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Debugging Adaptive Deep Brain Stimulation for Parkinson’s 
Disease
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1Department of Movement Disorders and Neuromodulation, University of California San 
Francisco, San Francisco, California, USA

2Medical Research Council Brain Network Dynamics Unit at the University of Oxford, Oxford, 
United Kingdom

Abstract

Deep brain stimulation (DBS) is a successful treatment for patients with Parkinson’s disease. In 

adaptive DBS, stimulation is titrated according to feedback about clinical state and underlying 

pathophysiology. This contrasts with conventional stimulation, which is fixed and continuous. In 

acute trials, adaptive stimulation matches the efficacy of conventional stimulation while delivering 

about half the electrical energy. The latter means potentially fewer side-effects. The next step is to 

determine the long-term efficacy, efficiency, and side-effect profile of adaptive stimulation, and 

chronic trials are currently being considered by the medical devices industry. However, there are 

several different approaches to adaptive DBS, and several possible limitations have been 

highlighted. Here we review the findings to date to ascertain how and who to stimulate in chronic 

trials designed to establish the long-term utility of adaptive DBS.

Adaptive deep brain stimulation (DBS) uses feedback indicative of the clinical state and 

underlying pathophysiology to adjust stimulation, save energy, and limit side-effects. With 

several medical device companies considering trials of chronic adaptive DBS for 

Parkinson’s disease (PD), it is time to take stock and consider the approaches most likely to 

be fruitful and the potential limitations that should be anticipated. Hitherto, most research 

has focused on the use of beta local field potential activity to provide feedback control of 

DBS of the subthalamic nucleus (STN), and several publications have contrasted acute 

adaptive DBS with either no stimulation or conventional fixed stimulation. Here we consider 
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the motivation behind these trials, what they have highlighted, and what remains to be 

understood.

Why Use Beta Activity for Feedback Control?

Multiple studies have demonstrated a correlation between the power of STN beta activity 

averaged over many seconds or minutes with bradykinesia-rigidity and between treatment-

induced reductions in mean beta activity and improvement in bradykinesia-rigidity across 

patients.1–11 These early studies raised the possibility of using beta as a potential feedback 

signal and provided evidence that this signal could be recorded over many years.11–13 They 

also served to highlight that correlations between beta activity and motor symptoms did not 

extend to parkinsonian rest tremor.

However, only a handful of these early studies provided evidence that fluctuations in beta 

power related to variation in the severity of bradykinesia-rigidity within patients, a requisite 

should this activity provide the basis for adaptive DBS.9,14 In retrospect, the sparseness of 

these accounts probably relates to the lack of awareness of the bursting nature of beta 

activity and hence the optimal time resolution for correlative studies within patients. The 

bursting nature of beta activity has only recently been highlighted in PD,15–18 and within-

subject correlations between bursts and motor state have been reported in the face of weaker 

or absent correlations with overall beta power.19–21

The aforementioned studies have concentrated on local field potential activity recorded in 

the STN, and it remains to be seen whether comparable correlations are to be found at other 

circuit levels, particularly the globus pallidus interna, which is also a common target for 

surgery in PD. In addition, it should be mentioned that there are a number of other local field 

potential activity features that have been linked to bradykinesiarigidity, most notably phase 

amplitude coupling between the cortex and the STN and within the STN.22–28 That said, it 

remains to be determined whether these other data features have more correlative value than 

beta in so far as they are themselves related to beta activity either partially, as a consequence 

of asymmetries in the beta waveform,29 or through their confinement to beta bursts.30 

Moreover, the use of phase amplitude coupling involving high-frequency cortical activity for 

feedback control necessitates extra instrumentation and involving the very low amplitude, 

high-frequency signals in the STN might require significant changes to the design of the 

amplifiers in implantable bidirectional devices to increase sensitivity. One possible 

workaround might be to focus on the shape of the beta waveform rather than the modulation 

of high-frequency activity, but this remains to be explored as a marker for adaptive DBS.

