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a b s t r a c t 

The subthalamic nucleus (STN) is a primary target for deep brain stimulation in Parkinson’s disease (PD). Al- 
though small in size, the STN is commonly partitioned into sensorimotor, cognitive/associative, and limbic sub- 
regions based on its structural connectivity profile to cortical areas. We investigated whether such a regional 
specialization is also supported by functional connectivity between local field potential recordings and simul- 
taneous magnetoencephalography. Using a novel data set of 21 PD patients, we replicated previously reported 
cortico-STN coherence networks in the theta/alpha and beta frequency ranges, and looked for the spatial dis- 
tribution of these networks within the STN region. Although theta/alpha and beta coherence peaks were both 
observed in on-medication recordings from electrode contacts at several locations within and around the STN, 
sites with theta/alpha coherence peaks were situated at significantly more inferior MNI coordinates than beta 
coherence peaks. Sites with only theta/alpha coherence peaks, i.e. without distinct beta coherence, were mostly 
located near the border of sensorimotor and cognitive/associative subregions as defined by a tractography-based 
atlas of the STN. Peak coherence values were largely unaltered by the medication state of the subject, however, 
theta/alpha peaks were more often identified in recordings obtained after administration of dopaminergic medi- 
cation. Our findings suggest the existence of a frequency-specific topography of cortico-STN coherence within the 
STN, albeit with considerable spatial overlap between functional networks. Consequently, optimization of deep 
brain stimulation targeting might remain a trade-off between alleviating motor symptoms and avoiding adverse 
neuropsychiatric side effects. 
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. Introduction 

The clinical success of deep brain stimulation (DBS) treatment for
dvanced Parkinson’s disease has stirred the interest in the anatomi-
al and functional organisation of the subthalamic nucleus (STN) across
esearch labs worldwide. As the smallest nucleus of the basal gan-
lia, the STN predominantly receives input from the external pallidum,
halamus, and several brain stem nuclei ( Parent and Hazrati, 1995 )
n addition to input from direct cortical projections ( Nambu et al.,
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ands. 
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002 ). Anterograde tracing work in animals ( Haynes and Haber, 2013 ;
arent and Hazrati, 1995 ) and diffusion-weighted imaging studies in
umans ( Accolla et al., 2014 ; Ewert et al., 2018 ; Lambert et al., 2012 )
ave revealed a topographic organisation of these structural connec-
ions that has motivated a partitioning of the STN into sensorimotor,
ognitive/associative, and limbic subregions. Although such a tripartite
ubdivision forms an attractive hypothesis for the relation between the
xact anatomical coordinates of implanted DBS electrodes and the ob-
erved effect of stimulation on motor and neuropsychiatric symptoms
 Temel et al., 2005 ), it has also been met with scepticism due to in-
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n  
onsistent findings across studies regarding the number and location of
ubregions ( Keuken et al., 2012 ) and the large degree of overlap in ter-
inal fields from cortical projections ( Alkemade et al., 2015 ). 

Local field potential (LFP) recordings from DBS electrodes in com-
ination with simultaneous magnetoencephalography (MEG) or elec-
roencephalography (EEG) allow for investigating functional connectiv-
ty between the STN and cortical regions. This has revealed a number
f frequency-specific and spatially distinct networks that have proven
eplicable across patient cohorts from different medical centres. In rest
ecordings, alpha band coherence ( ∼7–12 Hz) has been detected with
uperior temporal gyrus and brainstem, whereas beta band coherence
 ∼13–35 Hz) localizes to (pre-)motor cortex ( Hirschmann et al., 2011 ;
itvak et al., 2011a ). A further distinction can be made between co-
erence in the low-beta frequency range ( ∼13–21 Hz) with lateral,
nd high-beta coherence ( ∼21–35 Hz) with mesial (pre-)motor areas
 Oswal et al., 2016 ; Toledo et al., 2014 ). Less replicable have been the
nvestigations into modulations of cortico-STN coherence by dopamin-
rgic medication and the relation between coherence values and Parkin-
onian symptom severity ( Hirschmann et al., 2013 ; Litvak et al., 2012 ;
swal et al., 2013a ), therefore leaving unresolved to what extent these
etworks are disease-dependent. 

Despite the clearly distinct cortical topography of alpha and beta
and cortico-STN coherence, it remains unknown whether these sepa-
ate networks can also be associated with distinct locations within the
TN as a signature of regional specialization. We address this question
n the current study by reporting results from a new dataset of simul-
aneous LFP and MEG recordings obtained from patients with Parkin-
on’s disease who are undergoing STN-DBS treatment. We utilised the
nterindividual variability in electrode positions within and around the
TN that is inherent to the surgical procedure, in order to map the
ocations with theta/alpha and/or beta coherence peaks. In addition,
e examined the effect of dopaminergic state on the occurrence of

ortico-STN coherence. Despite the limited spatial resolution of macro-
lectrode recordings, we were able to show that recording sites with
nly theta/alpha coherence peaks were located significantly inferior to
ites with only beta coherence. Our findings point at regional special-
zation within the STN region, albeit with considerable spatial overlap
etween functional networks. 

