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Cortico-pallidal oscillatory connectivity in
patients with dystonia
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Primary dystonia has been associated with an underlying dysfunction of a wide network of brain regions including the motor
cortex, basal ganglia, cerebellum, brainstem and spinal cord. Dystonia can be effectively treated by pallidal deep brain stimulation
although the mechanism of this effect is not well understood. Here, we sought to characterize cortico-basal ganglia functional
connectivity using a frequency-specific measure of connectivity—coherence. We recorded direct local field potentials from the
human pallidum simultaneously with whole head magnetoencephalography to characterize functional connectivity in the cor-
tico-pallidal oscillatory network in nine patients with idiopathic dystonia. Three-dimensional cortico-pallidal coherence images
were compared to surrogate images of phase shuffled data across patients to reveal clusters of significant coherence (family-wise
error P < 0.01, voxel extent 1000). Three frequency-specific, spatially-distinct cortico-pallidal networks have been identified: a
pallido-temporal source of theta band (4-8 Hz) coherence, a pallido-cerebellar source of alpha band (7-13 Hz) coherence and a
cortico-pallidal source of beta band (13-30 Hz) coherence over sensorimotor areas. Granger-based directionality analysis revealed
directional coupling with the pallidal local field potentials leading in the theta and alpha band and the magnetoencephalographic
cortical source leading in the beta band. The degree of pallido-cerebellar coupling showed an inverse correlation with dystonic
symptom severity. Our data extend previous findings in patients with Parkinson’s disease describing motor cortex-basal ganglia
oscillatory connectivity in the beta band to patients with dystonia. Source coherence analysis revealed two additional frequency-
specific networks involving the temporal cortex and the cerebellum. Pallido-cerebellar oscillatory connectivity and its association
with dystonic symptoms provides further confirmation of cerebellar involvement in dystonia that has been recently reported using
functional magnetic resonance imaging and fibre tracking.
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Rating Scale

Introduction

The dystonias are a heterogeneous group of syndromes that
are characterized by involuntary twisting movements and ab-
normal posturing, sometimes with associated tremor (Fahn,
1988). Early neuropathological, CT and MRI studies investi-
gating the pathophysiological mechanisms underlying this
movement disorder have suggested that basal ganglia dys-
function plays a central role (Hallett, 2006). More recently,
abnormal activity in a wider network of regions has been
identified including the cortex, cerebellum, brainstem and
spinal cord (Hendrix and Vitek, 2012). Both at rest and
during voluntary movements, neuroimaging studies have
demonstrated abnormal activation patterns in the putamen,
pallidum, thalamus, cerebellum and motor and premotor cor-
tices (Ceballos-Baumann et al., 1995; Eidelberg et al., 1998;
Kumar et al., 1999; Detante et al., 2004; Lehericy et al.,
2013). Electrophysiological evaluations of the sensorimotor
and premotor cortices have suggested that there is a loss of
intracortical inhibition, increased cortical plasticity and
abnormal sensorimotor integration in patients with dystonia
(Vidailhet et al., 2009; Quartarone and Hallett, 2013). Deep
sites such as the basal ganglia have traditionally been difficult
to electrophysiologically access in humans. Deep brain stimu-
lation surgery for movement disorders now affords the op-
portunity to record from macroelectrodes in these areas via
surgically placed deep brain stimulation (DBS) electrodes,
before electrical stimulation (Brown and Williams, 2005).
Such recordings from the target areas of DBS have revealed
that subjects with Parkinson’s disease have a characteristic
increase in local beta frequency activity whilst subjects with
dystonia have increased lower frequency activity (Silberstein
et al., 2003; Liu et al., 2008). Furthermore, pallidal low fre-
quency oscillations temporally lead similar oscillations in dys-
tonic muscle activity, suggesting that they may play a causal
role (Sharott et al., 2008).

DBS of the globus pallidus internus (GPi) is a successful
treatment for patients with generalized, segmental and cer-
vical dystonia refractory to medical therapy (Vidailhet
et al., 2005, 2007; Kupsch et al., 2006; Ostrem and
Starr, 2008; Volkmann et al., 2012, 2014). However, the
therapeutic mechanism of DBS in dystonia is still not fully
understood. One proposed hypothesis is that DBS sup-
presses or overrides the aforementioned pathological oscil-
latory network activity within cortico-basal ganglia circuits
(Hammond et al., 2007; Brown and Eusebio, 2008;
McIntyre and Hahn, 2010; Hendrix and Vitek, 2012).
However, less is known about the wider network

implications of such activity, in particular the physiological
and pathological oscillatory activity ‘between’ distant brain
regions, in patients with dystonia. A novel technique that
records subcortical local field potentials (LFPs) from DBS
electrodes and simultaneous cortical whole head magne-
toencephalography (MEG) has made it possible to electro-
physiologically characterize the cortico-basal ganglia
network in subjects with Parkinson’s disease using coher-
ence measures to characterize functional connectivity
(Litvak et al., 2010, 2011a). Coherence describes the spec-
tral distribution of oscillatory synchronization between
concurrent signals and can be interpreted as interaction
or communication between brain areas. Two spectrally
and spatially distinct oscillatory networks were found in
patients with Parkinson’s disease at rest involving the sub-
thalamic nucleus and cortical sources: a frontal motor net-
work for the beta band and a predominantly temporal
network for the alpha band, which were modulated
during movement and tremor episodes (Hirschmann
et al, 2011, 2013; Litvak e al, 2011a, 2012; Oswal
et al., 2013).