Clinical Results

Correlations between changes in beta activity, most notably in the form of bursts, and 

bradykinesia-rigidity within and between patients have helped motivate acute trials of 

adaptive DBS.15,31 Until recently these were confined to patients in whom leads connecting 

to DBS electrodes were externalized as part of a 2-stage surgical procedure in which DBS 

electrodes are implanted and connected to an internal pulse generator a few days later.32–38 

This experimental constraint is important as the range for possible improvement with DBS is 
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limited because of the postoperative stun effect, which can be appreciable.39 As such, the 

contrast with conventional DBS may be more informative than the percentage improvement 

relative to no stimulation in these studies. Recently, a study was performed using the leads 

temporarily externalized at battery change,40 and a further study was performed using a 

combination of the Activa PC + S and Nexus D3 from Medtronic, Inc. (Dublin, Ireland).41 

These 2 studies investigated chronically implanted patients who were unaffected by the stun 

effect. In most studies, the principal outcome measure has been the rating of performance on 

the motor United Parkinson’s Disease Rating Scale (UPDRS) by examiners who are blinded 

to the experimental conditions, an important step where novel treatment approaches are 

being tried. Figure 1 summarizes the results and suggests 2 immediate conclusions. First, the 

5 acute trials of adaptive DBS where comparison with conventional, continuous DBS is 

possible show superiority of adaptive DBS in the reversal of motor deficits. The range is 

large, and it is important to note that in all of these studies, conventional DBS was delivered 

in the same way as adaptive DBS. This means that stimulation was restricted to monopolar 

stimulation of 1 or the other of the middle 2 contacts of each DBS electrode. Hence, the 

delivery of conventional DBS may differ from the optimal contact selection in the chronic 

state that can use any of the 4 contacts and be bipolar if necessary. In reality therefore, 

optimal conventional stimulation might be slightly more effective than in these studies, and 

perhaps a more conservative conclusion is that the studies have hitherto shown that acute 

adaptive DBS is not inferior to conventional DBS in efficacy. The intermittent nature of 

stimulation during adaptive DBS was reported not to cause significant paraesthesia.

Second, in blinded assessments the median efficacy of stimulation assessed as percentage 

improvement over the unstimulated, off medication state is about 35%. This is within the 

range of improvement seen in other blinded assessments of the efficacy of chronic 

conventional DBS, which consistently report less change than unblinded assessments.
32,42–44

The aforementioned considered studies use essentially the same simple control algorithm 

that extracts the beta signal from the STN local field potential, rectifies this, smooths the 

resulting signal with a moving average of 400 to 500 milliseconds, and sets a threshold. The 

threshold is set such that whenever the processed signal exceeds this level, high-frequency 

stimulation is triggered, and whenever it falls below this level, stimulation is aborted. The 

threshold is set so that stimulation is delivered about half the time in the off drug state. 

Careful analyses of the treatment of beta during such adaptive DBS demonstrates that beta 

bursts with a minimum duration of about 500 milliseconds are relatively selectively targeted, 

which reinforces the recent hypothesis that these long bursts play a central role in disturbing 

motor function in PD.15,17 However, 2 other control algorithms have also been used in 

studies. The first used 2 thresholds, whereby beta falling below the lower threshold triggered 

an incremental decrease in stimulation voltage and beta increasing above an upper threshold 

triggered an incremental increase in stimulation voltage.41 The beta power was also 

computed over 800-millisecond blocks, and therefore the effective temporal resolution was 

relatively close to that used in the majority of studies where beta amplitude was smoothed 

with a moving average of 400 to 500 milliseconds. Another major advance in this study was 

the demonstration of efficacy through objective kinematic measures in chronically implanted 
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patients. Such quantitative and continuous measures may allow for more rapid prototyping 

and optimization of control algorithms in the future.

