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A B S T R A C T   

Current efforts to optimise subthalamic deep brain stimulation in Parkinson's disease patients aim to harness 
local oscillatory activity in the beta frequency range (13–35 Hz) as a feedback-signal for demand-based adaptive 
stimulation paradigms. A high prevalence of beta peak activity is prerequisite for this approach to become 
routine clinical practice. In a large dataset of postoperative rest recordings from 106 patients we quantified 
occurrence and identified determinants of spectral peaks in the alpha, low and high beta bands. At least one peak 
in beta band occurred in 92% of patients and 84% of hemispheres off medication, irrespective of demographic 
parameters, clinical subtype or motor symptom severity. Distance to previously described clinical sweet spot was 
significantly related both to beta peak occurrence and to spectral power (rho − 0.21, p 0.006), particularly in the 
high beta band. Electrophysiological landscapes of our cohort's dataset in normalised space showed divergent 
heatmaps for alpha and beta but found similar regions for low and high beta frequency bands. We discuss po
tential ramifications for clinicians' programming decisions. In summary, this report provides robust evidence that 
spectral peaks in beta frequency range can be detected in the vast majority of Parkinsonian subthalamic nuclei, 
increasing confidence in the broad applicability of beta-guided deep brain stimulation.   

1. Introduction 

Deep brain stimulation (DBS) as an established treatment for Par
kinson's disease (PD) continues to evolve with major advancements on 
the verge of routine clinical application. First and foremost, adaptive 
deep brain stimulation (aDBS) has proven effective in numerous PD 
cohorts when compared to standard treatment i.e. continuous DBS, 
lowering total energy delivered to the tissue (TEED) and DBS-associated 
side effects (Arlotti et al., 2018; Little et al., 2013; Prenassi et al., 2021; 
Rosa et al., 2017). Though various biomarkers, methods of sensing and 
stimulating in movement disorders and beyond continue to evolve 
rapidly (reviewed in Guidetti et al., 2021; Hoang et al., 2017; Krauss 
et al., 2021), the most studied biomarker so far is activity in the beta 
frequency band (13–35 Hz) recorded from the subthalamic nucleus in 

PD patients. Current efforts employ novel devices which record and 
stimulate simultaneously, tracking local STN beta activity as a real-time 
marker of symptom severity to adaptively regulate electrical stimulation 
in a closed loop (Bronte-Stewart et al., 2020). Several past and ongoing 
studies and clinical trials are now applying aDBS both inside (Piña- 
Fuentes et al., 2020; Velisar et al., 2019) and outside (Gilron et al., 2021; 
Kühn et al., 2020; Marceglia et al., 2022; Nakajima et al., 2021) labo
ratory settings, hoping to optimise adaptive algorithms for patients 
going about their everyday lives. 

To provide some background, beta activity within the basal ganglia 
network is found both in the physiological state as well as the diseased, 
with beta synchrony suppressed during movement (Cassidy et al., 2002; 
Deffains et al., 2018; Kühn et al., 2004). A large body of evidence con
verges on pathological beta enhancement within STN and across the 
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cortico-basal ganglia network as a marker for the Parkinsonian (dopa
mine-depleted) motor state (Brown, 2003; Neumann et al., 2016; Priori 
et al., 2004; Sharott et al., 2014). More recent work suggests that the 
pathological nature is characterised by extended durations of beta bursts 
(Deffains et al., 2018; Lofredi et al., 2019; Tinkhauser et al., 2017). With 
effective therapeutics, neuromodulation or medication, symptoms and 
beta activity are suppressed (Anderson et al., 2020; Kühn et al., 2009; 
Kühn et al., 2008; Kühn et al., 2006; Weinberger et al., 2006; Whitmer 
et al., 2012), whereby symptom improvement is primarily linked to 
suppression of activity in the lower beta frequency range from ~13–20 
Hz (Brown et al., 2001; Oswal et al., 2016; Priori et al., 2004). 