The aim of the present study was to use this novel tech-
nique of simultaneous MEG-LFP recording to investigate
patterns of cortico-pallidal oscillatory connectivity in
patients with dystonia. We hypothesized that such net-
works would again be spatially and spectrally segregated
in dystonic patients but that key spatial and/or spectral
features would be distinct from the abnormalities found
in Parkinson’s disease and that such features would provide
new insights into the brain networks involved into the
pathophysiology of dystonia.

Materials and methods

Patients and surgery

Nine patients [six females; age 50.1 & 3.9 years, range 24-68
years; disease duration 12.8 +2.5 years, range 3-23 vyears;
mean =+ standard error of the mean (SEM)] with either seg-
mental dystonia (7 =2; Cases 2 and 5), cervical dystonia
(n=35; Cases 3, 4, 6, 7 and 8) or generalized dystonia (7 = 2;
Cases 1 and 9) who underwent bilateral implantation of DBS
electrodes in the GPi were included in the study. All patients
participated with informed consent and with the agreement of
the ethical committee of the Charité—Universititsmedizin,
Berlin, Campus Virchow-Klinikum. The study was conducted
according to the Declaration of Helsinki. Clinical details are
summarized in Table 1. The DBS macroelectrode used was
model 3389 (Medtronic) with four platinum-iridium
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cylindrical surfaces of diameter 1.27 mm, length 1.5 mm and
centre-to-centre separations of 2mm. Contacts 0 and 3 were
the lowermost and uppermost contacts, respectively. Correct
placement of the DBS electrodes was guided by intraoperative
microelectrode recordings and confirmed by postoperative
MRI. Postoperative 3D electrode localization was conducted
using the Lead-DBS toolbox (Horn and Kiihn, 2014; see Fig. 1
for an example). In brief, preoperative and postoperative mag-
netic resonance images were fused and normalized to Montreal
Neurological Institute (MNI) space, before mapping the con-
tacts to normalized subcortical atlases (BGHAT atlas, Prodoehl
et al., 2008; Harvard-Oxford subcortical/cortical atlas, Frazier
et al., 2005). This confirmed that 51/54 contact pairs had at
least one contact in the internal pallidum, with the remaining
three contact pairs from two patients (Case 2: RO1, Case 7:
R01/L01) lying below the edge of the target.

Experiments and recordings

Simultaneous 125 channel MEG (YOKOGAWA ET 160) and
pallidal LFP recordings were conducted 1 to 7 days after DBS
electrode implantation (mean £+ SEM =3 + 0.37 days), while
the DBS leads were externalized. Rest recordings of 3—4 min
were conducted, during which the patients were lying still with
eyes open and instructed not to move. To avoid movement
artefacts, patients with severe phasic head movements or
head tremor were not included in the study. All data were
recorded at a sampling rate of 2000 Hz. Electro-oculographic,
EMG and LFP recordings were recorded simultaneously
through the integrated EEG system. Recordings from four
DBS electrode contacts were referenced to contact 0 of the
left electrode and later re-referenced offline (see below).

Data analysis

Statistical parametric mapping (SPM; Litvak ez al., 2011b)
(http://www fil.ion.ucl.ac.uk/spm/),  Fieldtrip ~ (Oostenveld
et al., 2011) (http://www.ru.nl/neuroimaging/fieldtrip/) and
Data Analysis in Source Space (DAISS, https://code.google.
com/p/spm-beamforming-toolbox/) toolboxes were used. To
limit the effects of volume conduction to distant sources,

Table | Clinical details of the patients

W.-J. Neumann et al.

LFP recordings were re-referenced to a bipolar montage be-
tween adjacent contact pairs (01, 12, 23). To avoid selection
bias, all three contact pairs (01, 12, 23) from the DBS elec-
trodes of all patients were included in the analysis. The data
were then down-sampled to 300 Hz. High-pass (>1Hz) and
notch filters (at 50, 100 and 150Hz) were applied to limit
effects of line noise (fifth order zero-phase Butterworth filters).
Continuous rest recordings were divided into arbitrary epochs
of 3.41-s length (1024 samples). Epochs were rejected from
further analysis if they contained artefacts in either MEG or
LFP data. Artefacts in the LFP recordings were identified by
thresholding the LFP amplitude at 30 pV (Litvak et al., 2011a).
This threshold was set by examining the typical values for
clean data and artefactual deflections across epochs and sub-
jects. The MEG data were contaminated by artefacts generated
by ferromagnetic percutaneous connection wires. It was previ-
ously shown (Litvak e al., 2010) that such artefacts can be
suppressed by beamforming. However, the Yokogawa system
used in the present study has a lower dynamic range than the
CTF-MEG system used previously, resulting in intermittent
saturations in some of the channels close to the wires. These

Figure | Deep brain stimulation electrode location.
Example of a 3D reconstruction of a DBS lead for electrode local-
ization, with contacts in the internal pallidum (light blue structure;
Case 4). The thalamus (yellow), external pallidum (dark blue), sub-
thalamic nucleus (dark red) and red nucleus (light red) are visualized
for better orientation.