The second control algorithm to be used treats the beta signal in a fundamentally different 

manner.35,36 Instead of tracking bursts of beta activity, the beta signal is exponentially 

smoothed with a time constant of 50 seconds so that bursting is lost and the processed beta 

feedback signal instead tracks much slower dynamics in the original signal, particularly 

those related to medication. In addition, a proportional control policy was used whereby 

stimulation voltage linearly scaled with the feedback signal. With this slow beta adaptive 

DBS, the investigators were able to demonstrate that dyskinesias were reduced during 

adaptive DBS in the on drug state.35 In the off drug state, adaptive stimulation reduced the 

mean stimulation voltage by about 50%, but the improvement in UPDRS scores was 

relatively modest. Scores improved by 27% relative to OFF stimulation in unblinded 

assessments.36 This compares with, for example, a 66% improvement in UPDRS in an 

unblinded assessment made with a more dynamic control policy that aborted prolonged beta 

bursts.32 It is also possible that this slow algorithm will be too slow to improve mobility 

during night-time arousals from deep sleep, thereby compromising mobility in and out of 

bed.45 Nevertheless, the use of smoothing over a long time window makes this slow 

algorithm more resistant to artefacts, such as those related to rapid changes in stimulation. It 

should also be stressed that hitherto slow beta adaptive DBS (state change reactive) and 

dynamic beta adaptive DBS (burst reactive) have not as yet been contrasted head to head in 

the same trial.

In summary, the studies to date suggest approximately equivalent efficacy with respect to 

conventional, continuous stimulation, but these studies have been acute and involve only 

small numbers of patients. Efficacy has been achieved with around half the stimulation 

delivered in the off medication state. Savings are even greater in the on drug state34,36 and 

may remain appreciable even when allowing for the extra processing necessary to implement 

adaptive DBS.46 Nevertheless, it is doubtful that the conservation of battery life or of the 

prolongation of intervals between battery recharges is of itself a major benefit given 

advances in battery technology. Rather, the primary aim of adaptive DBS is to reduce the 

side-effects associated with conventional DBS given that the stimulation delivered is less 

overall. What is the evidence that a reduction in side effects might also be achieved? 

Stimulation-induced dysarthria has a prevalence of around 10%,47 and 2 studies have 

suggested that acute adaptive DBS may lead to significantly less reduction in speech 

intelligibility. 33,40 This is promising, but the results are preliminary, and again it should be 

borne in mind that the conventional DBS might not be fully optimized in these studies. 

Brittle dyskinesias are another potential side-effect of subthalamic stimulation and might be 

expected to be attenuated by adaptive DBS given that beta activity is suppressed on drug. 

Both the reduction in stimulation on drug and the parallel reduction in dyskinesias have been 

reported with beta-based adaptive DBS.34,35

Outside of the STN, cortical signals can also provide a gamma band feedback that may 

enable subthalamic stimulation to be reduced during dyskinesias, but this approach entails 

the additional implantation of an electrode strip over the motor cortex, and does not 

modulate stimulation outside of dyskinetic periods unless beta activity is also evaluated at 

Little and Brown Page 4

Mov Disord. Author manuscript; available in PMC 2020 April 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



the cortical level.48 Cortical signals are of interest as they are of larger amplitude than in the 

STN and allow a dissociation between sensing and stimulation, removing the constraint that 

STN stimulation can only be monopolar and at 1 or the other of the middle 2 contacts of the 

DBS electrode if standard 4-ring electrodes are used. However, this also means that a single 

implantable pulse generator can no longer control both sides (as the 2 channels of the 

implantable pulse generator have to accommodate the cortical strip and DBS electrode).

The effects of adaptive DBS on dyskinesias may also prove to indirectly impact on the 

motor efficacy of this approach. In conventional DBS, the amount of current that can be 

delivered may be limited by dyskinesias, particularly on medication. Consequently, this can 

result in patients being effectively understimulated when off medications (as the clinical 

stimulation amplitude is titrated against the on medication dyskinesia threshold). Adaptive 

DBS, either burst or slow tracking of beta, or tracking of cortical gamma, could potentially 

result in improved primary motor outcome in the off medication state through the facilitation 

of higher current delivery, specific to that medication state. To date, comparisons of adaptive 

and conventional DBS have had matched amplitudes potentially masking the potential for 

further motor improvement with adaptive control.