Parkinsonian phenomenology varies greatly, even among patients 
selected for DBS. Elevated beta activity correlates with bradykinesia and 
rigidity (Kühn et al., 2009; Neumann and Kühn, 2017), potentially un
suitable or differentially modulated (Godinho et al., 2021) in the tremor- 
dominant subtype. Widespread use of aDBS based on beta peak activity 
requires a degree of certainty regarding the reliability of this marker in a 
phenomenological variety of PD patients. Additionally, experience with 
intraoperative, postoperative and now chronically available electro
physiological data has shown that these spectra are far from homoge
nous. Apart from individual peak frequencies and spectral power, some 
individuals afford multiple beta peaks, either at different contacts or 
even within single channels. Leading devices currently under investi
gation in major international clinical trials require preselection of 
patient-specific beta peak frequencies in each individual's power spec
trum (Arlotti et al., 2016; Jimenez-Shahed, 2021). 

This retrospective study examined postoperatively recorded local 
field potentials (LFP) of 106 Parkinsonian patients. This was an 
extended analysis on a previously published cohort (see methods) aim
ing to assess electrophysiological activity in relation to diverse patient 
characteristics and particularly the impact of contact localization, i.e. 
recording site. Our goal was to establish whether this marker was reli
able in a large cohort of PD patients. We further compared spatial extent 
of peak power distribution in our frequency bands of interest in nor
malised space. 

2. Materials and methods 

2.1. Patients and surgery 

We reviewed archival data from 106 patients with Parkinson's dis
ease (mean age 63 ± 9 years, range 40–85, 42 females) who underwent 
bilateral implantation of DBS electrodes into STN between 2008 and 
2018. The only inclusion criterion was availability of LFP recordings ON 
and OFF medication at rest in our database. Before recordings, all pa
tients gave written informed consent approved by the local ethics 
committee, in accordance with the standards of the Declaration of 
Helsinki. This cohort was previously published for large-scale investi
gation of beta burst activity and motor impairment in Lofredi et al. 
(2022). Information on data acquisition and extended clinical details 
can be found in this article. In short, subtypes were slightly skewed to
wards the akinetic-rigid type (47%), with 20% classified as tremor- 
dominant and 33% equivalent. Motor impairment differed signifi
cantly OFF and ON medication, with average UPDRS-III OFF scores of 
32.7 ± 12.7 points, and ON scores of 18.3 ± 9.3 points (p = .002). 

2.2. Recordings and signal processing 

Bipolar LFP recordings at rest were performed postoperatively, 
usually within a week of electrode implantation. Macroelectrodes used 
for bipolar recordings were Medtronic 3389 (n = 80, 3 bipolar channels 
per electrode), Boston Vercise™ cylindrical (n = 11; 8 cylindric contacts, 
7 bipolar channels per electrode) and Vercise Cartesia™ directional 
leads (n = 15; 8 contacts). Directional electrodes were usually refer
enced to their lowermost contact, summed and re-referenced offline, 
thus approximating 2 bipolar channels between adjacent circular 

contacts, but omitting the lowermost channel. Recordings were per
formed OFF (at least 12 h since last dose of Levodopa) and ON dopa
minergic medication. In two patients, data was available in only one 
hemisphere. Details on recording setup and preprocessing can be found 
in in Lofredi et al. (2022). Briefly, segments free of recording artefacts 
were identified and low- (98 Hz), high-pass (5 Hz) and notch-filtered 
(48–52 Hz) and transferred into frequency domain with Morlet wave
lets (10 cycles) with a temporal resolution of 200 Hz. LFP recordings 
were analysed using custom code (MATLAB. (2021). Version 
9.10.0.1684407 (R2021a). Natick, Massachussets: The MathWorks Inc.) 
via SPM (http://www.fil.ion.ucl.ac.uk/spm/) and Fieldtrip (Oostenveld 
et al., 2011). 