. Methods 

.1. Patients and data acquisition 

Simultaneous whole-head MEG and LFP recordings from DBS elec-
rodes have been collected by our centre over several years. We included
ecordings from our database from 21 patients who underwent bilat-
ral implantation of DBS macroelectrodes in STN with Medtronic model
389 (Minneapolis, MN, USA) for treatment of Parkinson’s disease, and
or whom both pre-operative and post-operative structural imaging were
vailable. These data were acquired over a time period of 4.5 years.
e considered recordings that were acquired while patients were ei-

her on their regular dose of dopaminergic medication (ON) or after
2 h withdrawal (OFF). Thirteen patients participated in both OFF and
N conditions that were collected in consecutive sessions before (OFF)
nd 30 min after administration of a fast-acting dopaminergic agent
Madopar LT, ON). Seven patients participated in the ON condition only,
nd one patient in the OFF condition only. All patients (14 male, 7 fe-
ale) underwent surgery at the Charité – Universitätsmedizin Berlin
–7 days prior to the recordings. Mean age at the time of recordings
as 60 years (range 39–72) and the average disease duration 10 years

range 3–25). For 15 patients we had UPDRS assessments available that
ere taken around the day of the recording session. Their total UPDRS-

II scores were on average 20.4 (range 5–48) ON medication and 31.5
range 7–70) OFF medication. The remaining patients were assessed pre-
peratively. Their total UPDRS-III scores were on average 24.1 (range
6–41) ON medication and 42.3 (range 24–71) OFF medication. 
2 
On the day of the experiment, the subject was transferred from
he hospital ward to the nearby Physikalisch Technische Bundesanstalt,
here we used the 125-channel MEG system (ET 160, Yokogawa Elec-

ric. Corp., Tokyo, Japan). LFP recordings were obtained simultaneously
ith MEG by connecting the externalized extensions from the DBS leads

o an EEG amplifier. A 150 Hz low-pass filter and sampling rate of
000 Hz was used for the first 3 subjects, and a 400 Hz low-pass fil-
er and sampling rate of 2000 Hz for all subsequent subjects. For each
ubject, 3-4 min eyes-open rest recordings were acquired after which
he session typically continued with another experimental task. Here,
e only consider the rest recordings. In addition, we made use of pre-
perative MRI (T1- and T2-weighted, 3T, all patients) and post-operative
RI (T2-weighted, 1.5T, 12 patients) or CT (9 patients) scans that were

cquired as part of the clinical routine. 
The study was approved by the local ethics committee of the Char-

té – Universitätsmedizin Berlin, Campus Virchow Klinikum, and was
onducted in accordance with the declaration of Helsinki. Patients were
nformed orally and in writing of the experimental procedures and were
ll given at least 24 h to consider their participation. Informed consent
orms were signed prior to the recordings. 

.2. Electrode localization 

Surgical implantation of DBS electrodes was performed bilaterally
nd targeted at the dorsolateral part of the STN at the level of the an-
erior border of the red nucleus (at its maximum diameter). Electrode
lacement was guided by intraoperative microelectrode recordings and
he patient’s clinical response to stimulation. The neurosurgical team
argets the lower border of the subthalamic nucleus as visualized in the
reoperative MRI. During intraoperative microelectrode monitoring the
entral border is identified based on the neural firing pattern. Then, the
entre of the lowermost contact is placed to coincide with the neuro-
hysiologically identified ventral border. The placement of electrodes
ithin STN and/or its direct vicinity was verified by postoperative MRI
r CT for each patient. We used the inter-individual variability in elec-
rode positions, which inherently arises from the surgical procedure and
rajectory, to relate the presence of cortical-STN functional connectivity
o anatomical location. 

The Lead-DBS toolbox was used to enable group-level analyses in
NI space ( Horn and Kühn, 2015 ) using the default work-flow of ver-

ion 2.1.7 as described in Horn et al. (2019) . This involved the localiza-
ion of implanted DBS electrodes based on the postoperative CT or MRI
can, linear co-registration with the pre-operative scans, and non-linear
arping to the ICBM152 nonlinear asymmetric 2009b ( “MNI ”) template
 Fonov et al., 2011 ) using the SyN registration approach as implemented
n Advanced Normalization Tools (ANTs) ( Avants et al., 2008 ). 3D elec-
rode trajectories were automatically detected from the hypointensi-
ies/hyperdensities caused by the electrode leads on the postoperative
cans, and were subsequently refined manually to match the position-
ng of the electrode contacts. Results of each processing step were care-
ully inspected visually and re-run until no further improvement was
btained. The electrode model used to obtain LFP recordings, Medtronic
389, contains four contact points with a diameter of 1.27 mm, length of
.5 mm and an inter-contact spacing of 0.5 mm (i.e., 2 mm from contact
enter to contact center). The Euclidean midpoint between two adjacent
ontacts was taken as the location of the corresponding bipolar record-
ng. The MNI locations for the left hemisphere were projected towards
he right hemisphere via non-linear registration to the mirrored tem-
late scan. The DISTAL atlas ( Ewert et al., 2018 ) was used to visualize
esults with respect to sensorimotor, cognitive/associative, and limbic
ubregions that were informed by cortical-STN structural connectivity. 

.3. Cortico-STN coherence 

As a first step, we verified whether we could identify the cortico-STN
etworks at distinct frequencies and cortical origins that were reported
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n earlier studies ( Hirschmann et al., 2011 ; Litvak et al., 2011a ). We
lso investigated how cortico-STN coherence was altered by the admin-
stration of dopaminergic medication in order to test whether the med-
cation state of the patient could affect the localization of coherence
etworks within the STN. Our analyses were performed by making use
f SPM12 ( Litvak et al., 2011b ) and FieldTrip (as embedded in SPM12;
ostenveld et al., 2011 ) Matlab toolboxes. 

Prior to the coherence analysis, bipolar derivations were taken be-
ween adjacent DBS electrode contacts, yielding three LFP time series
er hemisphere. Both MEG and LFP time series were high-pass filtered
ith cut-off frequency 1 Hz and notch-filtered with ± 2 Hz to remove

he 50 Hz component and its higher-order harmonics. The continuous
ime series were then divided into epochs of 3 s (first 3 subjects) or
.5 s (remaining subjects). Epochs during which the amplitude of the
FP channels exceeded 0.3 mV were removed from subsequent analy-
is together with one of the MEG channels that was consistently noisy
cross recording sessions. 