What About Tremor?

Earlier it was mentioned that although beta activity positively correlates with bradykinesia-

rigidity, it does not positively correlate with tremor. Indeed, several studies report a decrease 

in beta activity during parkinsonian tremor for reasons that are obscure.49–52 Accordingly, it 

might be supposed that adaptive DBS should fail to treat parkinsonian tremor. The surprise 

is that this is only true in a minority of cases. At present, the explanation for this remains 

unclear. One possibility is that hitherto studies have been biased in their recruitment toward 

the akinetic-rigid phenotype and that the stun effect has obscured the presence of tremor 

where it would otherwise have been seen. However, in 2 trials testing the performance of 

adaptive DBS in chronically implanted patients, less than 1 in 5 of the cases were reported to 

fail in the control of tremor, and this only rose to 1 in 4 cases when only those patients with 

a history of dominant tremor were considered.40,41

Another possibility is that intermittent stimulation is by itself sufficient to control tremor in 

the majority of patients (irrespective of stimulation locking to beta bursts), at least acutely. 

One study used kinematic measures of tremor instead of neural signals to provide feedback 

control of stimulation for parkinsonian tremor,53 but this approach is likely to remain 

problematic as stimulation can only be adjusted once tremor changes, and yet tremor 

responds only once stimulation has been started.

Concerns That Adaptive DBS May Interact with Movement

It has been suggested that dynamic beta control algorithms might fail during voluntary 

movements.54 This concern stems from the well-known suppression of the average level of 

beta activity during movement planning, execution, and repetitive tasks seen in the basal 

ganglia in untreated patients with PD, although to a lesser degree than in the treated state.
55–57 Given this, it is reasonable to suspect that adaptive DBS that preferentially responds to 
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beta bursts will fail to react during such periods. However, evidence is accruing that 

although beta bursts appear less frequently after cues instructing movement, they do still 

occur in some responses, and it is these responses that have slower peak velocities in PD 

patients.19,21 Equally important, beta bursts can reoccur during self-paced repetitive upper 

limb movements and during gait and do so in association with bradykinesia and gait 

freezing, respectively. 20,58 The peak velocities of voluntary movements in PD patients form 

a distribution that is shifted to the left but usually overlaps with that of movements executed 

by healthy subjects,59 and it may be that the subset of slower movements are those with 

concurrent beta bursts. If correct, then dynamic beta feedback control may serve to improve 

bradykinetic movements while sparing those that are made with normal speed. This outcome 

seems likely as kinematic assessments of repeated tapping and wrist movements do still 

improve during dynamic beta feedback control of DBS.40,41

Conversely, it has been suggested that beta feedback–driven adaptive DBS may compromise 

voluntary movement because it is triggered by the physiological subthalamic beta rebound 

that occurs around the time of termination of a movement.38 In line with this hypothesis, it 

has been reported that beta feedback–driven adaptive DBS compromises behavior during the 

return phase of reaching movements and delays movement termination.38,54 The beta 

rebound is also linked to trial-to-trial learning, and this might potentially be compromised by 

adaptive DBS, although this has not as yet been tested.60 Another instance in which relative 

increases in subthalamic beta activity may be physiological is when responses should be 

delayed in the face of conflicting evidence.37 Here too behavior is compromised by beta 

feedback–driven adaptive DBS. However, it is to be expected that these subtle motor 

disturbances will likewise be elicited by conventional continuous DBS, which also serves to 

suppress beta,2,61,62 and this does indeed also reduce the ability to withhold responses in the 

setting of conflicting evidence.31 These subclinical deficits may be the price one has to pay 

for the amelioration of symptomatic, pathological disturbances by both conventional and 

adaptive DBS in PD.

