked to turn in place to the right and then to the left side (Figure 1).

•Adjust dopaminergic medications (increase levodopa to improve turning during walking; Figure 1) (Smulders et al., 2016).






Gait Adaptation Problems

STN-DBS can improve dual-task gait with a selective effect on gait, but not on cognitive performances (Seri-Fainshtat et al., 2013; Chenji et al., 2017). Dopaminergic medications also improve the gait performances under attentional demands but also induce a less cautious behavior (Smulders et al., 2016; Raccagni et al., 2019). No data are available for GPi-DBS.


Troubleshooting

A summary is shown in Figure 1.


•No recommendation can be made due to the lack of evidence in the literature. We empirically suggest increasing the amplitude of STN stimulation to support gait in dual-tasking performances (Figure 1; Seri-Fainshtat et al., 2013; Chenji et al., 2017).




Freezing of Gait

The effect of DBS on FOG is debated. Some studies showed an improvement of FOG with HFS STN-DBS up to 4-year follow-up, especially for meds-off FOG (Pötter-Nerger and Volkmann, 2013; Vercruysse et al., 2014). A re-evaluation of the EARLYSTIM trial also showed that STN-DBS with best pharmacological treatment was superior to best pharmacological treatment alone in preventing FOG in PD patients at 3 years from surgery (Barbe et al., 2020). No benefit has instead been shown on meds-on FOG (Schlenstedt et al., 2017). Acute development of levodopa-resistant FOG after STN-DBS surgery has also been described and possibly related to the inadvertent stimulation of the pallidal projections to the PPN, which are located dorsally to the STN in the Forel field (Tommasi et al., 2007; Adams et al., 2011; Cossu and Pau, 2017).

The management of FOG with DBS has been assessed in a few studies with different approaches ranging from changes in stimulation parameters (Moreau et al., 2008; Fasano et al., 2011), location (Weiss et al., 2013), or paradigm (Karl et al., 2020).

Fasano et al. (2011) reported an improvement in FOG when reducing the STN-DBS amplitude of 50% for the best hemibody (i.e., contralateral to the leg with longer step length). This approach aims to restore gait coordination by reducing the step length variability, but it might not be applicable in all subjects as other parkinsonian symptoms might arise under reduced stimulation amplitude (Meoni et al., 2019).

Moreau et al. (2008) achieved a remarkable improvement of FOG by reducing the frequency of stimulation to 80 Hz (low-frequency stimulation, LFS). The effect of LFS on human locomotion is not entirely clear, but it may be related to the modulation of STN fibers projecting to the PPN (Xie et al., 2017). LFS seems especially effective in PD patients who develop FOG with HFS, regardless of medication condition (Xie et al., 2017). A long-lasting positive effect of LFS can be expected in PD patients with more anterior stimulation of the STN (Zibetti et al., 2016). This can be achieved with horizontal current steering in subjects implanted with segmented leads (Steigerwald et al., 2019). However, in many cases, the benefit is only temporary and parallels a worsening of akinetic-rigid signs (Ricchi et al., 2012). Of note, unlike amplitude and frequency changes, increasing pulse-width is usually not associated with FOG improvement and might induce gait deterioration by increasing the current spread (Hui et al., 2020). Short pulse-width also showed no significant changes on FOG, while it was associated with an improvement of speech (Seger et al., 2021).

When changes in stimulation parameters are ineffective, a different stimulation location can be tested. Weiss et al. (2013) first reported a long-term improvement in FOG by combining STN- and SNr-HFS. Subsequently, FOG improvement was reported also for STN-HFS and SNr-LFS (Valldeoriola et al., 2019). Technological advances (e.g., vertically current steering and multiple independent current control) now more easily allow for such configurations (Andreasi et al., 2020), the efficacy of which is yet to be confirmed with large studies.

Finally, an improvement of FOG can be achieved by changing the stimulation paradigm. In particular, Karl et al. (2020) showed in a preliminary report in 25 PD patients a substantial benefit of interleaved-interlinked (IL-IL) STN-DBS on gait and FOG. This stimulation is a monopolar interleaved, overlapping, LFS of the STN generating a large stimulation field with peripherical LFS and central HFS (overlapping area).

Limited evidence is available for GPi-DBS in the management of FOG. GPi-DBS can improve FOG in meds-off condition with a sustained effect up to 4 years (Rodriguez-Oroz et al., 2005; Pötter-Nerger and Volkmann, 2013). However, in the meds-on condition, the improvement of GPi-DBS on FOG was limited to 1-year (Volkmann et al., 2004). An observational study specifically evaluating the effect of GPi-DBS on FOG in patients with PD is ongoing (NCT03227250) and more reports on this topic are encouraged.




Troubleshooting

A summary of troubleshooting is shown in Figure 2.


•Meds-off FOG and pseudo-on FOG:


-Increase dopaminergic medications and consider prescribing monoamine oxidase B inhibitors or amantadine (Figure 2; Fasano and Lang, 2015; Nonnekes et al., 2015). In case of monotherapy with dopamine agonists, consider reintroducing levodopa. In the event of troublesome dyskinesia, an adjustment of stimulation might be needed: for STN-DBS more dorsal contacts should be tried (Volkmann et al., 2006; Herzog et al., 2007; Aquino et al., 2019; Koeglsperger et al., 2019), while for GPi-DBS an increase of the stimulation amplitude or more ventral contacts should be tested (Figure 2; Bejjani et al., 1997; Krack et al., 1998; Rabin and Kumar, 2015; Baizabal-Carvallo and Jankovic, 2016; Au et al., 2020).






•Meds-on FOG


-Reduce dopaminergic medications (Fasano and Lang, 2015; Nonnekes et al., 2015) and consider increasing the amplitude of stimulation (Figure 2). For STN-DBS dorsolateral contacts should be selected (Volkmann et al., 2006; Herzog et al., 2007; Aquino et al., 2019; Koeglsperger et al., 2019), while dorsal contacts are preferrable for GPi-DBS (Figure 2; Bejjani et al., 1997; Krack et al., 1998; Rabin and Kumar, 2015; Baizabal-Carvallo and Jankovic, 2016; Au et al., 2020).






•Levodopa-resistant FOG:


-Reduce the STN-DBS amplitude contralateral to the best hemibody (Fasano et al., 2011) or bilaterally in case of stimulation-related FOG in patients with GPi-DBS (Figure 2; Sketchler and Shahed, 2019).

-Try STN-DBS with low frequency (60–80 Hz; Figure 2) (Moreau et al., 2008). An increase in stimulation amplitude may be needed to maintain a comparable TEED (Hui et al., 2020).

-Combine STN with SNr-HFS (Weiss et al., 2013) or -LFS (Figure 2; Valldeoriola et al., 2019).

-Test IL-IL STN-DBS (Figure 2; Karl et al., 2020).








Functional Gait Disorders

The occurrence of functional movement disorders after DBS is not common, but it has been reported (Breen et al., 2018; Maciel et al., 2021).


Troubleshooting


•Functional gait disorders are not organically determined, therefore should be treated with diagnostic counseling. Changes in DBS parameters are not suggested, but a careful reevaluation of the stimulation should be performed anyhow as suboptimal programming (e.g., inadvertent stimulation of the anterior part of the STN in STN-DBS) may worsen non-motor symptoms (Castrioto et al., 2014; Petry-Schmelzer et al., 2019).







LEAD REVISION AND ALTERNATIVE DEEP BRAIN STIMULATION TARGET FOR GAIT DISTURBANCES: WHEN REPROGRAMMING IS NOT ENOUGH

Despite optimized pharmacological and stimulation treatments gait disturbances might still determine a significant burden for some PD patients. When all reprogramming options have been exploited, a surgical revision of the leads can be considered. Beside suboptimal lead placement, a supportive criterion to lead revision is the presence of an optimal levodopa response. In these patients, we reported a marked motor improvement after lead repositioning, even years after DBS surgery. However, the main improvement was achieved on rigidity or tremor (Nickl et al., 2019). As such, the repositioning of the lead in case of gait disturbances must be critically and individually discussed.

Treatment-resistant gait disturbances also promoted the investigation of alternative targets for DBS, such as the MLR or the field of Forel.

Stefani et al. (2007) first reported a remarkable improvement of gait and axial symptoms in six PD patients with combined STN-HFS and PPN-LFS (i.e., 25 Hz) at 6-month follow-up. This finding was initially confirmed (Moro et al., 2010; Peppe et al., 2010; Welter et al., 2015), but more recent studies have reported only a marginal benefit for PPN-DBS, limited to FOG (Ferraye et al., 2010), and only up to 3 months post-intervention (Wang et al., 2017; Yu et al., 2020). Caution is needed when interpreting these results due to the small and heterogeneous sample size as well as to the variability in the surgical placement of the leads. Some controversy remains also on unilateral vs. bilateral PPN-DBS as randomized, double-blinded studies showed FOG improvement with unilateral stimulation only (Rahimpour et al., 2020). It is still unclear which stimulation frequency should be preferred as benefits were reported for a wide range spanning from 15 to 130 Hz (Rahimpour et al., 2020). Furthermore, less is known on the effect of PPN-DBS on non-motor, which might be relevant as PPN stimulation can impact alertness and sleep (Sharma et al., 2018).