On the sensor level, we computed coherence between the time se-
ies of each STN contact pair and all MEG sensors for frequencies
etween 2 and 100 Hz with 0.25 Hz steps and 2 Hz smoothing us-
ng the Slepian sequence multitaper method as implemented in Field-
rip ( Thomson, 1982 ). The resulting coherence spectra were then aver-
ged across the three contact pairs per hemisphere and all MEG sen-
ors in order to obtain a single overall coherence spectrum per sub-
ect, hemisphere, and condition. This step served to determine the fre-
uency ranges of interest for possibly distinct cortico-STN networks, to
elect individual coherence peak frequencies (see below), and to test
or frequency-specific (but spatially global) effects of medication. Given
he unbalanced experimental design of our study, we performed our sta-
istical assessment with a linear mixed-effects analysis (using Matlab’s
tlme function, R2019a, The Mathworks Inc., Natick, USA) with the fac-
ors Condition (ON vs . OFF) and Hemisphere (left vs. right) as fixed effects,
nd a factor Subject as random effect. This was repeated for the average
oherence within 2 Hz frequency bands across the spectrum. In addition,
e visualized coherence values averaged across contact pairs, subjects,
nd within selected frequency ranges as a scalp topography. Together,
hese steps led to the identification of two separate functional networks
ith coherence peaks in a low-frequency range (theta/alpha, 4–13 Hz)
nd in the beta band (13–35 Hz). 

In order to increase the sensitivity of our subsequent source local-
zation analysis, we marked the frequencies of coherence peaks in both
ands in individual spectra that were averaged across contact pairs per
emisphere and all MEG sensors. We combined the theta and alpha fre-
uency ranges into a single ‘theta/alpha’ band as coherence peak fre-
uencies often occurred around the boundary between the convention-
lly used definition of these bands. We localized the cortical sources for
ortico-STN coherence within the range of ± 2.5 Hz around the selected
heta/alpha peaks and within ± 5 Hz around the selected beta peaks with
he dynamic imaging of coherent sources (DICS) beamforming method
 Gross et al., 2001 ). The T1-weighted MRI scan from each subject was
arped to MNI space and co-registered to the MEG recordings via the
ositions of the nasion and pre-auricular fiducials. Potential source lo-
ations were defined as a 3D grid in MNI space with 5 mm spacing
ithin a volume bounded by the inner surface of the skull. The inverse-
ormalized canonical mesh of the inner skull was used to construct the
orward model based on the subject’s individual anatomy ( Mattout et al.,
007 ) with the lead field for each (inverse-normalized) grid point com-
uted via a single-shell head model ( Nolte, 2003 ). Again, the multitaper
ethod was used for computing the cross-spectral density and the final

mages of source level cortico-STN coherence values. No further (global)
ormalization of these images was applied. 

Images for the left STN were reflected with respect to the sagittal
lane to make them directly comparable with those for the right STN and
o allow interpretation of findings in terms of ipsilateral and contralat-
ral hemisphere. We then implemented a linear mixed-effects analysis
sing SPM’s flexible factorial design. Again, the factors Condition (ON
3 
s. OFF) and Hemisphere (left vs. right) were set as fixed effects, and a
actor Subject as random effect. Furthermore, we assessed which cortical
egions showed significantly higher coherence than expected by chance
hrough the comparison with coherence values obtained after shuffling
he order of epochs for the LFP data (cf. Neumann et al., 2015 ). One
uch image was generated for each available regular image per subject.
 factor Shuffled (regular vs. shuffled) was added to the design and we

ested for its main effect. In addition, we included the Condition ∗ Shuffled

nd Hemisphere ∗ Shuffled interaction terms. All results were assessed at
eak-level with 𝛼= .001 to reduce the risk of false positives due to the
arge number of voxel-wise comparisons. 

.4. Regional specialization within STN 

Our main objective was to identify the location of theta/alpha and
eta cortico-STN coherence within the subthalamic nucleus region. A
lear spatial separation of theta/alpha and beta coherence source origins
ould suggest the STN to have functionally specialized regions, based
n the prevailing notion that neural oscillations in distinct frequency
ands serve distinct functional roles. Sensor-level STN-coherence spec-
ra averaged across all MEG sensors were used for this analysis in order
o avoid arbitrary selection of cortical source locations for some of the
ecordings. We carefully inspected these coherence spectra for each con-
act pair individually and classified them into one of four categories:
i) coherence peak in the theta/alpha range only; (ii) coherence peak
n the beta range only; (iii) coherence peaks in both theta/alpha and
eta ranges, or (iv) no distinct coherence peaks discernible. To deter-
ine whether significant coherence peaks were present, we obtained
00 surrogate spectra after randomly shuffling the order of epochs for
he STN data. We adopted a conservative approach and only labelled
xtrema as peaks if their amplitude exceeded that of at least 99 surro-
ate spectra for all points within a minimum frequency range of 3 Hz
round theta/alpha peaks and 5 Hz around beta peaks. Additionally, ex-
rema that could be attributed to the 1/f-like shape that was found to
ccur over lower frequencies for some recordings were not considered.
he classification of peaks based on these criteria was visually inspected
nd corrected if deemed necessary. 

The classification of individual contact pairs based on coherence
eaks was combined with the corresponding electrode localizations ob-
ained within Lead-DBS. This yielded the MNI-coordinates of each con-
act pair (through its Euclidean midpoint) within each category. These
ocations were statistically compared between categories in two ways.
irstly, we performed independent samples t -tests for the x, y , and z -
oordinates separately. Secondly, we acknowledged that the STN is not
ully spatially aligned with the MNI coordinate system and therefore
rojected the identified electrode locations on the 3 principal axes of
he STN that were extracted from its Distal atlas image. The indepen-
ent samples t -tests between categories were repeated for each of the
hree principal axes. Finally, we tested whether the locations within
ach category were more spatially clustered than expected by chance.
or this, we computed the average Euclidean distance between the loca-
ions within each category and their centre point. This value was com-
ared against a distribution of surrogate average Euclidean distances
btained from 10.000 iterations with shuffled category labels. Analyses
ere performed for ON and OFF medication conditions separately. All

esults were assessed at 𝛼 = .05. 