Implications for Future Trials

Adaptive DBS for PD has arguably reached a point where further major development may 

depend on the demonstration that efficacy can be maintained over time in chronically 

implanted patients. It makes sense for these trials to implant systems that are capable of both 

conventional and adaptive DBS, allowing both within-subject contrasts and rescue if 

adaptive DBS proves inferior. With this proviso, there seems no reason to exclude 

parkinsonian patients with prominent tremor from trials on the understanding that tremor 

may not be adequately controlled in about a quarter of tremor dominant patients. In these 

patients, it may be that limiting the range of stimulation intensities used in adaptive DBS, so 

that periods of no stimulation are avoided, or restricting the duration of periods without 

stimulation, may serve to control refractory tremor. In addition, acute trials have hitherto 

been constrained in contact selection to monopolar stimulation at the middle 2 contacts of 

each electrode. To address this limitation, the surgery for chronic trials should aim to have 

these 2 middle levels within the STN, or alternatively, implant electrodes with 8 instead of 4 

contact levels. Note that, at least in theory, there is no reason why adaptive DBS cannot be 

delivered through segmented electrodes.
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Critical in any trial design will be the incorporation of an initial phase allowing for the 

relative optimization of control parameters in each patient. Key among these will be the 

thresholds, or gains, linking feedback to stimulation, and the operating limits before failing 

or unsafe adaptive stimulation is rescued with conventional stimulation. The decision as to 

whether to pursue slow beta adaptive DBS (state change reactive) or dynamic beta control 

algorithms (burst reactive) in clinical trials will be determined by both theoretical and 

practical considerations. Burst-reactive adaptive DBS is potentially modestly more complex 

to implement, requiring sufficient suppression of artefacts related to the termination of 

stimulus trains and ramping to avoid paraesthesias. However, if recent evidence that 

prolonged beta bursts are pathological is true, burst-reactive adaptive DBS may well be more 

efficacious as it gets closer to the underlying disease mechanism. Slow beta-adaptive DBS, 

which treats beta more as a biomarker of medication state, is likely to be slightly simpler to 

implement, but at the risk of potentially having less overall benefit relative to more dynamic 

beta control algorithms. As such, and given the greater experience with the latter, dynamic 

beta control algorithms using a single or dual threshold seem a good starting point for 

chronic trials.

Once chronic trials have provided the motivation for further development and a cohort of 

patients is available for additional chronic assessments, we can then further improve 

adaptive DBS, finessing the processing of feedback signals and optimising control policies, 

cognizant of power demands. Indeed, the literature is already replete with suggestions for 

different biomarkers and their combinations, different algorithms, multiple control loops, 

and different surgical targets for adaptive DBS. Best to walk before we can run, though, and 

first prove that simple adaptive DBS of the STN retains its efficacy, efficiency, and beneficial 

side-effect profile over time.
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Fig. 1. 
The percentages of improvements in UPDRS motor scores during adaptive DBS in 

comparison with no stimulation (A) or conventional, continuous stimulation (B), and in 

kinematic measures in comparison to no stimulation (C). All are recorded in the off 
medication state, use variations of the control policy responding to fast beta dynamics, and 

are objective assessments (A–C). (D) Percentage improvement in unblinded UPDRS scores 

with the control policy responding to slow beta dynamics recorded in the off medication 

state. cDBS, conventional continuous deep brain stimulation; DBS, deep brain stimulation; 

meds, medications; UPDRS, United Parkinson’s Disease Rating Scale. [Color figure can be 

viewed at wileyonlinelibrary.com]

Little and Brown Page 11

Mov Disord. Author manuscript; available in PMC 2020 April 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://onlinelibrary.wiley.com/

	Abstract
	Why Use Beta Activity for Feedback Control?
	Clinical Results
	What About Tremor?
	Concerns That Adaptive DBS May Interact with Movement
	Implications for Future Trials
	References
	Fig. 1



