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Gait disturbance is a common and severe symptom of Parkinson’s disease that severely impairs quality of life. Current treatments provide only partial benefits with wide variability in outcomes. Also, deep brain stimulation of the subthalamic nucleus (STN-DBS), a mainstay treatment for bradykinetic-rigid symptoms and parkinsonian tremor, is poorly effective on gait. We applied a novel DBS paradigm, adjusting the current amplitude linearly with respect to subthalamic beta power (adaptive DBS), in one parkinsonian patient with gait impairment and chronically stimulated with conventional DBS. We studied the kinematics of gait and gait initiation (anticipatory postural adjustments) as well as subthalamic beta oscillations with both conventional and adaptive DBS. With adaptive DBS, the patient showed a consistent and long-lasting improvement in walking while retaining benefits on other disease-related symptoms. We suggest that adaptive DBS can benefit gait in Parkinson’s disease possibly by avoiding overstimulation and dysfunctional entrainment of the supraspinal locomotor network.
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1 INTRODUCTION
Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a mainstay treatment for Parkinson’s disease (PD). However, poorly manageable axial symptoms such as gait derangements and subsequent falls may emerge along with disease progression, adding to the global clinical burden and causing significant disability (Pozzi and Isaias, 2022; Pozzi et al., 2022). On the whole, the response of gait impairment to DBS is often unsatisfactory and, in some instances, treatment-induced worsening is possible, as DBS can directly interfere with the physiological, integrated functioning of the cortical, subcortical and spinal components of the locomotor network (Palmisano et al., 2020b). In particular, the delivery of DBS with constant stimulation parameters (i.e., conventional DBS, cDBS) may alter the dynamic synchronization between cortical areas involved in motor control, the basal ganglia and the mesencephalic locomotor regions, thus directly impairing gait adaptation to contextual needs (Chen et al., 2006; St George et al., 2010; Reich et al., 2016; Pozzi et al., 2019). To increase therapeutic effect, novel adaptive DBS (aDBS) systems are being developed (Arlotti et al., 2019; Bocci et al., 2021; Guidetti et al., 2021; Thenaisie et al., 2021). These devices operate by adapting the stimulation parameters in real-time in response to a neural input signal that can represent symptoms, motor activity, or other behavioral features. In currently available devices (AlphaDBS, Newronika S.p.A. and Percept™, Medtronic Inc.) the biomarker implemented for aDBS is the oscillatory beta activity (13–30 Hz) of the local field potentials (LFP) recorded at the implanted site. This biomarker was chosen because beta activity correlates with bradykinetic-rigid parkinsonian symptoms and it is modulated by dopaminergic treatment and DBS (Yin et al., 2021). This aDBS mode has been shown to provide better control of motor symptoms in the short term (lower UPDRS-III score and less dyskinesia) accompanied by less energy delivered than cDBS (Little et al., 2013; Rosa et al., 2017; Bocci et al., 2021). To date, there are no studies showing sustained clinical efficacy, especially on gait, of chronic treatment with aDBS. We now describe the clinical, neurophysiological and kinematic data of a patient with PD and bilateral STN-DBS who experience significant improvement in gait when changing from cDBS to aDBS mode.