. Results 

.1. Sensor-level cortico-STN coherence 

The grand-averaged coherence spectrum revealed a clear peak in the
eta frequency range ( Fig. 1 A) that was also visible in the individual
pectra ( Fig. 1 B). A clear coherence peak in the theta/alpha frequency
ange could not be discerned in the grand-average but was present in
he individual spectra. Overall, coherence appeared somewhat more
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Fig. 1. Sensor-level cortico-STN coherence. 
(A) Coherence spectra averaged across all com- 
binations of STN contact pairs and MEG sen- 
sors, and subjects. Average coherence val- 
ues within 2 Hz frequency bins were statis- 
tically compared at group-level using a lin- 
ear mixed-effects model. Bins with a signif- 
icant main effect of Condition are indicated 
in grey. (B) Histogram of coherence peak fre- 
quencies selected for source localization. One 
theta/alpha (within 4–13 Hz) and one beta 
(within 13–35 Hz) peak was selected per hemi- 
sphere and medication condition for each sub- 
ject. (C) Scalp topographies by hemisphere 
and medication condition. Coherence values 
were averaged across frequencies in the full 
theta/alpha and beta ranges, the three con- 
tact pairs per hemisphere, and all subjects from 

whom recordings were available. Topographies 
for coherence values only averaged around the 
individual peak coherence frequencies appear 
highly similar (not shown). 
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trongly for recordings obtained when subjects were withdrawn from
edication compared to ON medication. Significant differences between
edication states were found for frequencies at the lower end of the

heta/alpha and beta frequency ranges. By contrast, coherence peaks in
ndividual spectra were primarily detected for higher frequencies within
hese ranges. No significant main effect of Condition was found when
epeating the statistical analysis with average coherence values within
 2.5 Hz around the individual theta/alpha coherence peak frequencies
 F (1,65) = 0.36, p = .549), or within ± 5 Hz around the individual beta
oherence peak frequencies ( F (1,65) = 0.45, p = .503). 

In later analyses, we used the average sensor-level coherence to lo-
alize cortico-STN coherence within the STN region. In Fig. 1 C we visu-
lize the grand-average scalp topographies to get an impression of which
ensors contribute most to the average. The topographies revealed co-
erence to be largely lateralized to MEG sensors overlying the ipsilat-
ral hemisphere. They were also found to be frequency band-dependent,
ith strongest theta/alpha coherence for the most lateral sensors and
eta coherence for more central sensors hinting at distinct underlying
ortical sources. Although the scalp topographies suggest that coherence
or the right STN was stronger compared to the left STN, no significant
ain effect of Hemisphere was found for any of the frequency bins in

he sensor-averaged coherence spectrum. Topographies for the average
nd difference between ON and OFF medication conditions are shown
n Supplementary Fig. 1. 

.2. Source-level cortico-STN coherence 

DICS source localisation was performed to verify the cortical source
ocations of theta/alpha and beta cortico-STN coherence. Significant
ources were identified with a linear mixed-effects analysis by com-
aring regular coherence images against coherence images obtained af-
er shuffling the order of epochs for STN data. Results are displayed in
ig. 2 . For the theta/alpha band, the main effect of Shuffled revealed sig-
ificant sources in central locations of the brain with the thalamus as lo-
4 
ation with the highest F -value (peak at [-2 -22 2] mm: F (1,108) = 50.86,
 < .001. A cortical source in the Rolandic operculum became appar-
nt in the Hemisphere ∗ Shuffled interaction (peak at [36 -20 20] mm:
 (1,108) = 13.76, p < .001), reflecting stronger coherence values for
he right compared to the left STN. The grand-averaged coherence im-
ges (top row of Fig. 2 ) show this source even more clearly. For the beta
and, a large cluster was found with its peak location near pre-motor
ortex (peak at [46 6 56] mm: F (1,96) = 47.09, p < .001). The peak loca-
ion of grand-averaged coherence was found to be located more mesial
ompared to the statistical result, and is in line with the location for
hich high-beta coherence was previously reported ( Oswal et al., 2016 ;
oledo et al., 2014 ). Our identified cortical sources of theta/alpha and
eta coherence show a strong resemblance with previous reports of
ortico-STN alpha coherence with sources in superior temporal gyrus
nd brainstem and beta coherence with sources in (pre-)motor cortex
 Hirschmann et al., 2011 ; Litvak et al., 2011a ), hence providing a repli-
ation of spatially and spectrally distinct cortico-STN networks in an
ndependent data set. 

The only significant main effect of Condition was observed for a small
luster in visual cortex for theta/alpha coherence (peak value at [4 -96
] mm: F (1,45) = 19.11, p < .001). No significant sources for the main
ffect of Hemisphere were found for either theta/alpha or beta coher-
nce at 𝛼< .001. The source level analysis may have been less sensitive
o the main effects of Condition found at the sensor-level as the frequency
anges were dissimilar. Nevertheless, we focused our source analysis on
he coherence peak frequencies as a more robust marker of the func-
ional connectivity networks that we aimed to identify. Results were
imilar with a less stringent 𝛼-level of .01. 

.3. Localization of cortico-STN coherence within STN 

The final and main part of our analysis concerned the localization
f theta/alpha and beta coherence within the subthalamic nucleus re-
ion. To this aim, we categorized the recordings from all STN contact
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Fig. 2. Source-level cortico-STN coherence. The top row displays grand-averaged coherence values indicating at which locations coherence was largest at group-level. 
Peak locations for which coherence was found significantly higher compared to that obtained after shuffling the order of epochs are shown in the bottom row. These 
effects match the frequency band and source location in the top row. MNI coordinates of the displayed slices are indicated in the bottom left corner of each panel 
and correspond to the location at which peak values were found. Shown images were smoothed with a 4 mm isotropic Gaussian kernel for visualization purposes. 

Table 1 

Number of STN contact pairs selected within each coherence category. 