Encouraging results on FOG in PD have also been reported for stimulation of another MLR structure, namely the CN (Goetz et al., 2019). A prospective pilot trial of directional CN-DBS is ongoing (NCT04218526). An alternative promising target has recently been proposed by Rocha et al. (2021), who reported a marked and lasting motor improvement with amelioration of PIGD in 13 PD patients with Filed of Forel DBS.

Finally, a combined GPi- and PPN-DBS was investigated in a recent study that showed an improvement of FOG in three out of five PD patients at 6-month but not 1-year follow-up (Molina et al., 2021). The subsequent attempt in the same patients of an adaptive DBS with the stimulation triggered by an increase in power of the 1–8 Hz band from the PPN region was not successful (Molina et al., 2021). Despite the negative result, this study is of great value as it highlights the relevance that an accurate and stable neurophysiological biomarker of gait may have in advancing the treatments of gait impairment in PD. To this end, the management of non-neuronal artifacts will be also essential (Neumann et al., 2021; Thenaisie et al., 2021).



CONCLUDING REMARKS AND FUTURE PERSPECTIVE

Gait disturbances are among the most relevant determinates of poor quality of life in PD and remain a therapeutic challenge, representing a cause of dissatisfaction after DBS surgery. While chronic gait impairments may be related to disease progression and require a combined and multidisciplinary therapy, early gait disturbances arising in the first 3 years after surgery may be secondary to treatable causes. In all these patients reprogramming of DBS should be attempted as it can lead to marked clinical improvement.

Advances in the neurophysiological understanding of gait control will soon lead to the development of novel DBS devices that can monitor the neuronal correlates of gait or its alterations and possibly adapt the stimulation delivery accordingly (Little and Brown, 2020; Gilron et al., 2021). Meanwhile, the optimization of DBS parameters needs to be performed clinically and it is based on proper classification of the gait disturbances. The clinical characterization of gait disturbances gives insight into their pathophysiological mechanism and can guide reprogramming, which has led to a marked improvement of the clinical outcome in a considerable number of PD patients. Alternative brain targets for DBS remain investigational but might be used as rescue therapy in selected cases.



AUTHOR CONTRIBUTIONS

NP and IUI contributed to study design and planning. NP, CHP, PC, and MR contributed to literature analysis and search. CLP, JV, and IUI contributed to data interpretation and collection of funds. NP drafted the manuscript. NP and CHP prepared the figure. PC, MR, CLP, JV, and IUI critically reviewed and contributed to preparation of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

The authors were endorsed by the Deutsche Forschungsgemei-nschaft (DFG, German Research Foundation)—Project-ID 424778381—TRR 295. This publication was supported by the Open Access Publication Fund of the University of Wüerzburg.



REFERENCES

Adams, C., Keep, M., Martin, K., McVicker, J., and Kumar, R. (2011). Acute induction of levodopa-resistant freezing of gait upon subthalamic nucleus electrode implantation. Park. Relat. Disord. 17, 488–490. doi: 10.1016/J.PARKRELDIS.2011.02.014

Albin, R. L., Young, A. B., and Penney, J. B. (1989). The functional anatomy of basal ganglia disorders. Trends Neurosci. 12, 366–375. doi: 10.1016/0166-2236(89)90074-X

Amboni, M., Barone, P., and Hausdorff, J. M. (2013). Cognitive contributions to gait and falls: evidence and implications. Mov. Disord. 28, 1520–1533. doi: 10.1002/mds.25674

Andreasi, N. G., Rispoli, V., Contaldi, E., Colucci, F., Mongardi, L., Cavallo, M. A., et al. (2020). Deep brain stimulation and refractory freezing of gait in Parkinson’s disease: improvement with high-frequency current steering co-stimulation of subthalamic nucleus and substantia Nigra. Brain Stimul. 13, 280–283. doi: 10.1016/J.BRS.2019.10.010

Anidi, C., O’Day, J. J., Anderson, R. W., Afzal, M. F., Syrkin-Nikolau, J., Velisar, A., et al. (2018). Neuromodulation targets pathological not physiological beta bursts during gait in Parkinson’s disease. Neurobiol. Dis. 120, 107–117. doi: 10.1016/j.nbd.2018.09.004

Aquino, C. C., Duffley, G., Hedges, D. M., Vorwerk, J., House, P. A., Ferraz, H. B., et al. (2019). Interleaved deep brain stimulation for dyskinesia management in Parkinson’s disease. Mov. Disord. 34, 1722–1727. doi: 10.1002/MDS.27839

Araujo, R., van de Warrenburg, B., Lang, A., Lees, A., and Bloem, B. (2019). The Waiting Room: neurological observations made outside the movement disorder specialist’s consulting office. Pract. Neurol. 19, 295–301. doi: 10.1136/practneurol-2018-002110

Aristieta, A., Barresi, M., Azizpour Lindi, S., Barrière, G., Courtand, G., de la Crompe, B., et al. (2021). A disynaptic circuit in the globus pallidus controls locomotion inhibition. Curr. Biol. 31, 707–721.e7. doi: 10.1016/j.cub.2020.11.019

Arnulfo, G., Pozzi, N. G., Palmisano, C., Leporini, A., Canessa, A., Brumberg, J., et al. (2018). Phase matters: a role for the subthalamic network during gait. PLoS One 13:e0198691. doi: 10.1371/journal.pone.0198691

Au, K. L. K., Wong, J. K., Tsuboi, T., Eisinger, R. S., and Moore, K. Lemos Melo Lobo Jofili (2020). Globus Pallidus Internus (GPi) deep brain stimulation for parkinson’s disease: expert review and commentary. Neurol. Ther. 10, 7–30. doi: 10.1007/S40120-020-00220-5

Baik, J. S., and Lang, A. E. (2007). Gait abnormalities in psychogenic movement disorders. Mov. Disord. 22, 395–399. doi: 10.1002/mds.21283

Baizabal-Carvallo, J. F., and Jankovic, J. (2016). Movement disorders induced by deep brain stimulation. Park. Relat. Disord. 25, 1–9. doi: 10.1016/j.parkreldis.2016.01.014

Bakker, M., Esselink, R. A. J., Munneke, M., Limousin-Dowsey, P., Speelman, H. D., and Bloem, B. R. (2004). Effects of stereotactic neurosurgery on postural instability and gait in Parkinson’s disease. Mov. Disord. 19, 1092–1099. doi: 10.1002/MDS.20116

Barbe, M. T., Tonder, L., Krack, P., Debû, B., Schüpbach, M., Paschen, S., et al. (2020). Deep brain stimulation for freezing of gait in Parkinson’s disease with early motor complications. Mov. Disord. 35, 82–90. doi: 10.1002/mds.27892

Bejjani, B., Damier, P., Arnulf, I., Bonnet, A. M., Vidailhet, M., Dormont, D., et al. (1997). Pallidal stimulation for Parkinson’s disease Two targets? Neurology 49, 1564–1569 doi: 10.1212/wnl.49.6.1564

Bekkers, E. M. J., Dijkstra, B. W., Heremans, E., Verschueren, S. M. P., Bloem, B. R., and Nieuwboer, A. (2018). Balancing between the two: Are freezing of gait and postural instability in Parkinson’s disease connected? Neurosci. Biobehav. Rev. 94, 113–125. doi: 10.1016/J.NEUBIOREV.2018.08.008

Beloozerova, I. N., Sirota, M. G., Swadlow, H. A., Orlovsky, G. N., Popova, L. B., and Deliagina, T. G. (2003). Activity of different classes of neurons of the motor cortex during postural corrections. J. Neurosci. 23, 7844–7853. doi: 10.1523/JNEUROSCI.23-21-07844.2003

Blakemore, S.-J., and Sirigu, A. (2003). Action prediction in the cerebellum and in the parietal lobe. Exp. Brain Res. 153, 239–245.