As in previous studies (Neumann et al., 2016), resulting power 
spectra were divided by their total sum across 1-100 Hz. Values thus 
represent relative power values, which are more comparable between 
patients. We analysed 658 STN-LFP-channels from 106 patients with 
Parkinson's disease OFF and 651 ON medication. Highest peaks in alpha 
(8–12 Hz), low (LBeta, 13–20 Hz) and high beta (Hbeta, 21–35 Hz) 
frequencies were selected automatically via thresholds and minimum 
prominence. Peaks were then visually inspected, adjusted via parameter 
changes or manually selected if necessary (29/658 channels in OFF and 
29/651 in ON recordings). Methodological details are provided in the 
supplemental material and power spectra with marked peaks are 
available for download. Both peak occurrence, power and total power of 
the peak's frequency band were further analysed (see statistics) in 
relation to available patient characteristics including age, gender, dis
ease duration, device (macroelectrode), clinical subtype and clinical 
score (UPDRS part III). 

2.3. Spatial localisation of electrophysiological recording sites 

Five patients were excluded from this analysis due to incomplete 
imaging data. In the remaining 101 patients we combined pre-operative 
MR-imaging and postoperative imaging data (CT- or MR-imaging) to 
perform electrode localisation using Lead-DBS software (Horn et al., 
2019; https://www.lead-dbs.org). In short, preoperative and post
operative images were coregistered and warped into normalised space 
(Montreal Neurological Institute (MNI), version ICBM152 NLIN asym
metric 2009b). Electrode trajectories were automatically pre-localised 
from imaging artefact and manually refined when necessary. We map
ped LFP recording sites to the midpoint of bipolar recording coordinates 
in analogy to Horn et al. (2017). Additionally, we calculated Euclidian 
distance (in millimetres) from the centre of recording sites to a previ
ously defined sweet spot for clinical efficacy in STN-DBS for PD patients 
(Dembek et al., 2019). For visualisation and further analyses, recording 
sites were constrained to within 1.5 mm distance from STN. We chose 
not to fully limit analysis to within anatomical borders of the nucleus to 
retain a larger sample and since prior studies (Horn et al., 2017; Kühn 
et al., 2005) have shown beta extending from the dorsolateral border. 
Using a scattered interpolant to estimate power values in between data 
points, heatmaps for each frequency band were smoothed with full- 
width-half-maximum Gaussian kernel of 0.7 mm and visualised in 
MNI space with subcortical parcellations integrated in Lead-DBS 
(DISTAL atlas; Ewert et al., 2018) in front of a high-resolution post- 
mortem MRI backdrop (Edlow et al., 2019). To enhance the number of 
data points and for visualisation purposes, coordinates from left hemi
sphere were flipped non-linearly to the right. 

2.4. Statistics 

Comparative analyses between the group of patients with peaks and 
those without were performed via two-sample t-tests or chi-squared tests 
where applicable. In the case of clinical subtype's effect on spectral 
power, we performed one-way analysis of variance on mean power 
across hemispheres. Spearman correlations were used for analyses on 
beta power and distance to sweet spot, since data was not normally 
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distributed. We reported results after running randomised permutation 
tests with 1000 iterations with an alpha level of 0.05. Additionally, to 
include all data points (430 peaks/658 channels) we calculated a linear 
mixed effects model (LME) on log beta power (which achieved 
approximate normal distribution of power values) with distance to 
sweet spot as the fixed effect of interest and sampling site (i.e. hemi
sphere of each patient) as a random effect. 

2.5. Data availability 

Both LFP data and electrode localizations will be made available in 
pseudonymised fashion on a publicly accessible platform in due course 
after final publication of Lofredi et al. (2022). To safeguard patient 
privacy, we cannot provide original MRI and CT scans. Further infor
mation can be made available on request. All Matlab code included in 
Lead-DBS processing steps can be accessed at https://github.com/netsti 
m/leaddbs. 

3. Results 

3.1. Prevalence and predictors of peaks 

Analysis in the frequency domain revealed that 92% or 98 of 106 
patients off medication showed at least one peak in the beta frequency 
band in at least one hemisphere, with 75% or 77 patients displaying 
peaks in both hemispheres. Overall, we found peaks in 84% or 177 of 
210 hemispheres. Of the 8 patients without any beta peak, a further 5 
showed peaks in the alpha band (8–12 Hz, sometimes termed “sub- 
beta”). Co-occurrence was common, with 73 out of 98 patients with beta 
peaks showing alpha peaks, too. Peaks in both LBeta and Hbeta sub
bands were observed in 64% patients, 35% of all hemispheres and 12% 
of channels. An overview of peak distribution across hemispheres is 
provided in Fig. 1A. 