2 CASE DESCRIPTION
We report the case of a male patient in his seventies with PD for 27 years and cDBS (Activa PC, 3389 leads, Medtronic Inc.) for 10 years, who started aDBS upon receiving the AlphaDBS neurostimulator at the second battery replacement. The motor symptoms of PD started in his mid-forties with rigidity and motor impairment in the right arm. A diagnosis of PD was made the same year and confirmed with SPECT with FP-CIT. The patient started treatment for about 3 years with pramipexole and rasagiline, then, after 5 years also with levodopa/carbidopa, with remarkable benefit. In his late-fifties peak-dose dyskinesias appeared, even at low doses of levodopa/carbidopa, worsening in severity and duration over time, and resulting in the patient being treated with STN-cDBS+ in his mid-sixties (i.e., dopaminergic medication was always continued, +). The daily levodopa equivalent dose (Jost et al., 2023) was reduced by 53% after surgery. Over time, the patient has always shown consistent and stable benefits from STN-cDBS+. About 4 years after the start of cDBS+, the patient began to complain of some difficulties in walking (UPDRS item 23 score: >1), with the appearance of freezing of gait and festination. Several stimulation programs were tried, and low frequencies (i.e., 70 Hz) (Pozzi et al., 2022) were chosen as improving gait problems to the most, even though insufficiently, with still remarkable benefit on bradykinetic-rigid signs. The parameters for chronic cDBS+ were: right STN, C+0-, 70 Hz, 60 μs, 3.5 mA and left STN, C+2-, 70 Hz, 60 μs, 4 mA. After receiving the AlphaDBS device, the same parameters were adopted during aDBS+ with current delivery ranging from 3.0 to 4.0 mA for the right STN and between 3.5 and 4.5 mA for the left STN, in order to maintain comparable total energy delivered (TEED). Pharmacological treatment (levodopa/carbidopa 100/50 mg TID, pramipexole 1.05 mg QD, and rasagiline 1 mg QD) was unchanged between cDBS+ and aDBS+.
3 MATERIALS AND METHODS
The study was approved by Milano Area 2 Ethics Committee (approval: 165-2020 and 93-2023bis) and conformed to the declaration of Helsinki. The patient gave written consent prior to participation in the study and for publication of the data.
3.1 Programming paradigm of adaptive DBS with the AlphaDBS device
In aDBS mode, the AlphaDBS device (Arlotti et al., 2021) applies a linear algorithm that changes the stimulation current every minute based on the average LFP amplitude calculated in a patient-specific beta frequency range (BFRA) and normalized for the total amplitude in the 5–34 Hz range. Specifically, the averaging procedure consists of an exponential moving average with a time constant of 50 s over the beta samples calculated with 1-s resolution. The stimulation amplitude is adjusted within a pre-defined clinically effective range (i.e., Amin and Amax), while the stimulation frequency and pulse width remain fixed.
In this patient, the right recording contact pair one to two was chosen to identify the biomarker for aDBS as the one showing the most prominent and stable beta peak (on data collected on 1 day of cDBS+). The frequency range monitored (12–19 Hz) was ±3.5 Hz centered on the beta frequency peak (16 Hz). Very important for proper aDBS programming is that the frequency peak always remained within the range set for this patient. In some cases, multiple peaks were detected within the beta range, however, the one at 16 Hz was always the most prominent and stable (Figure 1). The beta amplitude distribution in this frequency range allowed the identification of beta amplitude limits (βmin and βmax) by which the stimulation current was to be delivered in aDBS condition (Figure 2C). In terms of programming options, these limits allow to define the amount of time the patient is stimulated at Amin or Amax.
[image: Figure 1]FIGURE 1 | STN-LFP daily spectra in cDBS+ and aDBS+ (A) Median (solid line) of the daily mean amplitude spectra during the awake time of the 10 days in cDBS+. The daily mean spectra are cleaned from 1/fn noise. The dashed area is bound by the first and third quartiles of the daily mean amplitude spectra. (B) Spectrogram of daily mean amplitude spectra cleaned from 1/fn noise during awake time. Black line on top of the spectrogram represents the time course of the central frequency of the beta peak identified in each daily mean amplitude spectrum during the awake time. (C) Same as (A) during aDBS+. (D) Same as (B) during aDBS+. Abbreviations: a, adaptive; c, conventional; DBS, deep brain stimulation; DBS+, with dopaminergic medication; LFP, local field potentials; STN, subthalamic nucleus.