Bloem, B. R., Grimbergen, Y. A. M., Cramer, M., and Valkenburg, V. V. (2000). Stops walking when talking” does not predict falls in Parkinson’s disease. Ann. Neurol. 48:268. doi: 10.1002/1531-8249

Bloem, B. R., Hausdorff, J. M., Visser, J. E., and Giladi, N. (2004). Falls and freezing of gait in Parkinson’s disease: a review of two interconnected, episodic phenomena. Mov. Disord. 19, 871–884. doi: 10.1002/mds.20115

Breen, D. P., Rohani, M., Moro, E., Mayberg, H. S., Zurowski, M., Lozano, A. M., et al. (2018). Functional movement disorders arising after successful deep brain stimulation. Neurology 90, 931–932. doi: 10.1212/WNL.0000000000005530

Buhusi, C. V., and Meck, W. H. (2005). What makes us tick? Functional and neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755–765. doi: 10.1038/nrn1764

Bulea, T. C., Kim, J., Damiano, D. L., Stanley, C. J., and Park, H.-S. (2015). Prefrontal, posterior parietal and sensorimotor network activity underlying speed control during walking. Front. Hum. Neurosci. 9:247. doi: 10.3389/FNHUM.2015.00247

Burleigh-Jacobs, A., Horak, F. B., Nutt, J. G., and Obeso, J. A. (1997). Step initiation in Parkinson’s disease: influence of levodopa and external sensory triggers. Mov. Disord. 12, 206–215. doi: 10.1002/MDS.870120211

Buzsáki, G., and Wang, X.-J. (2012). Mechanisms of gamma oscillations. Annu. Rev. Neurosci. 35, 203–225. doi: 10.1146/annurev-neuro-062111-150444

Cagnan, H., Duff, E. P., and Brown, P. (2015). The relative phases of basal ganglia activities dynamically shape effective connectivity in Parkinson’s disease. Brain 138, 1667–1678. doi: 10.1093/brain/awv093

Canessa, A., Palmisano, C., Isaias, I. U., and Mazzoni, A. (2020). Gait-related frequency modulation of beta oscillatory activity in the subthalamic nucleus of parkinsonian patients. Brain Stimul. 13, 1743–1752. doi: 10.1016/j.brs.2020.09.006

Castrioto, A., Lhommée, E., Moro, E., and Krack, P. (2014). Mood and behavioural effects of subthalamic stimulation in Parkinson’s disease. Lancet Neurol. 13, 287–305. doi: 10.1016/S1474-4422(13)70294-1

Castrioto, A., Meaney, C., Hamani, C., Mazzella, F., Poon, Y. Y., Lozano, A. M., et al. (2011). The Dominant-STN phenomenon in bilateral STN DBS for Parkinson’s disease. Neurobiol. Dis. 41, 131–137. doi: 10.1016/J.NBD.2010.08.029

Castrioto, A., Volkmann, J., and Krack, P. (2013). Postoperative management of deep brain stimulation in Parkinson’s disease. Handb. Clin. Neurol. 116, 129–146. doi: 10.1016/B978-0-444-53497-2.00011-5

Chastan, N., Westby, G. W. M., Yelnik, J., Bardinet, E., Do, M. C., Agid, Y., et al. (2009). Effects of nigral stimulation on locomotion and postural stability in patients with Parkinson’s disease. Brain 132, 172–184. doi: 10.1093/BRAIN/AWN294

Chenji, G., Wright, M. L., Chou, K. L., Seidler, R. D., and Patil, P. G. (2017). Parkinsonian gait improves with bilateral subthalamic nucleus deep brain stimulation during cognitive multi-tasking. Park. Relat. Disord. 38, 72–79. doi: 10.1016/J.PARKRELDIS.2017.02.028

Collomb-Clerc, A., and Welter, M. L. (2015). Effects of deep brain stimulation on balance and gait in patients with Parkinson’s disease: a systematic neurophysiological review. Neurophysiol. Clin. 45, 371–388. doi: 10.1016/j.neucli.2015.07.001

Cossu, G., and Pau, M. (2017). Subthalamic nucleus stimulation and gait in Parkinson’s Disease: a not always fruitful relationship. Gait Posture 52, 205–210. doi: 10.1016/j.gaitpost.2016.11.039

Crenna, P., Carpinella, I., Rabuffetti, M., Calabrese, E., Mazzoleni, P., Nemni, R., et al. (2007). The association between impaired turning and normal straight walking in Parkinson’s disease. Gait Posture 26, 172–178. doi: 10.1016/j.gaitpost.2007.04.010

Crenna, P., Carpinella, I., Rabuffetti, M., Rizzone, M., Lopiano, L., Lanotte, M., et al. (2006). Impact of subthalamic nucleus stimulation on the initiation of gait in Parkinson’s disease. Exp. Brain Res. 172, 519–532. doi: 10.1007/S00221-006-0360-7

Crenna, P., and Frigo, C. (1991). A motor programme for the initiation of forward-oriented movements in humans. J. Physiol. 437:635. doi: 10.1113/JPHYSIOL.1991.SP018616

Curtze, C., Nutt, J. G., Carlson-Kuhta, P., Mancini, M., and Horak, F. B. (2015). levodopa is a double-edged sword for balance and gait in people with Parkinson’s disease. Mov. Disord. 30, 1361–1370. doi: 10.1002/mds.26269

Dayal, V., Limousin, P., and Foltynie, T. (2017). Subthalamic nucleus deep brain stimulation in Parkinson’s disease: the effect of varying stimulation parameters. J. Parkinson Dis. 7, 235–245. doi: 10.3233/JPD-171077

de Hemptinne, C., Ryapolova-Webb, E. S., Air, E. L., Garcia, P. A., Miller, K. J., Ojemann, J. G., et al. (2013). Exaggerated phase-amplitude coupling in the primary motor cortex in Parkinson disease. Proc. Natl. Acad. Sci. U. S. A. 110, 4780–4785. doi: 10.1073/pnas.1214546110

Delval, A., Tard, C., and Defebvre, L. (2014). Why we should study gait initiation in Parkinson’s disease. Neurophysiol. Clin. 44, 69–76. doi: 10.1016/j.neucli.2013.10.127

Deuschl, G., Schade-Brittinger, C., Krack, P., Volkmann, J., Schäfer, H., Bötzel, K., et al. (2006). A randomized trial of deep-brain stimulation for Parkinson’s disease. N. Engl. J. Med. 355, 896–908. doi: 10.1056/NEJMoa060281

Drew, T., Jiang, W., and Widajewicz, W. (2002). Contributions of the motor cortex to the control of the hindlimbs during locomotion in the cat. Brain Res. Rev. 40, 178–191. doi: 10.1016/S0165-0173(02)00200-X

Dunin-Barkowski, W. L., Sirota, M. G., Lovering, A. T., Orem, J. M., Vidruk, E. H., and Beloozerova, I. N. (2006). Precise rhythmicity in activity of neocortical, thalamic and brain stem neurons in behaving cats and rabbits. Behav. Brain Res. 175, 27–42. doi: 10.1016/J.BBR.2006.07.028

Ebersbach, G., Moreau, C., Gandor, F., Defebvre, L., and Devos, D. (2013). Clinical syndromes: Parkinsonian gait. Mov. Disord. 28, 1552–1559. doi: 10.1002/MDS.25675

Edwards, M. J., and Bhatia, K. P. (2012). Functional (psychogenic) movement disorders: merging mind and brain. Lancet Neurol. 11, 250–260. doi: 10.1016/s1474-4422(11)70310-6

Espay, A. J., Fasano, A., van Nuenen, B. F. L., Payne, M. M., Snijders, A. H., and Bloem, B. R. (2012). “On” state freezing of gait in Parkinson disease: a paradoxical levodopa-induced complication. Neurology 78, 454–457. doi: 10.1212/WNL.0B013E3182477EC0

Farinelli, V., Palmisano, C., Marchese, S. M., Strano, C. M. M., D’Arrigo, S., Pantaleoni, C., et al. (2020). Postural Control in children with cerebellar ataxia. Appl. Sci. 10:1606. doi: 10.3390/app10051606

Farris, S., and Giroux, M. (2013). Retrospective review of factors leading to dissatisfaction with subthalamic nucleus deep brain stimulation during long-term management. Surg. Neurol. Int. 4:69. doi: 10.4103/2152-7806.112612

Fasano, A., Aquino, C. C., Krauss, J. K., Honey, C. R., and Bloem, B. R. (2015). Axial disability and deep brain stimulation in patients with Parkinson disease. Nat. Rev. Neurol. 11, 98–110. doi: 10.1038/nrneurol.2014.252

Fasano, A., and Bloem, B. R. (2013). Gait disorders. Continuum 19, 1344–1382.

Fasano, A., Herzog, J., Seifert, E., Stolze, H., Falk, D., Reese, R., et al. (2011). Modulation of gait coordination by subthalamic stimulation improves freezing of gait. Mov. Disord. 26, 844–851. doi: 10.1002/MDS.23583

Fasano, A., and Lang, A. E. (2015). Unfreezing of gait in patients with Parkinson’s disease. The Lancet Neurology 14, 675–677. doi: 10.1016/S1474-4422(15)00053-8

Felice, K. J., Keilson, G. R., and Schwartz, W. J. (1990). Rubral’ gait ataxia. Neurology 40, 1004–1005. doi: 10.1212/WNL.40.6.1004-A

Ferraye, M. U., Debû, B., Fraix, V., Goetz, L., Ardouin, C., Yelnik, J., et al. (2010). Effects of pedunculopontine nucleus area stimulation on gait disorders in Parkinson’s disease. Brain 133, 205–214. doi: 10.1093/BRAIN/AWP229

Fischer, P., Chen, C. C., Chang, Y.-J., Yeh, C.-H., Pogosyan, A., Herz, D. M., et al. (2018). Alternating modulation of subthalamic nucleus beta oscillations during stepping. J. Neurosci. 38, 5111–5121. doi: 10.1523/JNEUROSCI.3596-17.2018

Fleury, V., Pollak, P., Gere, J., Tommasi, G., Romito, L., Combescure, C., et al. (2016). Subthalamic stimulation may inhibit the beneficial effects of levodopa on akinesia and gait. Mov. Disord. 31, 1389–1397. doi: 10.1002/mds.26545