In comparison to peak distribution OFF medication, the proportion 
of patients with peaks ON medication in LBeta band dropped markedly 
(75% to 50%), while HBeta peaks decreased slightly (76% to 72%). In 
hemispheres, the proportion of STNs with peaks in both beta bands was 
almost halved (37% OFF to 21% ON), while STNs presenting only HBeta 
peaks rose starkly (26% OFF to 42% ON). Peaks in Lbeta band were also 
reduced slightly (20% OFF to 16% ON), matched by an increase in STNs 
lacking any peak in the beta band (17% to 21%; for details, see sup
plemental fig. S4). Notably, alpha peak proportion in patients also 
diminished from 74% to 50%. 

Using an alternative normalisation reference of 55–95 Hz rather than 
1–100 Hz aiming to reduce the relative suppression effects from high- 
amplitude low-frequency activity within the reference band, peak 

proportions remained at similar levels, though a slight increase in Hbeta 
peaks, particularly ON medication, could be detected (see supplemental 
material incl. Fig. S1). 

3.2. Frequency and power spectra 

Exploring data distribution, we noticed a bimodal shape in the 
number of peaks recorded per frequency bin in the LBeta and HBeta 
bands as shown in the histogram (left y-axis) of Fig. 1B. Mean peak 
frequencies in the LBeta and HBeta beta bands were 16 Hz (± 2.2) and 
26 Hz (± 2.7), alpha peaks centering around 9 Hz (± 1.3). Relative peak 
beta power plotted in the same figure (scattered dots, right y-axis) 
showed an exponential distribution, with higher power values at lower 
frequencies. The distribution was skewed (2.23). 

As reported in in Lofredi et al. (2022), average power spectra across 
all patients revealed elevated power in the medication OFF versus ON 
state in both alpha and LBeta bands (Fig. 1C), significant (p < .001) in 
frequency bins from 10 to 19 Hz. Similar patterns were observed when 
plotting peak power around central peak frequency in each frequency 
band of interest (Fig. 1D). 

Suppression of (higher-frequency) alpha peaks under medication has 
been observed in studies before (Neumann and Kühn, 2017). A sub
analysis on alpha peaks and their behaviour, particularly in the absence 
of a low beta peak, was included in the supplement (see also S2). Results 
indicated that suppression at alpha frequencies of 10–12 Hz was stron
ger in the group presenting only alpha but not low beta peaks. 

Peak beta power averaged across hemispheres correlated signifi
cantly with clinical motor score (UPDRS III; rho 0.183, p 0.037), sub- 
analyses showing this was only true for LBeta peak power. Analysis of 
variance did not find a significant effect of gender (F 1.16, p 0.283), 
disease duration (F 1.04, p 0.437) or clinical subtype (F 1.03, p 0.362) on 
hemispheric average of beta power. 

3.3. Patients without peaks 

We compared patients with at least one beta peak (98) to those 
without (8), noting the asymmetry of groups. Gender proportions were 
skewed but not significant, with 1 out of 42 females but 7 out of 64 males 
lacking beta peaks (p = .103). All 21 tremor-dominant patients showed 
at least one peak, while 12% of equivalent and 8% of akinetic-rigid 
patients did not. We found no statistical differences between groups 
with regards to subtype, age, UPDRS-III score and disease duration. Only 
device type was a significant factor (p = .009). Peaks were detected in 
73% of patients with Boston Scientific's directional leads compared with 
95% of patients with the Medtronic and all patients with Boston Sci
entific's octopolar device. 