ON OFF 

Total Percentage of recordings Number of hemispheres Total Percentage of recordings Number of hemispheres 

Theta/alpha only 16 13.33% 10 5 5.95% 3 
Beta only 40 33.33% 20 40 47.62% 20 
Both peaks 34 28.33% 19 14 16.67% 10 
No peaks 30 25.00% 15 25 29.76% 13 
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airs as (i) only containing a coherence peak in the theta/alpha range;
ii) only containing a peak in the beta range; (iii) containing peaks in
oth theta/alpha and beta ranges; or (iv) without any discernible peaks
 Fig. 3 A). The number of assigned contact pairs in each category are
ummarized in Table 1 . Coherence peaks in the theta/alpha range were
ore often detected in ON medication compared to OFF medication

ecordings, therefore making the comparison of theta/alpha and beta
eak locations from ON medication recordings more reliable. A visual-
zation of the electrode locations from which ON recordings in each cat-
gory were taken revealed most recordings with theta/alpha coherence
eaks only to be located ventrally near the border (as inferred from a
inner-takes-all mapping of structural cortico-STN connections) of sen-

orimotor and cognitive/associative subregions, while beta peak loca-
ions were found in more dorsal locations and across a larger volume of
he sampled space ( Fig. 3 B, see also Supplementary Fig. 2 for a visualiza-
ion in the standard anatomical planes). Nevertheless, theta/alpha peaks
ere also detected in large parts of the dorsolateral STN but mostly to-
ether with the presence of a beta peak. For OFF recordings, the trend
f theta/alpha coherence to occur towards the sensorimotor and cog-
itive/associative border was mostly visible in the locations of record-
5 
ngs with both theta/alpha and beta coherence peaks. The few locations
ith only theta/alpha peaks were situated either at the sensorimotor
nd cognitive/associative border or more posterior, inside the sensori-
otor region or outside the STN. Notably, electrode locations for which
o discernible coherence peaks were observed were found both within
nd outside the STN. 

The mean MNI coordinates of the electrode locations in each cate-
ory are summarized in Table 2 . A systematic comparison revealed that
or ON recordings, locations with theta/alpha peaks only and with both
eaks were situated significantly inferior (lower z -coordinates) com-
ared to beta peaks only (resp. t (54) = − 2.70, p = .009; t (72) = − 2.82,
 = .006). Locations with both peaks were situated significantly more
osterior (lower y -coordinates) compared to theta/alpha peaks only and
eta peaks only (resp. t (48) = − 2.50, p = .016; t (72) = − 3.58, p = .001).
or OFF recordings, theta/alpha peaks only were situated more posterior
ompared to beta peaks only ( t (43) = − 2.06, p = .045) but this finding
hould be carefully interpreted due to the low number of available data
oints. Only a trend was observed for locations without identified peaks
o differ in x -coordinates compared to locations with identified peaks
ON: t (118) = 1.69, p = .094; OFF: t (82) = − 1.98, p = .051). The coor-
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Fig. 3. Classification of recordings based on the presence of peaks in the cortico-STN coherence spectrum. (A) Example coherence spectra for each of the four 
categories. Black lines represent the observed spectrum for one of the STN contact pairs with coherence values averaged over all MEG sensors. Red lines indicate the 
100 spectra obtained after shuffling the order of epochs for the STN data. (B) Visualization of recording sites within each category. Each dot represents the Euclidean 
midpoint between the two electrode contacts from which the bipolar derivation was taken. Recordings ON medication are shown in the top row, recordings OFF 
medication in the bottom row. The STN is visualized according to the Distal atlas ( Ewert et al., 2018 ) with its subregions as derived from human tractography data. 
All data points were projected and visualized onto the STN in the right hemisphere. 

Table 2 

Average coordinates for identified locations in each coherence category. 

MNI MCP 

X Y Z X Y Z 

ON 

Theta/alpha only 11.38 ( ± 0.98) − 13.63 ( ± 1.91) − 7.34 ( ± 1.86) 11.70 ( ± 0.90) − 1.65 ( ± 1.70) − 3.48 ( ± 1.62) 
Beta only 11.65 ( ± 0.74) − 13.34 ( ± 2.16) − 5.74 ( ± 2.05) 12.04 ( ± 0.91) − 1.58 ( ± 2.24) − 2.09 ( ± 1.82) 
Both peaks 11.81 ( ± 1.10) − 14.98 ( ± 1.71) − 7.10 ( ± 2.08) 10.93 ( ± 2.55) − 2.86 ( ± 1.93) − 3.11 ( ± 1.71) 
No peaks 12.00 ( ± 0.98) − 13.47 ( ± 1.83) − 5.88 ( ± 2.03) 12.33 ( ± 0.98) − 1.62 ( ± 1.81) − 2.15 ( ± 1.75) 
OFF 

Theta/alpha only 12.49 ( ± 1.49) − 16.35 ( ± 1.96) − 7.66 ( ± 1.46) 12.16 ( ± 1.36) − 3.78 ( ± 1.99) − 3.71 ( ± 1.41) 
Beta only 11.85 ( ± 0.96) − 14.18 ( ± 2.25) − 6.00 ( ± 2.25) 11.61 ( ± 2.23) − 1.94 ( ± 2.31) − 2.25 ( ± 1.81) 
Both peaks 11.61 ( ± 1.08) − 14.98 ( ± 1.33) − 6.80 ( ± 2.32) 12.00 ( ± 2.39) − 3.37 ( ± 2.11) − 3.18 ( ± 1.80) 
No peaks 11.38 ( ± 0.84) − 14.10 ( ± 1.82) − 6.77 ( ± 2.00) 11.58 ( ± 0.88) − 2.24 ( ± 1.72) − 2.74 ( ± 1.78) 

Standard deviations are indicated in brackets. For reference purposes, AC/PC coordinates relative to the midcommissural 
point (MCP) were computed using the conversion tool by ( Horn et al., 2017a ). All coordinates are expressed in mm. 

6 
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inates of locations with and without peaks did not differ in the other
imensions. 