[image: Figure 2]FIGURE 2 | Programming paradigms and STN-LFP recordings (A) Parameter settings and probability distribution of the biomarker (amplitude of the right STN in the 12–19 Hz range normalized over the total amplitude in the 5–34 Hz range) acquired during awake time for 10 days in cDBS+ mode. In cDBS+ mode, independently from the value read minute by minute, the current remains fixed at a clinically defined level (red and black lines, respectively, for the right and left STN). (B) Evolution of the daily median BFRA during the awake period (solid line) in cDBS+. The shadowed area is bound by the daily first and third quartile of the BFRA. (C) Same as (A) for 10 days in aDBS+ condition. Vertical dotted lines represent the biomarker limits for current adjustment (βmin and βmax). Red and black solid lines represent the stimulation current at a specific reading. Numbers on top show the time percentage of STN-LFP amplitude being less than βmin, between βmin and βmax and above βmax in the considered 10 days period. (D) Same as (B) for aDBS+ condition. (E) Boxplot of the BFRA daily median during the awake period in cDBS+ and aDBS+ (F) Same as (E) for the interquartile range of the BFRA. Abbreviations: a, adaptive; A, pre-defined, clinically-effective amplitude; β, average normalized beta amplitude; c, conventional; BFRA, patient-specific beta frequency range amplitude; DBS, deep brain stimulation, DBS+, with dopaminergic medication; LFP, local field potentials; STN, subthalamic nucleus. 
The two beta limits (βmin and βmax) were set based on a cumulative distribution of 24 h recording in cDBS+ to properly capture beta power fluctuations. We allowed amplitude modulation with intermediate current values between Amin and Amax for about 70% of the total time (Figure 2C). As a result, during the 10 days of aDBS+, the patient spent a total of 13% of the time with Amin and 18% with Amax. Importantly, the time spent in Amin and Amax was generally not consecutive: for only 8% of the time of the 10 days with aDBS+ did the current varied less than 2 mA in windows of at least 30 consecutive minutes (Supplementary Figure S1).
DBS programming in cDBS was performed as standard of care (Değirmenci, 2024). For aDBS, the two stimulation current limits were clinically defined as the amperage (Amin) with 40%–50% benefit in meds-off state (i.e., titrating up the stimulation current in the morning after overnight suspension of all dopaminergic drugs) and the maximum amperage (Amax) in the absence of side effects in meds-on condition (titrating up the stimulation current at 60 min after 100/50 mg levodopa/carbidopa intake).
3.2 Movement analysis
Clinical evaluation and gait analysis were performed after 1 month of chronic and stable aDBS+. The patient was then reprogrammed with the original cDBS+ settings for 10 days and a second clinical assessment and gait analysis were performed (see Results). Both clinical and gait assessments were performed in the morning starting 90 min after the intake of morning medications, with chronic aDBS+ or cDBS+ (i.e., best medical treatment). The evaluating physician was blind to the treatment of the patient.
In each stimulation mode, we recorded three posturography recordings (30 s), each followed by a gait initiation trial. We also recorded three unperturbed barefoot linear walking trials (on a 10 m walkway). The patient was allowed to rest between trials.
The patient was instructed not to make any voluntary movements (e.g., turning head, talking, lifting arms, etc.) that would have invalidated posturography and gait recordings. The validity of the acquisitions was checked with video recordings synchronized with the kinematic data.
Motor performance was monitored with a six-camera optoelectronic system (SMART-DX, BTS) and two dynamometric force plates (P-6000, BTS). Four markers were placed bilaterally on the two feet on the main anatomical landmarks (heels, outer ankle bones, fifth metatarsi and hallux tips) to allow the identification of gait cycle events (heel-off and toe-off) and the computation of gait spatiotemporal parameters (Palmisano et al., 2022b). Three additional markers were attached to the pelvis (on the anterior superior iliac spines and the middle point between the posterior superior iliac spines) to allow the estimation of the center of mass (CoM) at gait initiation (Palmisano et al., 2022b).