Fig. 1. A) Sunburst plot visualising the proportion of patient hemispheres (N = 210) with beta peaks, the latter divided into proportions of hemispheres with only 
LBeta, only HBeta or both within one hemisphere. Among patients without beta peaks, we also display those with alpha peaks. B) Histogram showing distribution of 
peak frequencies (left-y-axis) and scattered power values at each frequency (right y-axis). C) Mean power spectral density (± SEM) across hemispheres in medication 
OFF (N = 210) and ON (N = 208) states in alpha and beta frequency ranges. Mean power clearly diverges across the alpha and low beta bands. D) Mean peak power 
(± SEM) at central peak frequency across hemispheres are shown in colour. To demonstrate shapes of individual power spectra, all spectra are plotted in the 
background in dark (OFF Levodopa) and light grey (ON Levodopa). 
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Four of the eight patients were among the 15 patients with direc
tional leads, where re-referencing often resulted in loss of the lowermost 
channel and increased movement artefact contamination further 
contributed to signal losses. Selective comparisons among patients with 
directional leads did not show striking differences between those with 
and those without peaks. The group with peaks averaged 1.68, those 
without 1.75 channels per hemisphere, compared to 2.92 channels in 
patients with Medtronic and 6.36 channels in patients with Boston cy
lindrical devices. Closest channel recording sites were about a milli
meter further from the sweet spot in the directional group without peaks 
(3.37 ± 1.22 mm versus 2.38 ± 1.06 mm, averaged across hemispheres, 
n.s.). 

In the other four patients without peaks, we noted a significant stun 
effect in two, with UPDRS OFF score at recording time significantly 
reduced compared to preoperative score (11 versus 19 and 10 versus 64 
points), while a third patient was one of the few patients missing intra- 
LFP clinical scores, such that only preoperative score (31 points) was 
available and stun effect was unclear. 

3.4. Spectral power in relation to sweet spot 

On average, channels with beta peaks were 1.03 mm closer to the 
anatomical sweet spot compared to channels without beta peak (p <
.001). Highest peak beta power per hemisphere showed a significant 
negative correlation with the distance to anatomical sweet spot (rho 
− 0.21, p 0.006; see Fig. 2a). When split into beta subbands, HBeta but 
not LBeta peaks and band power negatively correlated with distance to 
sweet spot, both ON and OFF medication (see Fig. 2b for plots and 
correlation results). These results were stable after running permutation 
tests. Further substantiation of beta power relating to the distance from 
sweet spot was obtained via LME on log beta power and distance to 
sweet spot with patient identity and nested hemisphere as random in
tercepts. Fixed effects estimate was − 0.154 (95% CI -0.197, − 0.111, p- 
value 6.785 × 1012). This demonstrated a highly significant relationship 
between power and distance to sweet spot. Random effects standard 
deviation confirmed intercept variation between patients' hemispheres 
(ID estimate 0.668, 95% CI 0.547, 0.817; ID:hemisphere estimate 0.380, 
95% CI 0.282, 0.514). Plots of fitted versus response values and residuals 
are provided in the supplement (S3). 

Of note, alpha peak power was not correlated with distance to 
anatomical sweet spot (rho 0.04, p 0.697). 

3.5. Heat maps of power distribution in STN 

With this large cohort of patients (N = 106), hemispheres (NOFF =

210 OFF, NON = 208) and channels (NOFF = 658 OFF, NON = 651), we 

had the opportunity to establish the most detailed map of the electro
physiological landscape of STN to date (Horn et al., 2017). We noted the 
abovementioned skewed power values and the results from the LME, 
where power was modulated by individual patients' hemispheres and 
therefore displayed data of each maximal peak per hemisphere, rather 
than all channels. Peak and maximal peak coordinates per hemisphere 
are plotted in Fig. 3a, with combined, thresholded volumetric maps of 
alpha and beta power, as well as LBeta and HBeta below (3b). Heat maps 
of all frequency bands of interest are shown separately in Fig. 3c. All beta 
bands (LBeta, HBeta, combined) showed very similar center of gravity 
(COG), whereas alpha band's COG was shifted dorso-antero-medially. In 
both beta bands, these data appeared to show two local maxima close to 
the dorsal edge, one located more rostrally and one more caudally. 

4. Discussion 

In postoperative rest recordings of subthalamic local field potentials 
we found spectral peaks in the beta frequency range in 92% of a large 
cohort of 106 unmedicated PD patients, irrespective of clinical subtype, 
patient demographics and disease severity. These results support beta 
peak activity as a broadly applicable feedback signal for aDBS. Secondly, 
we showed that peak occurrence and power (in HBeta band) were 
related to the distance to a target for best clinical effect or “sweet spot” 
for STN-DBS (Dembek et al., 2019), supporting the use of beta peak 
power for optimal contact selection. Heat maps of peak power within 
frequency bands confirmed dorso-ventral dissocation of beta and alpha 
bands, but showed similar distribution of LBeta and HBeta, thus sup
porting peak activity in both subbands as good indicators of clinically 
desirable, dorsolateral location within STN. 