These comparisons were repeated after projecting all data points
nto the three principal axes of the STN in order to interpret the relative
ocations with respect to the dimensions of the STN. For ON recordings,
his revealed that theta/alpha peaks only were situated more ventrome-
ial along the longitudinal axis of the STN compared to locations with
oth peaks ( t (48) = 2.36, p = .022). A similar trend was observed for
eta peaks only compared to both peaks ( t (72) = 1.73, p = .088). The
econd principal axis intersects the ventral and dorsal borders of the
TN. Here, beta peaks only were found at significantly superior locations
ompared to both peaks ( t (72) = 3.89, p < .001) ON medication, and to
heta/alpha peaks only OFF medication ( t (43) = 2.17, p = .036). A trend
as observed between beta peaks and theta/alpha peaks only ON medi-

ation ( t (54) = 1.99, p = .051). Another trend was observed between beta
eaks and theta/alpha peaks only along the third (left-right) principal
xis of the STN ( t (54) = − 1.86, p = .069). Again, locations without iden-
ified peaks in ON recordings only showed a trend to be situated more
uperior compared to locations with identified peaks ( t (118) = 1.84,
 = .068), and more ventromedial along the longitudinal axis for OFF
edication recordings ( t (82) = 1.90, p = .061). Findings are summarized

n Fig. 4 A. 
Finally, non-parametric tests were performed to determine whether

ocations within a category were more spatially clustered than expected
y chance. The average Euclidean distance between each electrode lo-
ation and the centre of the point cloud for each cluster was compared
gainst the distribution of distances obtained with shuffled category la-
els. Although none of the observed distance values were found to be
maller than the 5th percentile of the control distribution, a trend was
bserved for theta/alpha peaks only in the ON condition ( p = .08). For
FF medication, the lowest p -value was found for the both peaks cate-
ory ( p = .12). A selection of performed tests is visualized in Fig. 4 B. 

. Discussion 

We found evidence for regional specialization within the STN re-
ion based on the functional connectivity profile between LFP and MEG
ecordings. Two frequency-specific (sub-)cortico-STN networks could
e identified in most participants: theta/alpha coherence with the tha-
amus and (Rolandic) operculum, and beta coherence with pre-motor
ortex. Although these networks were found to be largely indepen-
ent of medication state, distinct peaks in the coherence spectrum were
ore often identified in recordings obtained ON medication. The sites

f LFP recordings with a coherence peak in the theta/alpha frequency
ange only were located significantly more inferior than recordings with
nly beta coherence peaks, and appeared predominantly around the
order between cognitive/associative and sensorimotor subregions, as
reviously determined from the structural connectivity profile of the
TN ( Ewert et al., 2018 ). Nevertheless, recordings with beta coherence
eaks were still observed in the same region, and recordings with both
heta/alpha and beta coherence peaks appeared through much of the
ensorimotor subregion. The large variability and overlap in spatial lo-
ations suggest that these functional networks might not be clearly seg-
egable into spatially distinct parts of the STN or that the limited spatial
esolution of macro-electrode recordings was not able to capture sharp
orders. 

Our findings expand on previous work outlining the spatial distribu-
ion of spectral power within the STN region. Geng et al. (2018) demon-
trated that peak amplitude values in different frequency bands are
patially clustered despite similarly large interindividual variability as
or our coherence peaks. Beta oscillations are frequently reported to
e strongest in the dorsolateral part of the STN, at around 1–3 mm
elow the dorsal border ( de Solages et al., 2011 ; Kühn et al., 2005b ;
eifried et al., 2012 ; Trottenberg et al., 2007 ; Weinberger et al., 2006 ;
aidel et al., 2010 ). Using a large data set, Horn et al. (2017b) found
lpha band power to be highest at a similar part of the STN as our
7 
heta/alpha coherence cluster. Gamma band activity (60–90 Hz) and
igh-frequency oscillations (HFO) appear to be pronounced at sites
round the STN’s dorsal border, hence slightly superior to the beta
and ( Geng et al., 2018 ; Trottenberg et al., 2006 ; van Wijk et al.,
017b ) but have also been reported more central in the dorsolateral
art ( Telkes et al., 2018 ; Wang et al., 2014 ; Zaidel et al., 2010 ). 

The regional variation in the manifestation of spectral compo-
ents suggests that different parts of the STN may contribute to dif-
erent functions. Although stimulus-locked and response-locked time-
requency modulations have been observed during various cognitive
nd behavioural tasks e.g., Alegre et al. (2010) , Anzak et al. (2011) ,
rittain et al. (2012) , Herz et al. (2016) , Kühn et al. (2006a ),
 2005a ), Oswal et al. (2013b ), Schroll et al. (2018) , Tan et al. (2016) ,
énon et al. (2016) , the anatomical coordinates of electrode contacts
ith maximum signal change have not always been systematically in-
estigated. Studies that did take the location of recordings into account
resent spatially diffuse movement-induced modulations in beta and
amma power that appear strongest in the dorsolateral part of the STN
 Geng et al., 2018 ; Lofredi et al., 2018 ; Tinkhauser et al., 2019 ). Addi-
ionally, theta/alpha modulations associated with the processing of af-
ective pictures have been found near the ventral border ( Rappel et al.,
020 ). These observations are reminiscent of the scattered peak loca-
ions we found for cortico-STN beta coherence and the seemingly more
onfined alpha coherence cluster that was located more ventromedially,
ence potentially linking local task-induced activations with long-range
unctional networks. 