Case Age Sex Diagnosis TWSTRS BFMDRS Disease n excluded Theta peak Alpha peak Beta peak
duration sensors location location location
(mmxyz (mmxyz (mmxyz
MNI) MNI) MNI)
| 48 F Generalized dystonia na 16 20 17125 54 —24 6 —2 —50 —48 40 -2 34
2 55 M Segmental dystonia® 20 na 12 0/125 32 —28 —28 2 —48 —48 4 —46 64
3 51 F Cervical dystonia 23 na 3 20/125 56 —44 —16 24 —64 —46 14 —870
4 52 F Cervical dystonia 22 na I 14/125 46 —14 —22 0 —72 —42 48 —4 28
5 48 F Segmental dystonia® 25 na 6 15/125 54 —32 —18 16 —84 —16 46 —30 52
6* 68 M Cervical dystonia 16 na 23 86/125 na na na
7 47 F Cervical dystonia 15 na 4 18/125 30 —32 —28 0 —52 —40 32 —10 54
8 58 M Cervical dystonia 18 na 20 26/125 56 —32 6 8 —62 —40 4 -270
9 24 F Generalized dystonia na 27 16 0/125 no peak 38 —78 —34 36 —2 54
(DYT 1)

Note that the TWSTRS was used to assess symptom severity in patients with clinical features involving primarily the neck, whereas the Burke Fahn Marsden Dystonia Rating Scale
(BFMDRS) was used for the patients with generalized dystonia. *This case was excluded from the analysis due to artefacts. Case 2 had cervical dystonia with additional postural hand

tremor. “Case 5 had cervical dystonia with mild contraction of the right abdominal wall.
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saturated segments were defined as segments where the differ-
ences between adjacent samples stayed <5 fT for 10 consecu-
tive samples or more. Epochs with amplitude jumps of >10
pT between consecutive samples were also excluded. If for a
particular MEG channel >20% of the epochs were contami-
nated by these artefacts, the channel was excluded from
further analysis (see Table 1 for details). In one patient
(Case 6), metal artefacts led to exclusion of 86/125 sensors;
thus, data from this patient were omitted from further ana-
lysis. The mean number of excluded channels was 13 (range
0-26), concentrated in the area of the percutaneous connection
wires on the left hemisphere (location corresponding to the
area around electrode F3 in the 10-20 EEG system). After
artefact rejection, a mean £ SEM of 216.9 + 16.2s (range
133-293s) were analysed, resulting in an average of
62.9 £ 5.25 SEM trials (range 39-75 trials) in eight remaining
patients. All data were visually inspected before and after auto-
matic artefact rejection.

Characterization of the frequency
distribution of significant LFP-MEG
coherence

The principal correlate of functional connectivity investigated
in this study was coherence, which provides a frequency
domain measure of the linear phase and amplitude relation-
ships between signals (Buzsaki and Draguhn, 2004; Litvak
et al., 2010). Single-subject analysis at the sensor level was
designed to investigate the frequency distribution of significant
peaks of coherence before group analysis. We used the proced-
ure originally suggested by Litvak et al. (2011a). MEG and
bipolar GPi-LFP epoched data were converted to the frequency
domain (range 5-45 Hz with a frequency resolution of 2.5 Hz,
and 55-95 Hz with frequency resolution of 7.5Hz) using the
multi-taper method (Thomson, 1982). Coherence was then
calculated between each GPi-LFP channel and each MEG
channel. Scalp maps of coherence for each frequency bin
were linearly interpolated to produce a 2D image (64 x 64
pixels). The resulting images were stacked to produce a 3D
image with two spatial and one frequency dimension. Thus,
3D images for the low and high frequency ranges were created
for each LFP channel in each patient. Significant regions of
coherence within these images were determined by statistical
comparison to 10 surrogate coherence images in which any
coherence was destroyed. The surrogate coherence images
were generated from the same MEG trials, but with the
order of GPi-LFP trials shuffled. To ensure conformance to
the assumptions of random field theory, all images were
smoothed with a Gaussian kernel (10 mm x 10 mm x 2.5Hz
for low frequency, and 10mm x 10mm x 7.5Hz for high
frequency images). Standard SPM procedures were used for a
two-sample #-test between the original image and the 10 sur-
rogate images with a family-wise-error corrected threshold of
P < 0.01 to identify significant regions in sensor space and
frequency. For each original LFP-MEG coherence image in
each patient, frequencies of the clusters of significant coherence
were identified and taken into a histogram (Fig. 2B) to visual-
ize the frequency distribution of significant sensor level coher-
ence across patients.
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Characterization of coherent source
activity across patients