4.1. Prevalence and determinants of beta peaks 

In order to implement aDBS in clinical routine, estimating the pro
portion of patients that show consistent beta peaks in postoperative 
subthalamic recordings is crucial. In our cohort, peaks were detected in 
92% of PD patients and 84% of hemispheres. There was no statistical 
relationship between peak occurrence and patient age, gender, disease 
duration, subtype and clinical score, though due to the small number (N 
= 8) of patients without peaks, these results were somewhat limited. 
Issues such as incomplete OFF state and missing channels might have 
contributed to lack of peaks in several of these patients. 

The directional device was significantly overrepresented in the pa
tients without peaks, though this was most likely due to recording and 
referencing methodology, resulting in fewer channels per hemisphere. 
Our laboratory notes experience with lower signal-to-noise ratio of re
cordings from these macroelectrodes, related to wiring configuration 

Fig. 2. A) Scattered peak power values from channels with highest peak per hemisphere in the medication OFF state correlated with their distance to clinical sweet 
spot (see methods). Colours denote clinical subtypes, showing a wide variety of power values in all three subtypes. B) Data from A is split into LBeta and HBeta beta 
peaks and band power in the left panel. In the right panel, analogous correlations were performed for the LFP data recorded when patients were ON medication. 
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and proneness to movement artefacts. The sample size of patients with 
these leads (15 out of 106) was quite small. Future studies including 
larger samples and multiple manufacturers of increasingly adopted 
directional devices will hopefully elucidate the matter further. 

Though previous reports did not find tremor scores correlated with 
beta activity (Neumann and Kühn, 2017; Zaidel et al., 2010), all 21 
tremor-dominant patients in this cohort showed at least one reliable 
peak in the beta range. This held true in most hemispheres, too (88.1%). 
With a mean clinical score of UPDRS 31.4 points, we presume that these 
patients also exhibited some akinetic-rigid symptoms, which have been 
shown (von Coelln et al., 2021) to develop in patients with longer dis
ease durations (mean: 9.6 years). Future studies may do well to include 
clinical subscores or more detailed clinical phenomenology into their 
analyses. 

Our study further revealed a reduction in the proportion of patients 
with peaks ON medication, decreasing by roughly a third in the LBeta 
and alpha bands, but only marginally in HBeta band. 

As discussed in the limitations below, the postoperative stun effect in 
this cohort may have reduced proportion and particularly power of beta 
peak activity. Therefore, beta band activity may increase with time 
when the stun effect wears off. There are limited data available on long 
term recordings using chronic sensing devices (Anderson et al., 2021; 
Chen et al., 2020) or LFP recorded during exchange of the pulse 
generator (Abosch et al., 2012; Giannicola et al., 2012). These studies 
have mostly shown stability of the beta band activity over time, 

including the postoperative time point (Neumann et al., 2017), and 
robust response to high-frequency stimulation (Giannicola et al., 2012). 
Accessible chronic recordings via novel devices have recently been 
adopted by researchers successfully (Arlotti et al., 2021; Feldmann et al., 
2022; van Rheede et al., 2022; Thenaisie et al., 2021) such that we can 
expect far more data on this matter in the near future. 

4.2. Spectral power in patients, frequency bands and dopaminergic states 

Peak power values varied considerably between patients and hemi
spheres, as well as between individual frequencies and frequency bands 
(see Figs. 1c, 2a). The number of peaks per frequency bin in this cohort 
indicated a bimodal distribution within the beta band, splitting it into 
LBeta and HBeta “subbands”. This coincides with an ongoing debate on 
the nature of these subbands, which present variation in clinical phe
nomenology (Neuville et al., 2021; Singh et al., 2013) and therapeutic 
modulation: as in this study, differences have been shown regarding 
effects from medication (Neumann et al., 2016; Priori et al., 2004) and 
also by neuromodulation (Blumenfeld et al., 2017; Chen et al., 2020), 
both within STN and in the wider cortico-basal ganglia network (Brittain 
and Brown, 2014) e.g. in long-range phase-amplitude coupling (van 
Wijk et al., 2016). 