The cortical sources we identified for the presented theta/alpha
nd beta coherence are very similar to those reported by
itvak et al. (2011a) and Hirschmann et al. (2011) with indepen-
ent data sets. Compared to Litvak et al. (2011a) , the deep theta/alpha
ource was more pronounced. Given the low sensitivity of MEG to
ctivity from subcortical structures, it is fair to question the validity
f this identified source. It is possible that the presence of correlated
ctivity from lateral cortical sources in the left and right hemispheres,
s the sensor-level topographies for left STN might suggest, may have
ed to localization errors. Furthermore, MEG is limited in its ability
o distinguish the contribution of individual structures at locations
eep inside the brain, therefore leaving open the possibility that the
oherence source assigned to the thalamus in the present study has
ts origin in the brainstem, as identified by Litvak et al. (2011a) . The
ortical source assigned to the Rolandic operculum emerged at nearly
he same peak coherence value in the grand-average coherence images
top row Fig. 2 ), and is therefore likely to also contribute strongly to the
ensor-level coherence spectra upon which all other analyses are based.
or these reasons, we still prefer to refer to the identified networks as

cortico-STN’ coherence. Hirschmann et al. (2011) also investigated
he distribution of alpha and beta cortico-STN coherence peaks across
BS electrode contact pairs. They observed alpha coherence to be
omogeneously distributed across contact pairs, while beta coherence
ppeared more focal. By contrast, beta coherence peaks were often
etected across multiple contact pairs per hemisphere in our study.
nterestingly however, Hirschmann et al. (2011) report the lowest beta
oherence values (although not significantly different) for the lowest
ontact pair of the electrode, which is in line with the more superior
ocations we observed for locations with beta coherence only. 

Evidence for analogous networks in the same frequency ranges is
tarting to emerge for other subcortical structures as well, including the
xternal pallidum ( Neumann et al., 2015 ) and pedunculopontine nu-
leus ( Jha et al., 2017 ). Hence, these functional connections do not seem
o be specific for the STN but could be part of larger networks involv-
ng multiple structures. In line with the common association between
eta oscillations and motor control, cortico-subcortical beta coherence
s strongest with motor cortical areas, and decreases during movement
 Hirschmann et al., 2013 ; Lalo et al., 2008 ; van Wijk et al., 2017a ). The
ole of the cortico-subcortical alpha coherence network is presently less
nderstood but weaker pallido-cerebellar coupling has been linked to
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Fig. 4. Statistical evaluation of electrode locations with theta/alpha and beta coherence. (A) Pair-wise independent samples t -tests between coherence categories for 
each dimension of the MNI coordinate system (top row) and along the three principal axes of the STN (bottom row). Significant effects with p < .05 are indicated with 
∗ , effects with p < .001 are indicated with ∗ ∗ ∗ . Effects indicated without ∗ signify p -values between .05 and .10. Error bars represent standard errors. For visualization 
purposes, the origin of both coordinate systems was chosen at the centre of the STN, corresponding to MNI coordinates x = 11.35, y = − 13.06, z = − 7.73. True MNI 
coordinates for each coherence category are reported in Table 1 . (B) Non-parametric evaluation of the degree of spatial clustering. Red bars indicate the observed 
Euclidean distance between each point within the coherence category and the centre of the point cloud. The control distribution obtained after shuffling the category 
labels of contact pairs is depicted in grey. A selection of performed tests is shown. 
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igher symptom severity in dystonia patients ( Neumann et al., 2015 ).
ortico-STN theta band coherence is less frequently reported for rest
ecordings but emerges with midfrontal cortical regions during conflict
nd response inhibition in decision-making tasks ( Zavala et al., 2016 ,
014 ), for which it appears strongest in recordings from ventral DBS
lectrodes ( Alegre et al., 2013 ). It remains to be clarified whether this
heta activation is specific to the STN as inhibitor of (premature) mo-
or output or could also be detected in other subcortical structures.
onetheless, task-related LFP recordings from DBS electrodes make it

ncreasingly clear that subcortical structures like the STN are involved
n many behaviourally-relevant aspects that may be processed via (par-
ially) separated cortico-subcortical circuits. 

Despite the clear effect of dopaminergic medication on the allevi-
tion of motor symptoms in people with Parkinson’s disease, no sys-
ematic effects of levodopa on cortico-STN coherence have been found
cross studies. While Litvak et al. (2011a) found beta band coherence
o be increased with medication for a small number of voxels in pre-
8 
rontal cortex, others report decreased values ( Hirschmann et al., 2013 )
r no significant change ( Lalo et al., 2008 ). In the present study, sensor-
evel coherence was found to be higher for OFF recordings in frequency
ins that did not coincide with peak frequencies identified in individ-
al spectra. In fact, distinct peaks in individual coherence spectra were
ess frequently observed in OFF compared to ON recordings. Interest-
ngly, Rodriguez-Oroz et al. (2011) reported that levodopa administra-
ion could induce a spectral peak in the theta/alpha frequency range
f STN-LFP recordings in patients who experienced medication-related
ide effects. This peak was located at more ventral recording sites for pa-
ients who were diagnosed with behavioural side effects in the form of
mpulse control disorders compared to patients with motor side effects
n the form of dystonia. Both groups also showed elevated theta/alpha
ortico-STN coherence compared to patients without side effects. Al-
hough the subjects in our study did not present with clinically signifi-
ant side effects during the recordings, we did observe that the intake of
edication led to more prominent coherence peaks in the theta/alpha
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ange. While we also explored the spatial distribution of average coher-
nce values in the theta/alpha and beta ranges, no evidence for regional
pecialization was observed. A similar lack of evidence was found for
he distribution of peak coherence values, suggesting that considering
he presence of coherence peaks as binary information might eliminate
ome of the random variance due to interindividual differences in raw
oherence values. Nonetheless, the low number of theta/alpha peaks in
FF recordings complicates a direct comparison of spatial distributions

n the STN between medication states. 
Findings of this study should be interpreted with a few methodolog-

cal limitations in mind. First of all, we were unable to map coherence
eaks across the entire volume of the STN due to unequal spatial sam-
ling. As expected, most electrodes were implanted close to the sur-
ical target in the dorsolateral part of the STN, hence no recordings
ere available from the ventromedial tip. Judging from the location of

heta/alpha coherence peaks, it is conceivable that the cluster of peak lo-
ations further extends into the putative cognitive/associative and pos-
ibly limbic subregions. Sampling only the most dorsolateral part of the
istribution of theta/alpha peaks may have resulted in lower evidence
or spatial clustering, for which we only found a statistical trend. 