Follett, K. A., Weaver, F. M., Stern, M., Hur, K., Harris, C. L., Luo, P., et al. (2010). Pallidal versus subthalamic deep-brain stimulation for Parkinson’s Disease. N. Engl. J. Med. 362, 2077–2091. doi: 10.1056/NEJMOA0907083

George, R. J. S., Carlson-Kuhta, P., King, L. A., Burchiel, K. J., and Horak, F. B. (2015). Compensatory stepping in Parkinson’s disease is still a problem after deep brain stimulation randomized to STN or GPi. J. Neurophysiol. 114, 1417–1423. doi: 10.1152/JN.01052.2014

Giladi, N., Balash, J., and Hausdorff, J. M. (2002). “Gait disturbances in Parkinson’s Disease,” in Mapping the Progress of Alzheimer’s and Parkinson’s Disease, eds Y. Mizuno, A. Fisher, and I. Hanin (Boston, MA: Springer), 329–335. doi: 10.1007/978-0-306-47593-1_57

Giladi, N., Horak, F. B., and Hausdorff, J. M. (2013). Classification of gait disturbances: distinguishing between continuous and episodic changes. Mov. Disord. 28, 1469–1473. doi: 10.1002/mds.25672

Giladi, N., McMahon, D., Przedborski, S., Flaster, E., Guillory, S., Kostic, V., et al. (1992). Motor blocks in Parkinson’s disease. Neurology 42, 333–333. doi: 10.1212/WNL.42.2.333

Gilat, M., Ginis, P., Zoetewei, D., de Vleeschhauwer, J., Hulzinga, F., D’Cruz, N., et al. (2021). A systematic review on exercise and training-based interventions for freezing of gait in Parkinson’s disease. NPJ Parkinson. Dis. 7:81. doi: 10.1038/s41531-021-00224-4

Gilron, R., Little, S., Perrone, R., Wilt, R., de Hemptinne, C., Yaroshinsky, M. S., et al. (2021). Long-term wireless streaming of neural recordings for circuit discovery and adaptive stimulation in individuals with Parkinson’s disease. Nat. Biotechnol. 39, 1078–1085. doi: 10.1038/s41587-021-00897-5

Goetz, L., Bhattacharjee, M., Ferraye, M. U., Fraix, V., Maineri, C., Nosko, D., et al. (2019). Deep brain stimulation of the pedunculopontine nucleus area in Parkinson disease: mri-based anatomoclinical correlations and optimal target. Neurosurgery 84, 506–518. doi: 10.1093/NEUROS/NYY151

Grimbergen, Y. A. M., Munneke, M., and Bloem, B. R. (2004). Falls in Parkinson’s disease. Curr. Opin. Neurol. 17, 405–415.

Hausdorff, J. M. (2005). Gait variability: methods, modeling and meaning. J. Neuroeng. Rehabil. 2:19. doi: 10.1186/1743-0003-2-19

Hausdorff, J. M., Cudkowicz, M. E., Firtion, R., Wei, J. Y., and Goldberger, A. L. (1998). Gait variability and basal ganglia disorders: stride-to-stride variations of gait cycle timing in parkinson’s disease and Huntington’s disease. Mov. Disord. 13, 428–437. doi: 10.1002/mds.870130310

Hell, F., Palleis, C., Mehrkens, J. H., Koeglsperger, T., and Bötzel, K. (2019). Deep brain stimulation programming 2.0: future perspectives for target identification and adaptive closed loop stimulation. Front. Neurol. 10:314. doi: 10.3389/fneur.2019.00314

Hell, F., Plate, A., Mehrkens, J. H., and Bötzel, K. (2018). Subthalamic oscillatory activity and connectivity during gait in Parkinson’s disease. Neuroimage 19, 396–405. doi: 10.1016/J.NICL.2018.05.001

Herzog, J., Fietzek, U., Hamel, W., Morsnowski, A., Steigerwald, F., Schrader, B., et al. (2004). Most effective stimulation site in subthalamic deep brain stimulation for Parkinson’s disease. Mov. Disord. 19, 1050–1054. doi: 10.1002/mds.20056

Herzog, J., Pinsker, M., Wasner, M., Steigerwald, F., Wailke, S., Deuschl, G., et al. (2007). Stimulation of subthalamic fibre tracts reduces dyskinesias in STN-DBS. Mov. Disord. 22, 679–684. doi: 10.1002/MDS.21387

Hinton, D. C., Thiel, A., Soucy, J. P., Bouyer, L., and Paquette, C. (2019). Adjusting gait step-by-step: brain activation during split-belt treadmill walking. Neuroimage 202:116095. doi: 10.1016/J.NEUROIMAGE.2019.116095

Hof, A. L., Gazendam, M. G. J., and Sinke, W. E. (2005). The condition for dynamic stability. J. Biomech. 38, 1–8. doi: 10.1016/j.jbiomech.2004.03.025

Hui, D., Murgai, A. A., Gilmore, G., Mohideen, S. I., Parrent, A. G., and Jog, M. S. (2020). Assessing the effect of current steering on the total electrical energy delivered and ambulation in Parkinson’s disease. Sci. Rep. 10, 1–11. doi: 10.1038/s41598-020-64250-7

Hyndman, D., and Ashburn, A. (2004). “Stops walking when talking” as a predictor of falls in people with stroke living in the community. J. Neurol. Neurosurg. Psychiatry 75:994. doi: 10.1136/JNNP.2003.016014

Isaias, I. U., Benti, R., Goldwurm, S., Zini, M., Cilia, R., Gerundini, P., et al. (2006). Striatal dopamine transporter binding in Parkinson’s disease associated with theLRRK2 Gly2019Ser mutation. Mov. Disord. 21, 1144–1147. doi: 10.1002/mds.20909

Isaias, I. U., Moisello, C., Marotta, G., Schiavella, M., Canesi, M., Perfetti, B., et al. (2011). Dopaminergic striatal innervation predicts interlimb transfer of a visuomotor skill. J. Neurosci. 31, 14458–14462. doi: 10.1523/JNEUROSCI.3583-11.2011

Isaias, I. U., Volkmann, J., Marzegan, A., Marotta, G., Cavallari, P., and Pezzoli, G. (2012). The influence of dopaminergic striatal innervation on upper limb locomotor synergies. PLoS One 7:e51464. doi: 10.1371/journal.pone.0051464

Jacobs, J. V., and Horak, F. B. (2007). Cortical control of postural responses. J. Neural Transm. 114, 1339–1348. doi: 10.1007/s00702-007-0657-0

Jacobs, J. V., Nutt, J. G., Carlson-Kuhta, P., Stephens, M., and Horak, F. B. (2009). Knee trembling during freezing of gait represents multiple anticipatory postural adjustments. Exp. Neurol. 215, 334–341. doi: 10.1016/j.expneurol.2008.10.019

Karl, J. A., Ouyang, B., Goetz, S., and Metman, L. V. (2020). A novel DBS paradigm for axial features in Parkinson’s disease: a randomized crossover study. Mov. Disord. 35, 1369–1378. doi: 10.1002/mds.28048

Koeglsperger, T., Palleis, C., Hell, F., Mehrkens, J. H., and Bötzel, K. (2019). Deep brain stimulation programming for movement disorders: current concepts and evidence-based strategies. Front. Neurol. 10:410. doi: 10.3389/fneur.2019.00410

Krack, P., Pollak, P., Limousin, P., Benazzouz, A., Deuschl, G., and Benabid, A. L. (1999). From off-period dystonia to peak-dose chorea. The clinical spectrum of varying subthalamic nucleus activity. Brain? 122(Pt 6), 1133–1146. doi: 10.1093/BRAIN/122.6.1133

Krack, P., Pollak, P., Limousin, P., Hoffmann, D., Benazzouz, A., le Bas, J. F., et al. (1998). Opposite motor effects of pallidal stimulation in Parkinson’s Disease. Ann. Neurol. 43, 180–192. doi: 10.1002/ana.410430208

Kühn, A. A., and Volkmann, J. (2017). Innovations in deep brain stimulation methodology. Mov. Disord. 32, 11–19. doi: 10.1002/mds.26703

la Fougère, C., Zwergal, A., Rominger, A., Förster, S., Fesl, G., Dieterich, M., et al. (2010). Real versus imagined locomotion: a [18F]-FDG PET-fMRI comparison. Neuroimage 50, 1589–1598. doi: 10.1016/j.neuroimage.2009.12.060

Limousin, P., and Foltynie, T. (2019). Long-term outcomes of deep brain stimulation in Parkinson disease. Nat. Rev. Neurol. 15, 234–242. doi: 10.1038/s41582-019-0145-9

Little, S., and Brown, P. (2020). Debugging adaptive deep brain stimulation for Parkinson’s disease. Mov. Disord. 35, 555–561. doi: 10.1002/mds.27996

Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, P., et al. (2011). Resting oscillatory cortico-subthalamic connectivity in patients with Parkinson’s disease. Brain 134, 359–374. doi: 10.1093/brain/awq332

Lohnes, C. A., and Earhart, G. M. (2012). Effect of subthalamic deep brain stimulation on turning kinematics and related saccadic eye movements in Parkinson disease. Exp. Neurol. 236, 389–394. doi: 10.1016/J.EXPNEUROL.2012.05.001