In line with previous studies (Brown et al., 2001; Oswal et al., 2016; 
Priori et al., 2004), activity in LBeta (and alpha) band correlated with 
clinical score in this cohort (Lofredi et al., 2022). This would suggest 

Fig. 3. Power distribution of frequency bands in anatomical space. A) Peak coordinates scattered in MNI space colour-coded by frequency band, view from ante
rolateral right. Upper right: transparent brain showing perspective. Upper left: all beta (N = 407) and alpha peaks (N = 199), lower right only maximal peaks per 
hemisphere (151 beta and 102 alpha peaks). B) Volumetric map of power distribution to visualise proximity and overlap of different frequency bands. The sweet spot 
for clinical effect used for correlation analyses is plotted as a white 1 mm sphere (x 12.50 y − 12.72 z − 5.38). C) Heat maps in 3D slices for each frequency band with 
colormap and thresholds. Lighter colours indicating higher power values. All plots are set to the center of gravity (COG) of the beta band for comparability (see 
crosshairs). The number of data points for each heatmap is noted. 
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favouring LBeta, reflective of symptom severity, as the more useful 
feedback signal to guide adaptive algorithms. However, the use of MDS- 
UPDRS score for symptom severity may omit specific symptoms which 
relate to other biomarkers (Godinho et al., 2021; Khawaldeh et al., 2021; 
Toledo et al., 2014). Nevertheless, HBeta's relative robustness with re
gard to medication and the stun effect (see fig. 4a in Rosa et al., 2010, 
noting differences in band definitions) might be advantageous for 
guiding parameter and contact selection in routine clinical settings. 

4.3. Spatial power distribution in relation to clinical target and within 
STN 

Our results demonstrated a negative correlation between the dis
tance from recording site to clinical target and beta peak power. This is 
in line with a study on intraoperative microelectrode trajectory re
cordings, that found clinically active macroelectrodes to coincide with 
the centre of dorsolateral oscillatory region within STN (Zaidel et al., 
2010). Split into subbands, only HBeta power was significantly corre
lated with distance to anatomical sweet spot for clinical effect. On 
medication the HBeta correlation prevailed, in line with the subbands 
relative resilience under the influence of Levodopa. Importantly, this 
implicates HBeta as a potential biomarker both for contact selection as 
well as in aDBS paradigms in clinical routine when treating medicated 
patients. Whether DBS itself selectively decreases either of the beta 
subbands cannot be determined from these data. Regarding long-term 
DBS effects, one study showed consistent suppression of both sub
bands over 6 months and interestingly suggested early (1-month-postop) 
symptom-relevant frequency suppression in HBeta band, which shifted 
into LBeta band at 3 and 6 months postop (Chen et al., 2020). 

We stratified peak power distribution in frequency bands of interest 
within and around 210 STNs. Heat maps of power in the frequency 
bands of interest replicated dorsolateral distribution of beta power, as 
previously shown in microelectrode recordings (Kühn et al., 2005; 
Trottenberg et al., 2007) as well as the more anteromedial concentration 
of alpha power (Horn et al., 2017). Notably, heatmaps in the two beta 
subbands were highly similar with adjacent centers of gravity (see 
Figs. 3b,c). 

In summary, these results support the use of HBeta as an electro
physiological signature for the dorsolateral STN, both for intraoperative 
target selection as well as for contact programming, both post
operatively as well as under the influence of medication. LBeta, a su
perior marker of symptom severity, showed highly similar anatomical 
distribution to HBeta, implying that stimulation at sites of peak HBeta 
oscillatory activity will likely overlap with LBeta regions. 