To identify the spatial topography and spectral properties of
distinct frequency-specific cortico-pallidal coherence networks,
we used MEG beamforming. For this method, a linear projec-
tion of sensor data is generated by using a spatial filter com-
puted from the lead field of the source of interest and the data
covariance in the time domain (Van Veen et al., 1997) or the
cross-spectral density matrix in the frequency domain (Gross
et al., 2001). For lead field computation, a perturbed sphere
forward model (Nolte, 2003) was created based on an inner
skull mesh obtained by inverse-normalizing a canonical mesh
to the subject’s individual preoperative MRI image (Mattout
et al., 2007). All MEG data sets were coregistered to the
individual patient’s MRI by using MEG head position indica-
tor coils attached to the nasion and left and right pre-auricular
points. The DICS (dynamic imaging of coherent sources)
beamforming method was used to locate cortical sources
coherent to the GPi-LFP activity (Gross et al., 2001). The
coherence values were computed on a 3D grid in Montreal
Neurological Institute space, with spacing of 5mm bounded
by the inner skull surface. Values at the grid points were then
linearly interpolated to produce volumetric images with 2 mm
resolution. The images were stored in Neuroimaging
Informatics Technology Initiative (NIfTI) format and
smoothed with an 8 mm isotropic Gaussian kernel. The result-
ing 3D images of LFP-MEG coherence were compared to sur-
rogate images from phase shifted data using SPM procedures
(Friston et al., 1994; Litvak et al., 2011b). Original and sur-
rogate coherence images were created for five frequency bands,
theta (4-8 Hz), alpha (7-13 Hz), beta (13-30 Hz), low gamma
(30-60Hz) and high gamma (60-90Hz) and taken into the
analysis. Images derived from the left pallidal electrodes were
reflected across the median sagittal plane, to allow comparison
of sources ipsilateral and contralateral to the GPi regardless of
the original hemisphere. All images were subjected to a fixed-
effect ANOVA to test for a significant difference between real
and surrogate coherence images, with subject and side as add-
itional factors. A family-wise error (FWE) corrected threshold
of P < 0.01 and a minimum voxel extent of 1000 voxels were
chosen to identify significant regions of cortico-pallidal coher-
ence. The MNI coordinates of the global maxima for each
significant frequency band on the group level were further
used for single patient analysis and source extraction. Single
patient peak locations were analysed from averaged DICS
images from all contact pairs by identifying local maxima in
proximity to the group peak. Virtual electrode signals were
extracted from group coherence peaks for each frequency
band using a linearly constrained minimum variance beamfor-
mer (Van Veen et al., 1997) and regularization set at 0.01% of
the mean of the diagonal of the channel covariance matrix
(Litvak et al., 2010). Source and GPi-LFP power and coher-
ence estimates were calculated from the resulting extracted
source channels and are presented as the mean across all pal-
lidal contact-pairs and patients. Individual peaks of GPi-LFP
power spectra were investigated visually and reported. To in-
vestigate the effective directionality of functional coupling be-
tween the cortical sources and the pallidal LFP signal, we used
a non-parametric variant of Granger causality (Brovelli et al.,
2004) averaged for each frequency band. To identify
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Figure 2 Sensor space analysis. Representative pallidal LFP-MEG sensor coherence map (A, the colour axis represents coherence) for the
low frequency band with the corresponding SPM T-statistic (B, the colour represents T-values for each point on the 3D sensor map) and the
corresponding source analysis (C) localized to the ipsilateral motor cortex (Area 6) for one GPi contact pair (Case 4 contact pair R12). The upper
plots (A and B) show the spatial dimension (left-right and anterior-posterior) on the x-axis with frequency on the y-axis (545 Hz). The large
figures on the lower left (A and B) show the two spatial dimensions at the frequency of the peak (18 Hz). The crosshair in A and B is centred on
the highest T-value of the peak. The histogram (D) of all significant coherence clusters from the individual sensor space analyses visualizes the
number of significant peaks in individual patients regardless of the sensor location. A widespread distribution of significant coherence peaks can be
seen, predominantly in the 5 to 35Hz and 60 to 85Hz range. A = anterior; F = frequency; L = left; P = posterior; R = right.

significant directional coupling, original data were compared
to time-reversed data (Haufe et al., 2013) across all patients
for each extracted source in the defined frequency range using
right-tailed paired #-tests. This procedure has proven to sup-
press the influence of weak data asymmetries not related to
time-lagged interactions in the data, while it is statistically
powerful in the detection of meaningful strong asymmetries
(Haufe et al., 2013). Hence, in the case of true directional
interaction a significantly higher Granger causality value is
expected for the original signals compared to the reversed sur-
rogate. Therefore, it was tested whether the results were
significantly greater across the group for the original data
when compared to the reversed surrogate data.

Correlation with clinical symptoms

To investigate a potential relation of LFP-source coherence
and dystonic symptom severity, the preoperative Torticollis
severity scale that is part of the Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS) was documented for patients
with cervical or segmental dystonia (all analysed patients,
apart from Cases 1 and 9). Note that patients with segmental

dystonia had mild additional symptoms that were not covered
by the TWSTRS (Case 2: postural hand tremor; Case 5: con-
traction of the right abdominal wall). Non-parametric
Spearman’s correlations were used to investigate a potential
association of the TWSTRS severity score and the coherence
value in the contact pair, with the highest averaged frequency
band LFP-MEG coherence for the temporal theta (4-8 Hz),
cerebellar alpha (7-13Hz) and motor-cortical beta band
(13-30Hz) source.

Results

Spectral distribution of
cortico-pallidal coherence

Significant peaks of cortico-pallidal coherence were present
in all patients at the sensor level. An example of sensor
level coherence with a significant beta peak and the result-
ing source coherence on an individual patients’ cortical
mesh is shown in Fig. 2. Frequencies of peaks were
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spread across the 5-95Hz spectrum, with a concentration
in the beta range (13-30 Hz; Fig. 2D).