Secondly, the limited spatial resolution of LFP recordings might have
ontributed to the relatively large spatial overlap between theta/alpha
nd beta coherence. Identified locations are the Euclidean midpoint be-
ween the two electrode contacts used in the bipolar derivation for ob-
aining the STN time series. Each contact is sensitive to neural activity
ithin a volume that may extend up to several millimetre ( Lempka and
cIntyre, 2013 ). It is therefore possible that some time series reflect ac-

ivity from surrounding structures like the thalamus (located superior
o the STN) or substantia nigra (located inferior to the STN), or that
ontacts localized outside the STN still pick up activity that is gener-
ted within the nucleus. Hence, we adopt the term ‘STN region’ in his
anuscript. However, theta/alpha and beta band coherence are likely

o be equally affected by the limited spatial resolution, therefore their
elative locations are still expected to be informative. 

Thirdly, as discussed in Horn et al. (2019) , inaccuracies in the local-
zation of DBS electrodes may arise at different stages of the processing
ipeline including the electrode reconstruction step and the warping of
ndividual scans to MNI space. While it is difficult to quantify these in-
ccuracies, previous studies have verified the correspondence between
he centre of the electrode and the observed artifact in MRI and CT
sing phantom experiments ( Hemm et al., 2009 ; Husch et al., 2017 ;
elnik et al., 2003 ). In addition, a comparative study of nonlinear reg-

stration algorithms showed that the applied ANTs SyN method (with
he multispectral default preset implemented in Lead-DBS) resulted in
ore accurate segmentations of the STN than most other automatic al-

orithms and its performance was comparable to that of expert manual
aters ( Ewert et al., 2019 ). The warping to MNI space was necessary
n order to create a spatial distribution of coherence locations across
atients and hemispheres, to facilitate statistical analyses on the group-
evel, and to make use of the previously developed DISTAL atlas for
isualization of STN subregions (based on diffusion-weighted MRI). We
oint out that outlining the poorly visible STN borders on individual
atient scans in native space arguably would have led to localization
rrors as well. It should be noted that not all contact location centers
hat reside outside the STN in our visualizations are due to localization
rrors. Given the relatively wide 2 mm contact spacing of the electrode
odel and imprecisions that might arise during the surgical procedure,
 substantial proportion of contact centers can be expected to be truly
ocated outside the STN. 

Finally, the selection of coherence peaks and their visual inspection
s prone to arbitrary decisions. Overall, we took a conservative approach
y only selecting a peak when it clearly stood out from the background.
or some recordings this was more difficult to determine in the lower
requency range of the coherence spectrum, which could be the rea-
on for the lower number of peaks selected for the theta/alpha range
ompared to the beta band. As a consequence, we might have under-
9 
stimated the true number of theta/alpha and beta peaks, which could
ave contributed to the relatively large number of electrode locations
ithin the STN that were categorized as having no discernible peaks. 

Understanding the structural and functional organisation of the STN
nd its embedment within brain-wide networks is crucial for optimizing
BS treatment ( van Wijk et al., 2020 ). Although the dorsolateral (senso-

imotor) part of the STN is often chosen as surgical target for implanting
BS electrodes for treatment of Parkinson’s disease, some studies report
ven better clinical outcomes for active electrodes located above the
TN’s superior border ( Plaha et al., 2006 ; Voges et al., 2002 ), hence
utside the nucleus. Which distant brain regions are likely to be influ-
nced by the stimulation of fibre tracts can be estimated by combining
iffusion-weighted imaging with computer simulations of the volume of
ctivated tissue. In this way, specific (f)MRI connectivity profiles can be
dentified that are associated with a reduction of motor symptoms when
timulated ( Horn et al., 2017c ). It remains to be established whether
heta/alpha and beta cortico-STN networks are similarly predictive for
reatment outcome. Of note is that the average MNI coordinates of iden-
ified locations with only beta coherence peaks in the present study are
loser to the location of DBS contacts commonly used for chronic stimu-
ation ([ x = 12.58 y = − 13.41 z = − 5.87] as determined by meta-analysis of
 studies from multiple centres ( Caire et al., 2013 ; Horn et al., 2017a )),
han the average MNI coordinates for locations with theta/alpha coher-
nce peaks only and both peaks. So far, however, DBS has been found
o suppress beta coherence with mesial premotor regions but not in a
ystematic way compared to observed motor improvement ( Oswal et al.,
016 ). 

DBS treatment frequently results in neuropsychiatric side effects re-
ated to cognition and affective behaviour in addition to an alleviation of
otor symptoms ( Benabid et al., 2009 ; Voon et al., 2006 ). The large de-

ree of overlap in locations with theta/alpha and beta coherence peaks
uggests that functional networks related to cognitive and motor func-
ions might not be clearly spatially segregable ( van Wijk et al., 2020 ).
ikewise, the distinction between separate theta, alpha, and beta fre-
uency bands is not always clear-cut ( Accolla et al., 2017 ), also not when
orrelating spectral power with clinical symptoms ( Kühn et al., 2006b ;
eumann et al., 2016 ). It could be very challenging to fully prevent
dverse effects of stimulation when neural representations are highly
ntermingled or shared between modalities. On the other hand, techno-
ogical advances such as current steering ( Contarino et al., 2014 ) and
losed-loop applications ( Little et al., 2013 ) will give clinicians a more
exible control over stimulation settings. The present work may con-
ribute towards a more detailed understanding of which structural and
unctional cortico-basal ganglia networks should be targeted with DBS,
nd towards the detection of potential electrophysiological biomarkers
or adaptive stimulation. 

ata and code availability statements 

The open source Matlab toolboxes that were used in this study can
e obtained from: 

Lead-DBS: https://www.lead-dbs.org 
SPM12: http://www.fil.ion.ucl.ac.uk/spm 

Fieldtrip: http://fieldtriptoolbox.org 
Custom-written Matlab scripts are available for sharing upon re-

uest. Local ethics and clinical privacy issues prohibit sharing of indi-
idual imaging data. 
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