For the gait analysis, kinematic variables were averaged over all available strides. One gait initiation trial in cDBS+ condition was excluded from the analysis due to a technical failure which prevented data recording. Anticipatory postural adjustments (APAs) preceding the first step at gait initiation were subdivided into the imbalance and the unloading phase (Palmisano et al., 2020b; Palmisano et al., 2020a; Palmisano et al., 2022a). The length of the center of pressure (CoP) pathway and the duration of the two phases were computed as indicators of the quality of motor programming and execution. The length and velocity of the first step were calculated from foot marker traces, along with the CoM velocity at the toe-off of the stance foot, as measures of the effectiveness of gait initiation. During standing, we computed the CoP trajectory length, medio-lateral and anterior-posterior range of CoP oscillation, and the confidence ellipse containing the 95% of the CoP samples (Farinelli et al., 2020), as measures of balance control (Farinelli et al., 2020). For walking and gait initiation, outcome measures were averaged across trials and standard deviation computed as an estimation of gait variability, while standing variables were computed over the trial duration. Considering the low number of trials for the posturography and gait initiation assessments, formal statistical comparisons between aDBS+ and cDSB+ were performed only for stride parameters during walking (Table 1). The effect of treatment on gait cycle parameters was evaluated with a parametric (t-test) or a non-parametric test (Mann-Whitney U test) according to data distribution, investigated with the Anderson-Darling test. The statistical significance was set at 0.05.
TABLE 1 | Kinematic measurements. Kinematic measurements for walking, posturography, and gait initiation in aDBS+ and cDBS+ conditions. For each stimulation condition, values are reported as mean (standard deviation) across available trials. Three walking and gait initiation trials were considered for each stimulation condition for the analysis. One gait initiation trial in cDBS+ was excluded due to a technical failure. Posturography measures were assessed based on a 30 s trial for each stimulation condition. The confidence ellipse was drawn as the ellipse containing the 95% of the points of the CoP tracks, and axes a and b were computed as its major and minor axes, respectively. CoM was estimated as the barycenter of the triangle described by the three markers placed on the pelvis. APAs were subdivided into imbalance and unloading phases, according to reference points identified on the CoP track (Figure 3). For further details on posturography and gait initiation elaboration please refer to (Palmisano et al., 2020b; Palmisano et al., 2020a; Palmisano et al., 2022a). *p < 0.05, t-test or Mann-Whitney U test as appropriate. Statistical comparisons were performed only between walking measurements. Abbreviations: a, adaptive; APAs, Anticipatory Postural Adjustments; c, conventional; CoM, centre of mass; CoP, centre of pressure; DBS, deep brain stimulation; DBS+, with dopaminergic medication.
[image: Table 1]3.3 Spectral analysis
During the last 10 days of aDBS+ and the 10 days of cDBS+, we recorded during home monitoring bilateral stimulation amplitude, unilateral (right) average STN-LFP spectra every 10 min and unilateral (right) amplitude in the patient-specific beta frequency range every minute. We then analyzed the data recorded during the awake period (9a.m.-10p.m., based on the patient’s daily routine).
To investigate relevant spectral peaks, we cleaned the amplitude spectra from 1/fn noise as follows. For each day, the average spectra showed an aperiodic component superimposed on the oscillatory peaks. Consequently, the daily average spectra were decomposed in the aperiodic and periodic components, modeled respectively as exponential functions in a semi-logarithmic amplitude-space with characteristic offset, slope and bend, and gaussian functions with characteristic central frequency, amplitude and width (Donoghue et al., 2020). The quality of the decomposition was visually inspected and days presenting residual spectral artifacts after subtraction of the aperiodic component were removed by the analysis. The presence and stability of the gaussian peaks were inspected across days and conditions. For each day, the daily periodic component was then subtracted from each 10-min amplitude spectrum. Within each day we calculated the median and interquartile range of the BFRA (STN-LFP amplitude in the patient-specific beta frequency range) across all 10-min amplitude spectrum acquired along the awake period. The effect of treatment (cDBS+ and aDBS+) was evaluated with a non-parametric test (Mann-Whitney U test) after checking for normality with the Anderson-Darling test. The statistical significance was set at 0.05.