Spatial distribution of frequency-
specific cortico-pallidal coherence

Topographical mapping of LFP-MEG coherence revealed
frequency-specific pallidal connectivity to sensorimotor
cortical areas, temporal areas and the cerebellum. The
coherence patterns were clearly lateralized to the ipsilateral
hemisphere. For each frequency band, DICS images with
their corresponding surrogate phase shifted DICS pairs
(96 images from 48 contact pairs from 16 hemispheres
from eight patients) were subjected to a fixed-effect
ANOVA with subject and side as additional factors.
Three significant clusters of cortico-pallidal coherence
were revealed, in the theta (4-8Hz), alpha (7-13Hz)
and beta (13-30Hz) bands. The results are presented in
Fig. 3.

In the theta band, a cluster extending from subcortical
areas to the temporal cortex, with the coherence maximum
in the inferior temporal gyrus, was identified (t=8.87;
P < 0.0001; cluster size: 4424; MNI coordinates x = 44,
y=—26, 2= —17). A cluster restricted to the central cere-
bellum was significant in the alpha band (t=6.18;
P < 0.0001; cluster size: 6688; MNI coordinates x =2,
y=—32, z=13). This cluster overlapped peripherally
with the brainstem. However, this overlap vanished
when a more conservative FWE corrected P-value threshold
(P < 0.00001) was chosen. In line with a role of beta oscil-
lations in the sensorimotor network, cortico-pallidal coher-
ence in the beta band (13-30Hz) was significant in the
sensorimotor areas (t=8.09; P < 0.0001; cluster size:
24669; MNI coordinates x = 30, y = — 14, z=57).

For the low gamma band (30-60Hz) a sensorimotor
region and two subcortical clusters, and for the high

BRAIN 2015: 138; 1894-1906 | 1899

gamma band (60-90 Hz) a small subcortical cluster reached
significance (P < 0.05 FWE corrected), but did not survive
our stringent thresholding criteria and were therefore not
further analysed.

All other clusters remained significant, when the three
contact pairs that were off target in the postoperative ima-
ging were excluded. A direct comparison of hemispheres
(left versus right) did not reveal significant differences in
any of the frequency bands. Analysis of individual source
locations confirmed the consistency of our findings in indi-
viduals within the patient group (Fig. 4). In the theta band,
7/8 patients had a local peak within an average distance of
19.07 £2.17mm from the group mean in MNI space.
Similar distances were found for the alpha (8/8 patients,
mean distance £ SEM 21.38 4+ 5.90 mm) and beta bands
(8/8, 25.05 + 4.16 mm).

Cortical and pallidal spectral power,
coherence and directionality of
information flow

In each subject, using a linearly constrained minimum
variance beamformer, virtual channels of cortical activity
were extracted from the locations of maximum coherence
(group peak) in the significant clusters for each frequency
band. Figure 5 shows the power spectra, LFP-source coher-
ence and directionality measures for each of the three
extracted sources. The cortical power spectra showed dis-
tinct low frequency peaks at ~10Hz (including theta and
alpha band) and additional increased power in the fre-
quency range up to ~20Hz for the motor cortical beta
band source. For the pallidal LFP signals, power-spectra
were averaged across all contact pairs and all patients for
visualization. On an individual level, all patients had dis-
tinct low frequency peaks in 30/44 contact pairs overall
(range 7-12Hz; mean & SEM 9 + 0.5 Hz). A clear spectral

Figure 3 Across group source analysis. SPM analysis of source coherence across the group revealed three distinct networks of LFP-MEG
coherence. A mid-temporal theta network (A), a cerebellar alpha network (B) and a sensorimotor beta network (C). Coloured 3D images
represent coherence (A-C) and are centred to the global maximum within the significant localization and masked for visualization as described in
the methods section. Black and white SPM images (D-F) represent the corresponding significant voxels from the SPM ANOVA.
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Figure 4 Individual peak localization. Locations of individual local maxima closest to the respective group peak for the theta (yellow), alpha
(blue) and beta band (red) were identified in the averaged source coherence images across all contact-pairs for each patient and projected to ‘glass
brains’ (inner boundary of skull marked with grey mesh) viewed from the above (A), right (B) and front (C). All images from left hemispherical
contact-pairs were mirrored along the sagittal plane prior to averaging.
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Figure 5 Source extraction and directionality analysis. Linearly constrained minimum variance beamformer (LCMV) source extraction
allowed power, coherence and directionality analysis of the significant sources. The top first row shows the averaged power spectra and the
second row the coherence spectra for the temporal theta (A), the cerebellar alpha (B) and the motor cortical beta (C) sources. The lowermost
row shows the averaged Granger causality measure for the respective frequency bands [4-8 Hz (A), 7-13 Hz (B), 13-30 Hz (C)] of the three
identified sources in comparison to reversed data. *P < 0.05 **P < 0.001.
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Figure 6 Inverse correlation of pallido-cerebellar coupling

and dystonic symptom severity. Spearman’s correlation

between pallido-cerebellar alpha band coherence and dystonic

symptom severity as measured by the TWSTRS severity scale re-

vealed an inverse relationship (Spearman’s Rho = —0.94, P = 0.017).