Maciel, R., Zúñiga-Ramírez, C., Munhoz, R. P., Zurowski, M., and Fasano, A. (2021). Functional dyskinesias following subthalamic nucleus deep brain stimulation in Parkinson’s disease: a report of three cases. Mov. Disord. Clin. Pract. 8, 114–117. doi: 10.1002/MDC3.13111

Mak, M. K., Wong-Yu, I. S., Shen, X., and Chung, C. L. (2017). Long-term effects of exercise and physical therapy in people with Parkinson disease. Nat. Rev. Neurol. 13, 689–703. doi: 10.1038/nrneurol.2017.128

Mancini, M., Schlueter, H., El-Gohary, M., Mattek, N., Duncan, C., Kaye, J., et al. (2016). Continuous monitoring of turning mobility and its association to falls and cognitive function: a pilot study. J. Gerontol. 71, 1102–1108. doi: 10.1093/GERONA/GLW019

Mancini, M., Zampieri, C., Carlson-Kuhta, P., Chiari, L., and Horak, F. B. (2009). Anticipatory postural adjustments prior to step initiation are hypometric in untreated Parkinson’s disease: an accelerometer-based approach. Eur. J. Neurol. 16, 1028–1034. doi: 10.1111/J.1468-1331.2009.02641.X

Mansouri, A., Taslimi, S., Badhiwala, J. H., Witiw, C. D., Nassiri, F., Odekerken, V. J. J., et al. (2018). Deep brain stimulation for Parkinson’s disease: meta-analysis of results of randomized trials at varying lengths of follow-up. J. Neurosurg. 128, 1199–1213. doi: 10.3171/2016.11.JNS16715

McVea, D. A., and Pearson, K. G. (2009). Object avoidance during locomotion. Adv. Exp. Med. Biol. 629, 293–315. doi: 10.1007/978-0-387-77064-2_15

Mena-Segovia, J., and Bolam, J. P. (2017). Rethinking the pedunculopontine nucleus: from cellular organization to function. Neuron 94, 7–18. doi: 10.1016/J.NEURON.2017.02.027

Meoni, S., Debů, B., Pelissier, P., Scelzo, E., Castrioto, A., Seigneuret, E., et al. (2019). Asymmetric STN DBS for FOG in Parkinson’s disease: a pilot trial. Park. Relat. Disord. 63, 94–99. doi: 10.1016/J.PARKRELDIS.2019.02.032

Merola, A., Zibetti, M., Angrisano, S., Rizzi, L., Ricchi, V., Artusi, C. A., et al. (2011). Parkinson’s disease progression at 30 years: a study of subthalamic deep brain-stimulated patients. Brain 134, 2074–2084. doi: 10.1093/brain/awr121

Miocinovic, S., de Hemptinne, C., Chen, W., Isbaine, F., Willie, J. T., Ostrem, J. L., et al. (2018). Cortical potentials evoked by subthalamic stimulation demonstrate a short latency hyperdirect pathway in humans. J. Neurosci. 38, 9129–9141. doi: 10.1523/JNEUROSCI.1327-18.2018

Miron-Shahar, Y., Kantelhardt, J. W., Grinberg, A., Hassin-Baer, S., Blatt, I., Inzelberg, R., et al. (2019). Excessive phase synchronization in cortical activation during locomotion in persons with Parkinson’s disease. Park. Relat. Disord. 65, 210–216. doi: 10.1016/J.PARKRELDIS.2019.05.030

Molina, R., Hass, C. J., Cernera, S., Sowalsky, K., Schmitt, A. C., Roper, J. A., et al. (2021). Closed-loop deep brain stimulation to treat medication-refractory freezing of gait in Parkinson’s disease. Front. Hum. Neurosci. 15:633655. doi: 10.3389/FNHUM.2021.633655

Molina, R., Hass, C. J., Sowalsky, K., Schmitt, A. C., Opri, E., Roper, J. A., et al. (2020). Neurophysiological correlates of gait in the human basal ganglia and the PPN region in Parkinson’s disease. Front. Hum. Neurosci. 14:194. doi: 10.3389/fnhum.2020.00194

Moore, O., Peretz, C., and Giladi, N. (2007). Freezing of gait affects quality of life of peoples with Parkinson’s disease beyond its relationships with mobility and gait. Mov. Disord. 22, 2192–2195. doi: 10.1002/mds.21659

Moreau, C., Defebvre, L., Destée, A., Bleuse, S., Clement, F., Blatt, J. L., et al. (2008). STN-DBS frequency effects on freezing of gait in advanced Parkinson disease. Neurology 71, 80–84. doi: 10.1212/01.WNL.0000303972.16279.46

Moreau, C., Ozsancak, C., Blatt, J. L., Derambure, P., Destee, A., and Defebvre, L. (2007). Oral festination in Parkinson’s disease: biomechanical analysis and correlation with festination and freezing of gait. Mov. Disord. 22, 1503–1506. doi: 10.1002/mds.21549

Moro, E., Hamani, C., Poon, Y. Y., Al-Khairallah, T., Dostrovsky, J. O., Hutchison, W. D., et al. (2010). Unilateral pedunculopontine stimulation improves falls in Parkinson’s disease. Brain 133, 215–224. doi: 10.1093/BRAIN/AWP261

Morris, M. E., Huxham, F., McGinley, J., Dodd, K., and Iansek, R. (2001). The biomechanics and motor control of gait in Parkinson disease. Clin. Biomech. 16, 459–470. doi: 10.1016/S0268-0033(01)00035-3

Morris, M. E., Iansek, R., and Galna, B. (2008). Gait festination and freezing in Parkinson’s disease: pathogenesis and rehabilitation. Mov. Disord. 23, S451–S460. doi: 10.1002/mds.21974

Morton, S. M., and Bastian, A. J. (2016). Cerebellar control of balance and locomotion. Neurocientist 10, 247–259. doi: 10.1177/1073858404263517

Muslimović, D., Post, B., Speelman, J. D., Schmand, B., and de Haan, R. J. (2008). Determinants of disability and quality of life in mild to moderate Parkinson disease. Neurology 70, 2241–2247. doi: 10.1212/01.WNL.0000313835.33830.80

Nambu, A., Tokuno, H., and Takada, M. (2002). Functional significance of the cortico-subthalamo-pallidal “hyperdirect” pathway. Neurosci. Res. 43, 111–117. doi: 10.1016/S0168-0102(02)00027-5

Neumann, W.-J., Sorkhabi, M. M., Benjaber, M., Feldmann, L. K., Saryyeva, A., Krauss, J. K., et al. (2021). The sensitivity of ECG contamination to surgical implantation site in brain computer interfaces. Brain Stimul. 14, 1301–1306. doi: 10.1016/J.BRS.2021.08.016

Nickl, R. C., Reich, M. M., Pozzi, N. G., Fricke, P., Lange, F., Roothans, J., et al. (2019). Rescuing suboptimal outcomes of subthalamic deep brain stimulation in Parkinson disease by surgical lead revision. Neurosurgery 85, E314–E321. doi: 10.1093/neuros/nyz018

Nieuwboer, A., and Giladi, N. (2013). Characterizing freezing of gait in Parkinson’s disease: models of an episodic phenomenon. Mov. Disord. 28, 1509–1519. doi: 10.1002/mds.25683

Nonnekes, J., Giladi, N., Guha, A., Fietzek, U. M., Bloem, B. R., and Růžička, E. (2019a). Gait festination in parkinsonism: introduction of two phenotypes. J. Neurol. 266, 426–430. doi: 10.1007/s00415-018-9146-7

Nonnekes, J., Růžička, E., Nieuwboer, A., Hallett, M., Fasano, A., and Bloem, B. R. (2019b). Compensation strategies for gait impairments in parkinson disease: a review. JAMA Neurol. 76, 718–725. doi: 10.1001/jamaneurol.2019.0033

Nonnekes, J., Růžička, E., Serranová, T., Reich, S. G., Bloem, B. R., and Hallett, M. (2020). Functional gait disorders. Neurology 94, 1093–1099. doi: 10.1212/WNL.0000000000009649

Nonnekes, J., Snijders, A. H., Nutt, J. G., Deuschl, G., Giladi, N., and Bloem, B. R. (2015). Freezing of gait: a practical approach to management. Lancet Neurol. 14, 768–778. doi: 10.1016/S1474-4422(15)00041-1

Nordin, A. D., Hairston, W. D., and Ferris, D. P. (2019). Human electrocortical dynamics while stepping over obstacles. Sci. Rep. 9:4693. doi: 10.1038/s41598-019-41131-2

Nutt, J. G., Bloem, B. R., Giladi, N., Hallett, M., Horak, F. B., and Nieuwboer, A. (2011a). Freezing of gait: moving forward on a mysterious clinical phenomenon. Lancet Neurol. 10, 734–744. doi: 10.1016/S1474-4422(11)70143-0

Nutt, J. G., Horak, F. B., and Bloem, B. R. (2011b). Milestones in gait, balance, and falling. Mov. Disord. 26, 1166–1174. doi: 10.1002/MDS.23588