4 RESULTS
4.1 Sustained improvement with aDBS+ on PD-related symptoms and gait
The UPDRS-III and -IV scores were with aDBS+ 4/108 and 0/12 and with cDBS+ 11/108 and 2/12. The Gait and Falls Questionnaire score was 15/64 with aDBS+ and 34/64 with cDBS+. During a brief discontinuation (about 30 min) of DBS treatment at medication wearing-off, the patient was severely bradykinetic and unable to stand without assistance and to walk, and the UPDRS-III score was 57/108.
When reprogrammed to cDBS, the patient reported a progressive worsening of gait that started after about 3–4 days. By day ten in cDBS+, the patient reported similar worsening to the chronic cDBS treatment received before aDBS. We therefore did not continue further with the cDBS+ mode. The patient then returned to aDBS+ with recovery of gait benefit that was maintained, along with benefit on other parkinsonian symptoms, until the last follow-up at 6 months.
Spatiotemporal gait parameters improved in aDBS+ condition with respect to cDBS+ (Figure 3A; Table 1). In particular, aDBS+ increased gait velocity (values are reported as mean (SD): 0.38 (0.06)m/s for cDBS+ and 0.56 (0.01)m/s for aDBS+) and ameliorated cadence (110.7 (25.11)step/min for cDBS+ and 84.76 (3.76)step/min for aDBS+), as well as significantly improved stride parameters and gait variability (Table 1). APAs at gait initiation improved with aDBS+. Specifically, we described a beneficial effect of aDBS+ on the imbalance phase, and a reduction of the unloading phase (Figure 3B; Table 1). With aDBS+, we also observed an improvement in first step length and velocity and CoM velocity at the stance toe-off (Figure 3B; Table 1). Posturography measurements did not show a clear change between cDBS+ and aDBS+, but a decreased dispersion of the movements of CoP was observed in aDBS+ (Figure 3C; Table 1).
[image: Figure 3]FIGURE 3 | Kinematic results (A) Walking trials: feet placement during three subsequent trials of unperturbed walking (green, pink and black) in aDBS+ (top panel) and cDBS+ (bottom panel). To allow trial alignment, the starting anterior-posterior (AP) position of each trial was placed at the first available left heel contact, and the average value of the medio-lateral (ML) marker coordinates was removed from each track. (B) Gait initiation: exemplary CoP (solid line) and CoM (dashed line) pathway in the ML and AP directions during two trials of gait initiation in aDBS+ (red) and cDBS+ (grey). The two trials were aligned at the starting point of the APAs (APAonset). CoP and CoM tracks are displayed from the APAonset to the toe-off of the stance foot (TOstance).The pathway of the CoP describes the imbalance phase, from the onset of the APA to the heel-off of the swing foot (HOswing), the unloading phase, from the HOswing to the toe-off of the swing foot (TOswing), and the stepping phase, from the TOswing to the TOstance. (C) Posturography: CoP displacement in the ML and AP directions during 30 s of standing during aDBS+ (red) and cDBS+ (grey) stimulation. For each stimulation condition, the confidence ellipse includes 95% of the points of the CoP track. Abbreviations: a, adaptive; AP, anterior-posterior; APAs, Anticipatory Postural Adjustments; c, conventional; CoM, Centre of Mass; CoP, Centre of Pressure; DBS, deep brain stimulation; DBS+, with dopaminergic medication; HO, heel-off; ML, medio-lateral; TO, toe-off
4.2 STN-LFP amplitude in the patient-specific beta frequency range did not differ between cDBS+ and aDBS+
The median TEED (McAuley, 2020) in cDBS+ was 6.72·10–8 W for the left and 5.15·10–8 W for the right hemisphere and for aDBS+ was 6.23·10–8 W for the left and 5·10–8 W for the right hemisphere.