distribution of LFP-MEG coherence was found for each
cluster, with a focal theta peak (4-7Hz) for the temporal
cortex, a broader alpha band peak (6-13 Hz) for the cere-
bellar source, and two peaks for the motor cortical source
(4-8 Hz + 10-30Hz). Directionality analysis for the rele-
vant frequency bands for each source revealed that the
GPi drove the temporal cortex in the theta range (4-8 Hz;
P < 0.01) and the cerebellum in the alpha range (7-13 Hz;
P =0.01). The motor cortical source drove the GPi in the
beta range (P < 0.001). Beta band activity in the pallidum
has previously shown to be driven by the motor cortex in
LFP-EEG studies (Williams et al., 2002) and similar results
were found for LFP-MEG and LFP-EEG coherence from
the subthalamic nucleus in patients with Parkinson’s dis-
ease (Litvak et al., 2011a).

Correlation of cortico-pallidal coher-
ence and dystonic symptom severity

A negative correlation was found between the degree of
pallido-cerebellar connectivity and clinical symptom sever-
ity as measured by the TWSTRS. Averaged pallido-cerebel-
lar alpha band coherence (7-13 Hz) negatively correlated
with the preoperative TWSTRS score in patients with seg-
mental or cervical dystonia (7 = 6, Rho= —0.94, P = 0.017;
Fig. 6), meaning that higher connectivity values were asso-
ciated with less prominent dystonic motor symptoms in our
patients. Detailed analysis revealed that higher scores due
to additional symptoms in segmental dystonia patients (not
covered in the TWSTRS) would improve (Case 2) or not
change (Case 5) the rank based Spearman correlation. No
significant correlation was found for the motor cortical
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beta and theta as well as the temporal theta source
(Supplementary Fig. 1).

Discussion

We have demonstrated that the human internal pallidum is
interconnected with the cerebral cortex in spatially and
spectrally distinct functional oscillatory networks in
patients with idiopathic dystonia. Three network connec-
tions with the pallidum were identified. Theta band coher-
ence was identified with the temporal cortex, an alpha
band coherence with a central cerebellar source, and the
beta band coherence with motor and premotor cortical
regions. Interestingly, the amount of coupling in the alpha
band between the internal pallidum and the cerebellum was
inversely correlated with the patients’ preoperative clinical
state as measured by the TWSTRS. Although correlation
does not prove causation, the demonstration of a significant
correlation between cerebello-pallidal alpha band coherence
and dystonic symptom severity suggests a pathophysio-
logical role for alpha band oscillatory network activity in
dystonia.

Before we proceed with a more detailed discussion of our
findings, we should consider the potential limitations of our
study. The methodological effort, combined with the
sparseness of dystonic DBS patients suited for MEG record-
ings, led to a relatively small and heterogeneous cohort of
patients; we tried to compensate for this by introducing
conservative statistical thresholds and thorough validation
of individual results, both in sensor and in source space. In
this regard, it should be noted that the cerebellar alpha
band group peak overlaps partially with the brainstem.
This is of interest, because brainstem lesions can cause dys-
tonic symptoms (Vidailhet et al.,, 1999) and altered struc-
tural basal ganglia—brainstem connectivity has been
reported in dystonia (Blood et al, 2012). Thus, the
observed alpha band coherence could be partially origi-
nated from the brainstem. However, the facts that all
patients had the local maxima in the cerebellum and not
in the brainstem, and that an even more conservative stat-
istical threshold confined the source of alpha band coher-
ence to the cerebellum, favours the cerebellum as the
relevant source of coupling. Further, magnetic artefacts
led to an exclusion of some of the channels near the DBS
lead externalization in the left hemisphere, which may have
compromised the reliability of coherence measures in this
area. A potential influence of this channel exclusion on our
results cannot be ruled out; however, no hemispherical dif-
ferences in coherence patterns were revealed by the statis-
tical analysis. Next, the correlation of alpha band
coherence and clinical symptoms are obtained by investi-
gating the severity of predominant cervical dystonic symp-
toms and we should be cautious not to generalize the
findings to all forms of dystonia. Moreover, an inherent
limitation of intracranial recordings in humans is the lack
of healthy controls. Hence, we cannot predict the
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pathophysiological influence of the disease on the reported
networks, as our group consisted of patients with different
types of dystonia with partially persistent motor symptoms
at rest. With the intent to discuss the functional roles of the
networks, we should note that the demonstrated results are
derived without any functional modulation, and more
likely reflect a resting or default mode network (Laufs
et al., 2003). Finally, all intracranial recordings in human
subjects lack histological confirmation of the origin of the
recorded activity, thus the electrode placement remains pre-
sumptive. However, postoperative imaging and MRI-based
electrode localization in all of our patients was consistent
with at least two contacts of the DBS electrode placed in
the GPi.