Nutt, J. G., Marsden, C. D., and Thompson, P. D. (1993). Human walking and higher-level gait disorders, particularly in the elderly. Neurology 43, 268–279. doi: 10.1212/wnl.43.2.268

Okuma, Y., Silva de Lima, A. L., Fukae, J., Bloem, B. R., and Snijders, A. H. (2018). A prospective study of falls in relation to freezing of gait and response fluctuations in Parkinson’s disease. Park. Relat. Disord. 46, 30–35. doi: 10.1016/j.parkreldis.2017.10.013

Oswal, A., Brown, P., and Litvak, V. (2013). Synchronized neural oscillations and the pathophysiology of Parkinson’s disease. Curr. Opin. Neurol. 26, 662–670. doi: 10.1097/WCO.0000000000000034

Palmisano, C., Brandt, G., Vissani, M., Pozzi, N. G., Canessa, A., Brumberg, J., et al. (2020a). Gait initiation in Parkinson’s disease: impact of dopamine depletion and initial stance condition. Front. Bioeng. Biotechnol. 8:137. doi: 10.3389/fbioe.2020.00137

Palmisano, C., Todisco, M., Marotta, G., Volkmann, J., Pacchetti, C., Frigo, C. A., et al. (2020b). Gait initiation in progressive supranuclear palsy: brain metabolic correlates. Neuroimage Clin. 28:102408. doi: 10.1016/j.nicl.2020.102408

Patel, P., Lamar, M., and Bhatt, T. (2014). Effect of type of cognitive task and walking speed on cognitive-motor interference during dual-task walking. Neuroscience 260, 140–148. doi: 10.1016/J.NEUROSCIENCE.2013.12.016

Peppe, A., Pierantozzi, M., Chiavalon, C., Marchetti, F., Caltagirone, C., Musicco, M., et al. (2010). Deep brain stimulation of the pedunculopontine tegmentum and subthalamic nucleus: effects on gait in Parkinson’s disease. Gait Posture 32, 512–518. doi: 10.1016/j.gaitpost.2010.07.012

Perez-Lloret, S., Negre-Pages, L., Damier, P., Delval, A., Derkinderen, P., Destée, A., et al. (2014). Prevalence, determinants, and effect on quality of life of freezing of gait in Parkinson Disease. JAMA Neurol. 71, 884–890. doi: 10.1001/jamaneurol.2014.753

Perry, J., Burnfield, J. M., and Cabico, L. M. (2010). Gait Analysis : Normal and Pathological Function. Thorofare, NJ: SLACK.

Petersen, T. H., Willerslev-Olsen, M., Conway, B. A., and Nielsen, J. B. (2012). The motor cortex drives the muscles during walking in human subjects. J. Physiol. 590, 2443–2452. doi: 10.1113/jphysiol.2012.227397

Peterson, D. S., and Horak, F. B. (2016). Neural control of walking in people with Parkinsonism. Physiology 31, 95–107. doi: 10.1152/physiol.00034.2015

Petry-Schmelzer, J. N., Krause, M., Dembek, T. A., Horn, A., Evans, J., Ashkan, K., et al. (2019). Non-motor outcomes depend on location of neurostimulation in Parkinson’s disease. Brain 142, 3592–3604. doi: 10.1093/BRAIN/AWZ285

Picillo, M., Lozano, A. M., Kou, N., Puppi Munhoz, R., and Fasano, A. (2016). Programming deep brain stimulation for Parkinson’s Disease: the toronto western hospital algorithms. Brain Stimul. 9, 425–437. doi: 10.1016/j.brs.2016.02.004

Pötter-Nerger, M., and Volkmann, J. (2013). Deep brain stimulation for gait and postural symptoms in Parkinson’s disease. Mov. Disord. 28, 1609–1615. doi: 10.1002/mds.25677

Pozzi, N. G., Canessa, A., Palmisano, C., Brumberg, J., Steigerwald, F., Reich, M. M., et al. (2019). Freezing of gait in Parkinson’s disease reflects a sudden derangement of locomotor network dynamics. Brain 142, 2037–2050. doi: 10.1093/brain/awz141

Quinn, E. J., Blumenfeld, Z., Velisar, A., Koop, M. M., Shreve, L. A., Trager, M. H., et al. (2015). Beta oscillations in freely moving Parkinson’s subjects are attenuated during deep brain stimulation. Mov. Disord. 30, 1750–1758. doi: 10.1002/mds.26376

Rabin, S. M., and Kumar, R. (2015). “Managing Parkinson’s disease patients treated with deep brain stimulation,” in Deep Brain Stimulation Management, ed. W. R. Marks (Cambridge: Cambridge University Press), 84–107. doi: 10.1017/CBO9781316026625.009

Raccagni, C., Nonnekes, J., Bloem, B. R., Peball, M., Boehme, C., Seppi, K., et al. (2019). Gait and postural disorders in Parkinsonism: a clinical approach. J. Neurol. 267, 3169–3176. doi: 10.1007/S00415-019-09382-1

Rahimpour, S., Gaztanaga, W., Yadav, A. P., Chang, S. J., Krucoff, M. O., Cajigas, I., et al. (2020). Freezing of gait in Parkinson’s disease: invasive and noninvasive neuromodulation. Neuromodulation 24, 829–842. doi: 10.1111/ner.13347

Ramirez-Zamora, A., and Ostrem, J. L. (2018). Globus pallidus interna or subthalamic nucleus deep brain stimulation for Parkinson disease a review. JAMA Neurol. 75, 367–372. doi: 10.1001/jamaneurol.2017.4321

Rascol, O., Lozano, A., Stern, M., and Poewe, W. (2011). Milestones in Parkinson’s disease therapeutics. Mov. Disord. 26, 1072–1082. doi: 10.1002/mds.23714

Reich, M. M., Brumberg, J., Pozzi, N. G., Marotta, G., Roothans, J., Åström, M., et al. (2016). Progressive gait ataxia following deep brain stimulation for essential tremor: adverse effect or lack of efficacy? Brain 139, 2948–2956. doi: 10.1093/brain/aww223

Reich, M. M., Sawalhe, A. D., Steigerwald, F., Johannes, S., Matthies, C., and Volkmann, J. (2014). The pirouette test to evaluate asymmetry in parkinsonian gait freezing. Mov. Disord. Clin. Pract. 1, 136–138. doi: 10.1002/MDC3.12018

Reich, M. M., Steigerwald, F., Sawalhe, A. D., Reese, R., Gunalan, K., Johannes, S., et al. (2015). Short pulse width widens the therapeutic window of subthalamic neurostimulation. Ann. Clin. Transl. Neurol. 2, 427–432. doi: 10.1002/acn3.168

Ricchi, V., Zibetti, M., Angrisano, S., Merola, A., Arduino, N., Artusi, C. A., et al. (2012). Transient effects of 80 Hz stimulation on gait in STN DBS treated PD patients: a 15 months follow-up study. Brain Stimul. 5, 388–392. doi: 10.1016/J.BRS.2011.07.001

Ricciardi, L., Ebreo, M., Graziosi, A., Barbuto, M., Sorbera, C., Morgante, L., et al. (2016). Speech and gait in Parkinson’s disease: When rhythm matters. Park. Relat. Disord. 32, 42–47. doi: 10.1016/j.parkreldis.2016.08.013

Richard, A., van Hamme, A., Drevelle, X., Golmard, J. L., Meunier, S., and Welter, M. L. (2017). Contribution of the supplementary motor area and the cerebellum to the anticipatory postural adjustments and execution phases of human gait initiation. Neuroscience 358, 181–189. doi: 10.1016/J.NEUROSCIENCE.2017.06.047

Rizzone, M. G., Ferrarin, M., Lanotte, M. M., Lopiano, L., and Carpinella, I. (2017). The Dominant-subthalamic nucleus phenomenon in bilateral deep brain stimulation for Parkinson’s disease: evidence from a gait analysis study. Front. Neurol. 8:575. doi: 10.3389/fneur.2017.00575

Rocchi, L., Carlson-Kuhta, P., Chiari, L., Burchiel, K. J., Hogarth, P., and Horak, F. B. (2012). Effects of deep brain stimulation in the subthalamic nucleus or globus pallidus internus on step initiation in Parkinson disease: laboratory investigation. J. Neurosurg. 117, 1141–1149. doi: 10.3171/2012.8.JNS112006

Rocchi, L., Chiari, L., Mancini, M., Carlson-Kuhta, P., Gross, A., and Horak, F. B. (2006). Step initiation in Parkinson’s disease: influence of initial stance conditions. Neurosci. Lett. 406, 128–132. doi: 10.1016/j.neulet.2006.07.027

Rocha, M. S. G., de Freitas, J. L., Costa, C. D. M., de Oliveira, M. O., Terzian, P. R., Queiroz, J. W. M., et al. (2021). Fields of forel brain stimulation improves levodopa-unresponsive gait and balance disorders in Parkinson’s disease. Neurosurgery 89, 450–459. doi: 10.1093/NEUROS/NYAB195

Rodriguez-Oroz, M. C., Obeso, J. A., Lang, A. E., Houeto, J. L., Pollak, P., Rehncrona, S., et al. (2005). Bilateral deep brain stimulation in Parkinson’s disease: a multicentre study with 4 years follow-up. Brain 128, 2240–2249. doi: 10.1093/BRAIN/AWH571