In the LFP spectra we identified a predominant spectral beta peak at 16.0 [15.6, 16.3]Hz (cDBS+) and 16.2 [16.1, 16.3]Hz (aDBS+), values are reported as median [first quartile, third quartile] (Figure 1).
The daily median and the interquartile range of the BFRA did not significantly differ between the two stimulation modalities (Median: values reported in nV as median [first quartile, third quartile], cDBS+: 321.3 [296.7, 330.1], aDBS+: 345.2 [252.9, 358.6], Mann-Whitney U test: p = 0.93, Figure 2E. Interquartile range: cDBS+: 171.1 [124, 199.3], aDBS+: 208.8 [169.1, 246], Mann-Whitney U test: p = 0.11; Figure 2F).
5 DISCUSSION
Gait impairment in PD is determined by a complex interaction of pathology, age-related changes, compensatory mechanisms, and deconditioning (Wilson et al., 2019). This explains the multifaceted features of parkinsonian gait, the patient-specific electrophysiological alterations (Arnulfo et al., 2018; Canessa et al., 2020; Louie et al., 2022), and the variable and often unsatisfactory response to therapy (Curtze et al., 2015; Pozzi et al., 2022), particularly to STN-DBS, which directly modulates the activity of an essential node of the supraspinal locomotor network.
Current data about the effect of STN-cDBS on gait are heterogeneous, with only a few studies objectively assessing gait alterations (Rocchi et al., 2002; 2012; Liu et al., 2006; Nardone and Schieppati, 2006; Crenna et al., 2008; Chastan et al., 2009; Hausdorff et al., 2009; Collomb-Clerc and Welter, 2015; Cavallieri et al., 2023). Overall, STN-cDBS may improve kinematic parameters (e.g., stride length and velocity, range of motion) most dependent on levodopa-responsive symptoms, i.e., bradykinesia and rigidity. Such improvement may be expected in the first year after surgery, but gait deterioration may appear beyond 2 years after surgery (St George et al., 2010) with a worsening of gait performance already at 6 months, despite general motor improvement (van Nuenen et al., 2008).
It is still largely unknown how the STN contributes to the encoding of motor acts, especially human gait, and how this activity evolves over time with chronic DBS. Our clinical case provides the first long-term data on this topic. Notably, aDBS+ improved gait performance in an elderly subject (in his seventies) with long disease duration (>25 years) and after 10 years of cDBS+ as interesting evidence of the responsiveness of brain networks to DBS (Hartevelt et al., 2014; van Hartevelt et al., 2017).
The STN has a central role in human locomotion including fine-tuning of top-down information flow across the supraspinal locomotor network to accommodate online gait dynamics in an ecological environment. Being directly connected with the supplementary motor area (SMA) and the mesencephalic locomotor region (Nambu et al., 2002; Miocinovic et al., 2018), two main regions of the supraspinal locomotor network, the STN is expected to facilitate the necessary processing for gait adaptations.
This is particularly the case, as shown in our report, of feedforward motor programs, such as APAs, ensuring postural activities promoting gait initiation and adaptation. At gait initiation, APAs and particularly the imbalance phase, originate in the SMA (Jacobs et al., 2009; Richard et al., 2017), with a direct contribution of striatal dopaminergic tone. A previous study already showed a detrimental effect of STN-cDBS on APAs production when combined with dopaminergic drugs (Rocchi et al., 2012). In particular, cDBS may directly impact the SMA activity anterogradely (Li et al., 2007; Johnson et al., 2020), limit the cortical-subthalamic dynamic synchronization (Pozzi et al., 2019; Fischer et al., 2020), and impair feedforward motor control needed to update postural goal changes during locomotion.