The observed findings for the theta and the beta band are
similar to previously described subthalamic LFP-MEG con-
nectivity patterns from patients with Parkinson’s disease
(Hirschmann et al., 2011; Litvak et al., 2011a; Neumann
et al., 2014). Subcortico-cortical coherence with the tem-
poral lobe has been described in these studies for the lower
(vet alpha band) frequency range, whereas beta oscillations
were primarily synchronized to sensorimotor regions. We
describe a pallido-temporal network in the theta frequency
range, which overlaps spatially with the hippocampus. The
hippocampal theta rhythm is one of the most prominent
oscillatory phenomena (Buzsaki and Draguhn, 2004) that
has previously been described in MEG studies (Tesche,
1997; Tesche and Karhu, 2000a; Cornwell et al., 2012),
and recently further supported by evidence from parallel
hippocampal LFP-MEG recordings that has given first-line
evidence for the feasibility of recording human hippocam-
pal theta rhythms with MEG (Dalal et al., 2013). The
hippocampus is anatomically interconnected with the palli-
dum via the nucleus accumbens and proposed to be simul-
taneously activated during learning and integration of
limbic information on sensorimotor output (Thierry et al.,
2000; Packard and Knowlton, 2002). Theta synchroniza-
tion has been hypothesized to allow encoding of new infor-
mation in hippocampo-cortical feedback loops (Klimesch,
1999), and theta band coherence between the hippocampus
and the basal ganglia was previously described in rats,
where the striatum has been reported to be driving infor-
mation flow (DeCoteau et al., 2007). Thus, the hippocam-
pus is a tempting candidate as a source for the described
mid-temporal oscillatory theta network. However, given
the low spatial resolution of the method and the relatively
small size of the hippocampus and the larger extent of the
described source, we propose a hippocampal network as
one potential explanation of our findings, while keeping
in mind that further studies would be needed to confirm
this hypothesis through functional modulations of this os-
cillatory circuit to also elucidate its functional significance
in dystonia.

The role of beta oscillatory activity in the cortico-basal
ganglia circuit is comparatively much more studied, and
beta network alterations have been reported in a variety
of studies (Pfurtscheller and Aranibar, 1977; Pfurtscheller

W.-J. Neumann et al.

and Lopes da Silva, 1999; Kiihn et al., 2004, 2008a, b;
Lalo et al., 2007; Ray et al., 2008; Hirschmann et al.,
2011; Litvak et al., 2011a; Briicke et al., 2012; Alegre
et al., 2013). A suppression of beta band activity has
frequently been reported during motor tasks in the motor
cortex (Pfurtscheller and Aranibar, 1977; Pfurtscheller and
Lopes da Silva, 1999; Lalo et al., 2007), GPi (Briicke et al.,
2008, 2012; Singh et al., 2011a, b; Herrojo Ruiz et al.,
2014), the subthalamic nucleus (Kiihn ez al., 2004; Litvak
et al., 2012; Alegre et al., 2013) and the motor thalamus
(Paradiso et al, 2004; Kempf et al., 2009; Briicke et al.,
2013). Thus, beta activity in the cortico-basal ganglia
loops has been widely associated with movement initiation
and termination in motor control (Jenkinson and Brown,
2011; Brittain and Brown, 2014). Stimulation of the motor
cortex in the beta frequency range has been shown to slow
movements, which is first-line evidence for a causal
influence of this network activity on motor performance
(Pogosyan et al., 2009; Joundi et al., 2012). More specific-
ally, beta circuit synchronization may promote the status
quo or generally tonic activity (Engel and Fries, 2010;
Jenkinson and Brown, 2011), and premovement beta
desynchronization could signal the likelihood that a new
voluntary action will need to be performed (Jenkinson
and Brown, 2011). Altered movement-related beta band
desynchronization over motor cortical areas (Toro et al.,
2000), and abnormal beta band functional connectivity
across premotor—motor areas during movement (Jin et al.,
2011) provides further evidence for motor cortical involve-
ment in dystonia linked to alterations in beta band oscilla-
tory activity. Our study demonstrates a cortico-pallidal beta
network at rest that is spatially restricted to the sensori-
motor area, and thus gives a framework for functional
interactions of cortico-pallidal beta signalling in the
cortex-basal ganglia feedback loops for motor control.
Abnormal movement-related beta signalling may occur in
the described motor network leading to impaired motor
learning in dystonia. The oscillatory driving of information
flow by the motor cortex could either be indirect via
a corticostriatal connection or monosynaptic through the
recently described super-direct pathway that links Area 4
and 6 with the internal pallidum (Milardi ez al., 2014). It is
interesting to note that both alpha and beta oscillatory
activity is suppressed before and during movement, but
demonstrate topographical and temporal differences that
implicate  these rhythms as functionally  distinct
(Pfurtscheller and Lopes da Silva, 1999). PET studies
have revealed remote effects of pallidal DBS on premotor
and motor areas at rest (Detante et al., 2004) and during
movement (Kumar et al., 1999). Moreover, neurophysio-
logical parameters of motor cortex excitability, intracortical
inhibition and induced plasticity tend to normalize in par-
allel with alleviation of dystonic symptoms after chronic
DBS, as revealed with transcranial magnetic stimulation
(Kithn et al., 2003; Tisch et al., 2006; Ruge et al.,
2011a, b). Modulation of cortical activity patterns may
be facilitated by a functional reorganization through
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DBS-related modulation of oscillatory long range network
synchronization.