Rosin, R., Topka, H., and Dichgans, J. (1997). Gait initiation in parkinson’s disease. Mov. Disord. 12, 682–690. doi: 10.1002/MDS.870120509

Rouse, A. G., Stanslaski, S. R., Cong, P., Jensen, R. M., Afshar, P., Ullestad, D., et al. (2011). A chronic generalized bi-directional brain-machine interface. J. Neural Eng. 8:036018. doi: 10.1088/1741-2560/8/3/036018

Santens, P. (2018). Neuromodulatory procedures for gait disorders in Parkinson’s disease. Acta Neurol. Belg. 118, 13–19. doi: 10.1007/s13760-017-0862-z

Schlenstedt, C., Shalash, A., Muthuraman, M., Falk, D., Witt, K., and Deuschl, G. (2017). 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. 24, 18–26. doi: 10.1111/ene.13167

Scholten, M., Klemt, J., Heilbronn, M., Plewnia, C., Bloem, B. R., Bunjes, F., et al. (2017). Effects of subthalamic and nigral stimulation on gait kinematics in Parkinson’s disease. Front. Neurol. 8:543. doi: 10.3389/fneur.2017.00543

Schuepbach, W. M. M., Rau, J., Knudsen, K., Volkmann, J., Krack, P., Timmermann, L., et al. (2013). Neurostimulation for Parkinson’s disease with early motor complications. N. Engl. J. Med. 368, 610–622. doi: 10.1056/NEJMoa1205158

Seger, A., Gulberti, A., Vettorazzi, E., Braa, H., Buhmann, C., Gerloff, C., et al. (2021). Short pulse and conventional deep brain stimulation equally improve the parkinsonian gait disorder. J. Parkinsons Dis. 11, 1455–1464. doi: 10.3233/JPD-202492

Seri-Fainshtat, E., Israel, Z., Weiss, A., and Hausdorff, J. M. (2013). Impact of sub-thalamic nucleus deep brain stimulation on dual tasking gait in Parkinson’s disease. J. Neuroeng. Rehabil. 10, 1–10. doi: 10.1186/1743-0003-10-38

Sharma, V. D., Sengupta, S., Chitnis, S., and Amara, A. W. (2018). Deep brain stimulation and sleep-wake disturbances in parkinson disease: a review. Front. Neurol. 9:697. doi: 10.3389/FNEUR.2018.00697

Shine, J. M., Handojoseno, A. M. A., Nguyen, T. N., Tran, Y., Naismith, S. L., Nguyen, H., et al. (2014). Abnormal patterns of theta frequency oscillations during the temporal evolution of freezing of gait in parkinson’s disease. Clin. Neurophysiol. 125, 569–576. doi: 10.1016/j.clinph.2013.09.006

Singh, A., Kammermeier, S., Plate, A., Mehrkens, J. H., Ilmberger, J., and Botzel, K. (2011). Pattern of local field potential activity in the globus pallidus internum of dystonic patients during walking on a treadmill. Exp. Neurol. 232, 162–167. doi: 10.1016/j.expneurol.2011.08.019

Sketchler, B., and Shahed, J. J. (2019). Refractory gait freezing following GPi stimulation for Parkinson’s Disease (P1.8-036). Neurology 92. doi: 10.1159/000492823

Smulders, K., Dale, M. L., Carlson-Kuhta, P., Nutt, J. G., and Horak, F. B. (2016). Pharmacological treatment in Parkinson’s disease: effects on gait. Park. Relat. Disord. 31, 3–13. doi: 10.1016/j.parkreldis.2016.07.006

Snijders, A. H., Takakusaki, K., Debu, B., Lozano, A. M., Krishna, V., Fasano, A., et al. (2016). Physiology of freezing of gait. Ann. Neurol. 80, 644–659. doi: 10.1002/ana.24778

Spildooren, J., Vinken, C., van Baekel, L., and Nieuwboer, A. (2018). Turning problems and freezing of gait in Parkinson’s disease: a systematic review and meta-analysis. Disabil. Rehabil. 41, 2994–3004. doi: 10.1080/09638288.2018.1483429

St George, R. J., Nutt, J. G., Burchiel, K. J., and Horak, F. B. (2010). A meta-regression of the long-term effects of deep brain stimulation on balance and gait in PD. Neurology 75, 1292–1299. doi: 10.1212/WNL.0B013E3181F61329

Stanslaski, S., Afshar, P., Cong, P., Giftakis, J., Stypulkowski, P., Carlson, D., et al. (2012). Design and validation of a fully implantable, chronic, closed-loop neuromodulation device with concurrent sensing and stimulation. IEEE Trans. Neural Syst. Rehabil. Eng. 20, 410–421. doi: 10.1109/TNSRE.2012.2183617

Stefani, A., Lozano, A. M., Peppe, A., Stanzione, P., Galati, S., Tropepi, D., et al. (2007). Bilateral deep brain stimulation of the pedunculopontine and subthalamic nuclei in severe Parkinson’s disease. Brain 130, 1596–1607. doi: 10.1093/BRAIN/AWL346

Steigerwald, F., Matthies, C., and Volkmann, J. (2019). Directional deep brain stimulation. Neurotherapeutics 16, 100–104. doi: 10.1007/s13311-018-0667-7

Sterling, N. W., Cusumano, J. P., Shaham, N., Piazza, S. J., Liu, G., Kong, L., et al. (2015). Dopaminergic modulation of arm swing during gait among Parkinson’s Disease patients. J. Parkinson Dis. 5, 141–150. doi: 10.3233/JPD-140447

Syrkin-Nikolau, J., Koop, M. M., Prieto, T., Anidi, C., Afzal, M. F., Velisar, A., et al. (2017). Subthalamic neural entropy is a feature of freezing of gait in freely moving people with Parkinson’s disease. Neurobiol. Dis. 108, 288–297. doi: 10.1016/j.nbd.2017.09.002

Tagliati, M. (2012). Turning tables: should GPi become the preferred DBS target for Parkinson disease? Neurology 79, 19–20. doi: 10.1212/WNL.0B013E31825DCE96

Takakusaki, K. (2008). Forebrain control of locomotor behaviors. Brain Res. Rev. 57, 192–198. doi: 10.1016/j.brainresrev.2007.06.024

Takakusaki, K. (2017). Functional neuroanatomy for posture and gait control. J. Mov. Disord. 10, 1–17. doi: 10.14802/jmd.16062

Takakusaki, K., Saitoh, K., Harada, H., and Kashiwayanagi, M. (2004). Role of basal ganglia–brainstem pathways in the control of motor behaviors. Neurosci. Res. 50, 137–151. doi: 10.1016/j.neures.2004.06.015

Tard, C., Delval, A., Devos, D., Lopes, R., Lenfant, P., Dujardin, K., et al. (2015). Brain metabolic abnormalities during gait with freezing in Parkinson’S Disease. Neuroscience 307, 281–301. doi: 10.1016/j.neuroscience.2015.08.063

The Deep-Brain Stimulation for Parkinson’s Disease Study Group (2001). Deep-brain stimulation of the subthalamic nucleus or the pars interna of the globus pallidus in Parkinson’s Disease. N. Engl. J. Med. 345, 956–963. doi: 10.1056/NEJMoa000827

Thenaisie, Y., Palmisano, C., Canessa, A., Keulen, B. J., Capetian, P., Jiménez, M. C., et al. (2021). Towards adaptive deep brain stimulation: clinical and technical notes on a novel commercial device for chronic brain sensing. J. Neural Eng. 18:042002. doi: 10.1088/1741-2552/AC1D5B

Tinkhauser, G., Pogosyan, A., Tan, H., Herz, D. M., Kühn, A. A., and Brown, P. (2017). Beta burst dynamics in Parkinson’s disease off and on dopaminergic medication. Brain 140, 2968–2981. doi: 10.1093/brain/awx252

Tinkhauser, G., Torrecillos, F., Duclos, Y., Tan, H., Pogosyan, A., Fischer, P., et al. (2018). Beta burst coupling across the motor circuit in Parkinson’s disease. Neurobiol. Dis. 117, 217–225. doi: 10.1016/j.nbd.2018.06.007

Toledo, J. B., López-Azcárate, J., Garcia-Garcia, D., Guridi, J., Valencia, M., Artieda, J., et al. (2014). High beta activity in the subthalamic nucleus and freezing of gait in Parkinson’s disease. Neurobiol. Dis. 64, 60–65. doi: 10.1016/j.nbd.2013.12.005

Tommasi, G., Lopiano, L., Zibetti, M., Cinquepalmi, A., Fronda, C., Bergamasco, B., et al. (2007). Freezing and hypokinesia of gait induced by stimulation of the subthalamic region. J. Neurol. Sci. 258, 99–103. doi: 10.1016/J.JNS.2007.03.002

Valente, V., Demosthenous, A., and Bayford, R. (2010). “Electric field focusing and shifting technique in deep brain stimulation using a dynamic tripolar current source,” in Proceedings of the ISCAS 2010 - 2010 IEEE International Symposium on Circuits and Systems: Nano-Bio Circuit Fabrics and Systems, Paris, 2091–2094. doi: 10.1109/ISCAS.2010.5537222