We should emphasize that the aDBS algorithm used is not specific to gait, but was defined to monitor beta oscillations as a putative biomarker of PD-related bradykinetic-rigid symptoms and its fluctuations over minutes. We still know little about the evolution and changes of this biomarker, and of brain activity in general, over time with chronic cDBS or aDBS (Neumann et al., 2017). However, the preliminary observation of a similar distribution of beta power over the 10 days in the two stimulation modes (Figure 2) allows us to speculate that the benefit obtained on gait does not result from a different modulation of subthalamic beta power. In the context of human gait, subthalamic beta power would primarily code general motor acts (Koeglsperger et al., 2021; Vissani et al., 2021; Louie et al., 2022; Thenaisie et al., 2022) as part of extended neural network dynamics, such as interhemispheric coupling (Arnulfo et al., 2018) and cortical-subthalamic reactivity (Pozzi et al., 2019), frequency modulation (Canessa et al., 2020), and involvement of multiple frequencies (Koeglsperger et al., 2021). In line, a nonfixed stimulation amplitude, as applied by our aDBS mode, would be less detrimental or promote subthalamic oscillatory activity (Figure 2), and thus long-range locomotor network processing and gait restoration.
Neural oscillations reflect fluctuations of local neuronal ensembles, and their synchronization provide a mean for dynamic brain coordination (Buzsáki and Wang, 2012). This would be especially evident when online modulation of gait is required (e.g., gait initiation and stepping), whereas it would be less prominent in upright posture maintenance.
There is consensus that DBS and levodopa reduce the power of beta oscillatory activity in parallel with clinical benefit (Mathiopoulou et al., 2024). Data supporting a cause-and-effect relationship are lacking, and it cannot be ruled out that increased beta oscillations reflect a compensatory phenomenon for functional subthalamic activity in a dopamine-depleted basal ganglia circuitry. We cannot also exclude a detrimental effect of such compensatory attempt culminating in bradykinetic-rigid signs. Anyhow, it is interesting to note that beta oscillations were not abolished entirely by either cDBS or aDBS (Figure 2). Algorithms for aDBS should therefore allow for a reduction of pathological (or maladaptive) beta activity but not disrupting or flattening the physiological subthalamic beta oscillations. A linear proportional algorithm could have this advantage over “threshold” algorithms (Wilkins et al., 2024), especially in the context of complex motor tasks such as human gait. To note is that the used algorithm for aDBS does not instantaneously change the stimulation amplitude in response to detected beta power, but with adjustments based on the average of the recorded signal (see Section 3). This might suggest that it is indeed nonfixed stimulation that results in less impaired gait in chronically stimulated parkinsonian patients. However, based on our data, we cannot exclude the possibility that other nonfixed stimulation paradigms, e.g., random intermittent DBS, may prevent the worsening of gait in patients with chronic DBS. This control condition where stimulation varies in random fashion could not be applied with the current device.
New devices will allow to target more specifically the multiple network activities during human gait and gait impairment in parkinsonian patients. The quality of the recordings will be of paramount importance (Thenaisie et al., 2021). In this work, the recordings were visually inspected for the presence of artifacts, but we cannot exclude residual contamination. However, we can assume that these artifacts were similarly present in both periods with cDBS+ and aDBS+ mode, having used the same neurostimulator and having the patient conducted a similar lifestyle and daily activities.
Future studies are warranted to investigate the relationship between subthalamic oscillations, motor and non-motor PD-related symptoms, and activities of daily living by combining DBS sensing devices with wearable sensors. This would be useful not only to verify the reliability and specificity of beta oscillations over time, but also to quantify the influence of motion artifacts on recorded LFP signals.
Although this is only one patient and therefore has anecdotal value, our work opens new therapeutic perspectives for improving gait in parkinsonian patients with DBS. Identifying gait-specific biomarkers (Canessa et al., 2020) and implementing them through rapid technological development (Vissani et al., 2020) will soon result in a redefinition of neuromodulation treatments for personalized therapy at the point-of-care.
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