Although there is a vast amount of literature that has
established MEG recordings for the characterization of
cortical surface activity, fewer studies have shown activity
from deeper brain structures such as the cerebellum.
Nevertheless, cerebellar signals picked up by MEG have
been reported in association with somatosensory stimula-
tion (Tesche and Karhu, 1997, 2000b; Stancak et al.,
2011), motor tasks (Jousmaki et al., 1996; Gross et al.,
2002; Pollok et al., 2005; Jerbi et al., 2007; Bourguignon
et al., 2012), saccades (Ioannides et al., 2005) and patho-
logical conditions, such as epileptic seizures (Mohamed
et al., 2011), parkinsonian tremor (Timmermann et al.,
2003; Pollok et al., 2009) and in patients with writer’s
cramp during writing (Butz et al., 2006). Our results
extend these findings, suggesting that the cerebellum is
interconnected with the internal pallidum through 7-
13 Hz alpha band oscillations. A cerebello-thalamo-cortical
network at ~10Hz has been proposed to reflect a funda-
mental network for the synchronization of spatially sepa-
rated motor areas for the maintenance of intermittent
motor control (Welsh et al., 1995; Gross et al., 2002).
Alteration of functional connectivity in cerebellar pathways
is consistent with recent findings of functional and struc-
tural abnormalities in patients with different types of dys-
tonia; for example, a cerebellar hypermetabolism found
during rest (Eidelberg et al., 1998) and with pallidal DBS
using PET (Detante et al., 2004), as well as a reduced cere-
bellar activation during motor execution (Carbon et al.,
2008; Argyelan et al., 2009; Blood, 2013). While there is
extensive evidence that the cerebellum and the basal ganglia
are interconnected (Bostan et al., 2010, 2013; Bostan and
Strick, 2010; Kipping et al., 2013), no direct anatomical
connection between the internal pallidum and the cerebel-
lum has been described, making a monosynaptic oscillatory
connection that could explain our findings highly unlikely.
However, a close connection between the GPi and cerebel-
lum via the red nucleus (a relay nucleus for afferent con-
nections to the cerebellum and in the cerebello-thalamic
circuit) has previously been reported and implicated in dys-
tonia (Blood, 2013). More specifically, alterations in struc-
tural white matter connectivity between the internal
pallidum and the red nucleus have been reported in a dif-
fusion tensor imaging study of patients with dystonia
(Argyelan et al., 2009; Blood et al., 2012). A pathway
via the red nucleus offers a feasible explanation for the
pallido-cerebellar oscillatory connectivity presented in this
study, which would be corroborated by the pallidal drive of
information flow found in the directionality analysis.
Alterations in structural connectivity are likely associated
with alterations in functional connectivity, which could
lead to a disease-specific signature of oscillatory pallido-
cerebellar network activity. The inverse correlation between
pallido-cerebellar coupling and dystonic symptom severity
suggests that alpha band connectivity is necessary for
physiological motor and posture maintenance, and is
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disturbed in dystonia. Similar to the reported low frequency
peaks in our patients, previous studies have shown that
dystonia patients show increased low frequency (4-12 Hz)
synchrony in the pallidal LFP signature (Silberstein et al.,
2003; Liu et al., 2008) that drives (Sharott et al., 2008) and
correlates (Chen et al., 2006) with dystonic muscle activity
and is suppressed by DBS (Barow et al., 2014). Whether
increased pallidal low frequency synchronization is related
to the loss of pallido-cerebellar coupling, e.g. as a compen-
satory mechanism, or may disrupt cortico-pallidal coupling
itself will have to be investigated in future studies.
Sensorimotor cortico-pallidal low frequency coherence
was not correlated with dystonic symptoms at rest in our
patients. Future studies should explore frequency-specific
network changes during movement to further define its
pathophysiological role for abnormal movement gener-
ation. In this context, it is of note that reduced cerebello-
thalamic fibre tract integrity has been revealed in patients
with dystonia (Argyelan et al., 2009; Carbon et al., 2011).
Here, a larger amount of cerebellar outflow tract disruption
was related not only to the occurrence of dystonic
symptoms but associated with increased motor cortical
activation at rest and during movement, suggesting inter-
dependent network modulation (Carbon et al., 2011).
Similarly, increased cerebello-motor cortical functional con-
nectivity has been described as a potential compensatory
mechanism in patients with writer’s cramp using functional
MRI that was progressively reduced with larger symptom
severity, indicating symptom-related neuroplastic compen-
satory network changes in dystonia (Dresel et al., 2014).
Moreover, recent findings suggest that modulation of cere-
bellar output by continuous theta burst transcranial mag-
netic stimulation modulates motor cortex activity via
cerebello-pallido-thalamo-cortical pathways and thereby
may improve dystonia or levodopa-induced dyskinesia in
Parkinson’s disease (Koch et al., 2009). It could be specu-
lated that theta burst stimulation may either enhance
cerebello-pallidal low frequency connectivity or may tran-
siently disrupt abnormal pallidal oscillations, thus leading
to short-term improvement in dystonic symptoms. If so,
cerebellar transcranial magnetic stimulation could be of po-
tential interest to define optimal DBS candidates in the
future.

In conclusion, we have demonstrated that cortico-pallidal
circuits are interconnected via spatially and spectrally dis-
tinct oscillatory networks. Our findings suggest the exist-
ence of three segregated circuits that show a disease-related
pattern. Deep brain stimulation may interfere with these
networks, and could modulate abnormal motor circuit
signalling in dystonia.
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