Valldeoriola, F., Muñoz, E., Rumià, J., Roldán, P., Cámara, A., Compta, Y., et al. (2019). 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. Park. Relat. Disord. 60, 153–157. doi: 10.1016/J.PARKRELDIS.2018.09.008/ATTACHMENT/EEF7CB92-A0EB-440B-BA3E-5AFC94BB2028/MMC4.DOCX

van Nuenen, B. F. L., Esselink, R. A. J., Munneke, M., Speelman, J. D., van Laar, T., and Bloem, B. R. (2008). Postoperative gait deterioration after bilateral subthalamic nucleus stimulation in Parkinson’s disease. Mov. Disord. 23, 2404–2406. doi: 10.1002/MDS.21986

Vercruysse, S., Vandenberghe, W., Mun̈ks, L., Nuttin, B., Devos, H., and Nieuwboer, A. (2014). 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 85, 872–878. doi: 10.1136/jnnp-2013-306336

Volkmann, J., Allert, N., Voges, J., Sturm, V., Schnitzler, A., and Freund, H. J. (2004). Long-term results of bilateral pallidal stimulation in Parkinson’s disease. Ann. Neurol. 55, 871–875. doi: 10.1002/ana.20091

Volkmann, J., Moro, E., and Pahwa, R. (2006). Basic algorithms for the programming of deep brain stimulation in Parkinson’s disease. Mov. Disord. 14, S284–S289. doi: 10.1002/mds.20961

Wang, D. D., and Choi, J. T. (2020). Brain network oscillations during gait in Parkinson’s Disease. Front. Hum. Neurosci. 14:568703. doi: 10.3389/fnhum.2020.568703

Wang, D. D., de Hemptinne, C., Miocinovic, S., Ostrem, J. L., Galifianakis, N. B., Luciano, M. S., et al. (2018). Pallidal deep-brain stimulation disrupts pallidal beta oscillations and coherence with primary motor cortex in Parkinson’s disease. J. Neurosci. 38, 4556–4568. doi: 10.1523/JNEUROSCI.0431-18.2018

Wang, J. W., Zhang, Y. Q., Zhang, X. H., Wang, Y. P., Li, J. P., and Li, Y. J. (2017). Deep brain stimulation of pedunculopontine nucleus for postural instability and gait disorder after Parkinson Disease: a meta-analysis of individual patient data. World Neurosurg. 102, 72–78. doi: 10.1016/J.WNEU.2017.02.110

Weaver, F. M., Follett, K. A., Stern, M., Luo, P., Harris, C. L., Hur, K., et al. (2012). Randomized trial of deep brain stimulation for Parkinson disease. Neurology 79, 55–65. doi: 10.1212/WNL.0B013E31825DCDC1

Weiss, A., Herman, T., Giladi, N., and Hausdorff, J. M. (2014). Objective assessment of fall risk in Parkinson’s Disease using a body-fixed sensor worn for 3 days. PLoS One 9:e96675. doi: 10.1371/JOURNAL.PONE.0096675

Weiss, D., Schoellmann, A., Fox, M. D., Bohnen, N. I., Factor, S. A., Nieuwboer, A., et al. (2020). Freezing of gait: understanding the complexity of an enigmatic phenomenon. Brain 143, 14–30. doi: 10.1093/BRAIN/AWZ314

Weiss, D., Walach, M., Meisner, C., Fritz, M., Scholten, M., Breit, S., et al. (2013). Nigral stimulation for resistant axial motor impairment in Parkinson’s disease? A randomized controlled trial. Brain 136, 2098–2108. doi: 10.1093/brain/awt122

Welter, M.-L., Demain, A., Ewenczyk, C., Czernecki, V., Lau, B., El Helou, A., et al. (2015). PPNa-DBS for gait and balance disorders in Parkinson’s disease: a double-blind, randomised study. J. Neurol. 262, 1515–1525. doi: 10.1007/S00415-015-7744-1

Williams, N. R., Foote, K. D., and Okun, M. S. (2014). Subthalamic nucleus versus globus pallidus internus deep brain stimulation: translating the rematch into clinical practice. Mov. Disord. Clin. Pract. 1, 24–35. doi: 10.1002/mdc3.12004

Xie, T., Padmanaban, M., Bloom, L., MacCracken, E., Bertacchi, B., Dachman, A., et al. (2017). Effect of low versus high frequency stimulation on freezing of gait and other axial symptoms in Parkinson patients with bilateral STN DBS: a mini-review. Transl. Neurodegen. 1, 1–10. doi: 10.1186/S40035-017-0083-7

Yogev-Seligmann, G., Hausdorff, J. M., and Giladi, N. (2008). The role of executive function and attention in gait. Mov. Disord. 23, 329–342; quiz 472. doi: 10.1002/mds.21720

Yu, K., Ren, Z., Guo, S., Li, J., and Li, Y. (2020). Effects of pedunculopontine nucleus deep brain stimulation on gait disorders in Parkinson’s Disease: a meta-analysis of the literature. Clin. Neurol. Neurosurg. 198:106108. doi: 10.1016/j.clineuro.2020.106108

Zhang, W.-S., Gao, C., Tan, Y.-Y., and Chen, S.-D. (2021). Prevalence of freezing of gait in Parkinson’s disease: a systematic review and meta-analysis. J. Neurol. 268, 4138–4150. doi: 10.1007/S00415-021-10685-5

Zibetti, M., Moro, E., Krishna, V., Sammartino, F., Picillo, M., Munhoz, R. P., et al. (2016). Low-frequency subthalamic stimulation in Parkinson’s Disease: long-term outcome and predictors. Brain Stimul. 9, 774–779. doi: 10.1016/J.BRS.2016.04.017


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pozzi, Palmisano, Reich, Capetian, Pacchetti, Volkmann and Isaias. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Troubleshooting Gait Disturbances in Parkinson’s Disease With Deep Brain Stimulation



		INTRODUCTION



		THE HUMAN SUPRASPINAL LOCOMOTOR NETWORK



		CLINICAL ASSESSMENT OF GAIT AND GAIT DISTURBANCES IN PARKINSON’S DISEASE



		TROUBLESHOOTING GAIT DISTURBANCES IN PARKINSON’S DISEASE PATIENTS WITH DEEP BRAIN STIMULATION



		Gait Initiation Problems



		Troubleshooting







		Unperturbed Steady-State Walking Problems



		Troubleshooting







		Turning Problems



		Troubleshooting







		Gait Adaptation Problems



		Troubleshooting



		Freezing of Gait







		Troubleshooting







		Functional Gait Disorders



		Troubleshooting











		LEAD REVISION AND ALTERNATIVE DEEP BRAIN STIMULATION TARGET FOR GAIT DISTURBANCES: WHEN REPROGRAMMING IS NOT ENOUGH



		CONCLUDING REMARKS AND FUTURE PERSPECTIVE



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Troubleshooting Gait
Disturbances in Parkinson’s
Disease With Deep Brain
Stimulation









OPS/images/fnhum-16-806513-g001.jpg
e hypometric APA

e multiple APA
(trembling in place)

e short and slow step

e start hesitation

o festination

e possibility of FOG

GAIT INITIATION

CLINICAL FEATURES

ereduced/increased
step length
variability
e shuffling gait
esequence effect
enarrow base width
ereduced arm swing
e poor trunk mobility
e possibility of FOG

STEADY-STATE
WALKING

eslow performance

e short cadence

e short step length

e increased step
length variability

e possibility of FOG

GAIT
ADAPTATION

e turning “en bloc”
e slow performance
e multiple steps

¢ possibility of FOG

TURNING

A
\

e HFS of the SNr
e increase levodopa

eincrease stim
amplitude

edorsolateral STN/
dorsal GPi stim

TROUBLESHOOTING

BRADYKINETIC GAIT DYSKINETIC GAIT

ereduce levodopa

eventral STN contacts

eincrease GPi stim
amplitude

e bipolar/horizontal

steering

eincrease levodopa

DYSTONIC GAIT

eincrease stim
amplitude/pulse

ATAXIC GAIT

e reduce stim
amplitude

width contralateral e reduce pulse width
to the dystonic side e bipolar/horizontal
e increase levodopa steering
e rule out stim-
induced dystonia

eincrease STN stim
amplitude

e increase levodopa






OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience





OPS/images/fnhum-16-806513-g002.jpg
FOG clinical subtypes

START HESITATION GAIT FREEZING TREMBLING IN PLACE

TROUBLESHOOTING

MEDS-OFF/PSEUDO-ON FOG MEDS-ON FOG LEVODOPA RESISTANT FOG
e increase/reintroduce e decrease levodopa and e increase stim amplitude
levodopa increase stim amplitude contralateral to the best
e monoamine oxidase B e dorsolateral STN/ side
inhibitors or amantadine dorsal GPi stim e low-frequency (60-80Hz)
e in case of dyskinesia STN stim
adjust stim: dorsal STN/ ® STN stim combined with
ventral GPi stim HFS or LFS of the SNr

o |L-IL STN stim