4.4. Limitations 

We believe that a central limitation of this study, the postoperative 
stun effect at implantation site, might play a role in the discrepant 
correlation results between beta subbands. The swelling of newly 
damaged tissue (microlesion effect) is known to alleviate motor symp
toms both intraoperatively and for several days after implantation 
without active DBS (Chen et al., 2006; Singh et al., 2012). This might 
have decreased particularly LBeta power around the implanted region in 
some patients, leading to less reliable information in this subband, 
though one study showed LBeta power returning to baseline 48 h after 
implantation (Rosa et al., 2010). Secondly, recordings were performed 
in a bipolar fashion with a distance of 2 mm between the centres of 
neighbouring contacts. To measure differences in electrical potential, 
one of the contacts must be outside the “oscillator”. If both poles are 
within a site of synchronised activity, the potential difference will be 
zero. In a study that measured the length of dorsolateral oscillatory re
gion of STN, most extended beyond 2 mm (see Fig. 2 in Zaidel et al., 
2010). This too might account for the seemingly reduced power 
amplitude in the centre of the beta heatmaps giving the impression of 
two local maxima. Different methods of recording electrophysiological 

activity e.g. monopolar recordings or use of phase reversal (Rodriguez- 
Oroz et al., 2011) can contribute to this matter in future studies, though 
they bear their own limitations. Finally, this study analysed rest re
cordings under laboratory conditions that revealed beta activity as a 
consistent biomarker in the vast majority of patients off medication. In 
order to use beta activity as a feedback marker for aDBS, effects of 
medication, movement as well as other potential artefacts induced by 
activities of daily living need to be considered. 

Further, we note the method of power normalisation in this study, 
reporting percentage of total sum of power across a wide frequency 
range. Even so, comparability of this relative power between subjects 
remains limited, since variation in other frequency bands, particularly 
low frequencies with high power values following 1/fN distribution 
(Bédard and Destexhe, 2009) change amplitudes in the frequency band 
of interest. Controlling for low frequency modulation by normalisation 
to a narrower, high frequency band (55–95 Hz), in a supplemental ex
amination, we did indeed observe a slight increase in Hbeta peaks. 
Though these methods limit power-related within- and between-subject 
results, they should have fewer implications for most current clinical 
applications, since these typically employ individualised approaches 
with patient-specific power thresholds in a narrow frequency band. 

On a general note, the field of invasive subcortical recordings 
commonly relies on historical EEG terminology when describing spec
tral activity, which can be very helpful for backwards comparability, 
especially in the context of brain networks encompassing cortical re
gions but is neither universally defined nor based on solid physiological 
foundations. Indeed, both ours and past studies (Neumann and Kühn, 
2017) have shown peaks in higher-frequency alpha band that mimic low 
beta peaks in their behaviour under medication (and stimulation). 
Future studies may do well to consider more flexible approaches. 

5. Conclusion 

Overall, we found spectral peaks in the beta band in subthalamic LFP 
recordings to be highly prevalent in the largest cohort of PD patients to 
date. It was a reliably detectable biomarker in a PD cohort representing a 
broad clinical spectrum, allowing widespread recommendation of beta- 
guided parameter selection and adaptive DBS algorithms. With regards 
to beta subbands, we conclude that even in immediately postoperative 
patients, peak power in high beta band is both a good marker of location 
(with similar anatomical distribution to LBeta within STN) and more 
reliable in medicated patients. We therefore propose that at early stages 
of programming as well as in effectively medicated patients, contacts 
with peaks in this frequency band can be chosen to steer programming 
settings e.g. contact configuration. Peak frequencies in LBeta band, 
which more accurately represent symptom severity, can be incorporated 
at later stages, particularly in demand-related peak-guided aDBS 
algorithms. 

Financial disclosure 

ND, RL, BA, CB and JH report no conflicts of interest. PK reports 
personal fees from Medtronic and Stadapharm, outside the submitted 
work. GHS reports personal fees from Medtronic, Boston Scientific and 
Abbott, outside the submitted work. AK reports personal fees from 
Medtronic, Boston Scientific, Abbott, Ipsen Pharma and Teva outside the 
submitted work. 

Funding sources 

Dr. Darcy and Dr. Lofredi are partly funded by the (Junior) Clinician 
Scientist Program funded by the Charité – Universitätsmedizin Berlin 
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