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ARTICLE INFO ABSTRACT

Keywords: Background: Transcranial direct current stimulation (tDCS) may alleviate motor symptoms in Parkinson's disease
Parkinson's disease (PD). However, the neurophysiological effects of tDCS on cortical activation, synchronization, and the relation to
brain stimulation clinical motor symptoms and motor integration need characterization.

transcranial direct current stimulation

el Objective: We aimed to explore the effect of tDCS over the left sensorimotor area on clinical motor outcome,
cortical

right hand fine motor performance as well as cortical activity and synchronization in the high beta range.
Methods: In this double-blind randomized sham-controlled clinico-neurophysiological study we investigated ten
idiopathic PD patients and eleven matched healthy controls (HC) on two days during an isometric precision grip
task and at rest before and after ‘verum’ and ‘sham’ anodal tDCS (20 min; 1 mA; anode [C3], cathode [Fp2]). We
measured clinical outcome, fine motor performance, and analysed both cortical frequency domain activity and
corticocortical imaginary coherence.

Results: tDCS improved PD motor symptoms. Neurophysiological features indicated a motor-task-specific
modulation of activity and coherence from 22 to 27 Hz after ‘verum’ stimulation in PD. Activity was significantly
reduced over the left sensorimotor and right frontotemporal area. Before stimulation, PD patients showed re-
duced coherence over the left sensorimotor area during motor task compared to HC, and this increased after
‘verum’ stimulation in the motor task. The activity and synchronization modulation were neither observed at
rest, after sham stimulation nor in healthy controls.

Conclusion: Verum tDCS modulated the PD cortical network specifically during fine motor integration. Cortical
oscillatory features were not in general deregulated in PD, but depended on motor processing.

coherence

1. Introduction processing (Neuper et al., 2006; Pfurtscheller and Lopes, 1999). Mala-
daptive neuronal oscillatory activity and synchronization provide re-

Neuronal activity and synchronization of cortical and subcortical levant features of neuropsychiatric disease including Parkinson's dis-
circuits support the dynamic functional interplay of different brain ease (PD) (Hammond et al., 2007; Uhlhaas and Singer, 2006; Weiss
areas and integration of complex cognitive functions including motor etal., 2015). In PD, increased activity in the beta frequency range in the

Abbreviations: APB, abductor pollicis brevis muscle; atDCS, anodal tDCS; DBS, deep brain stimulation; FDI, first dorsal interosseous muscle; GABA, gamma-
aminobutyric acid; HC, healthy controls; MAD, mean absolute deviation; PD, Parkinson's disease; SM1, primary sensorimotor area; M1, primary motor area;
rmANOVA, repeated measures analysis of variance; Ag/AgCl, silver/silver chloride; STN, subthalamic nucleus; tACS, transcranial alternating current stimulation;
tDCS, transcranial direct current stimulation; UPDRS, Unified Parkinson's disease rating scale

* Corresponding authors at: Center for Neurology, Department for Neurodegenerative Diseases, Hertie Institute for Clinical Brain Research, University of Tiibingen,
Hoppe-Seyler-Str. 3, 72076 Tiibingen, Germany.

E-mail addresses: anna.schoellmann@med.uni-tuebingen.de (A. Schoellmann), daniel.weiss@uni-tuebingen.de (D. Weiss).

https://doi.org/10.1016/j.nicl.2019.101689

Received 29 August 2018; Received in revised form 21 January 2019; Accepted 22 January 2019

Available online 23 January 2019

2213-1582/ © 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2019.101689
https://doi.org/10.1016/j.nicl.2019.101689
mailto:anna.schoellmann@med.uni-tuebingen.de
mailto:daniel.weiss@uni-tuebingen.de
https://doi.org/10.1016/j.nicl.2019.101689
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2019.101689&domain=pdf

A. Schoellmann et al.

Table 1
Clinical characteristics of Parkinson's disease patients.
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D Sex/Age, years Disease duration, years Disease-dominant hand Main symptom Levodopa equivalent dose, mg/d
1 M/56 8 R Bradykinesia, rigidity 800
2 F/74 10 L Bradykinesia, rigidity 1410
3 M/61 7 L Bradykinesia, rigidity 844
4 F/46 5 R Bradykinesia, rigidity 0

5 M/74 19 R Bradykinesia, rigidity 1000
6 F/60 11 L Bradykinesia, rigidity 1050
7 M/50 8 R Bradykinesia, rigidity 657.5
8 M/70 8 R Bradykinesia, rigidity 870
9 M/72 7 R Bradykinesia, rigidity 600
10 F/80 3 R Bradykinesia, rigidity 260

Abbreviations: ID, Identity; M, male, F, female; R, right, L, left.

subthalamic nucleus (STN) may parallel rigidity and bradykinesia
(Hammond et al., 2007; Brown, 2007; Gaynor et al., 2008; Kuhn et al.,
2006; Tinkhauser et al., 2017a). Dopaminergic medication as well as
deep brain stimulation of the STN may normalize these oscillatory
features in parallel to clinical improvement (Tinkhauser et al., 2017b;
Kuhn et al., 2008). However, pathological synchronization is not re-
stricted to the basal ganglia, but entrains cortical motor networks
through local activation changes and long-range synchronization in
striato-thalamo-cortical circuits (Silberstein et al., 2005; Potter-Nerger
et al., 2008; Benninger and Hallett, 2015; Wichmann et al., 2011;
Tinkhauser et al., 2018; van Wijk et al., 2016). Clinical symptoms may
relate to malfunction of the subcortico-cortical motor circuit (Litvak
et al., 2011). As such, the subcortico-cortical motor network seems to
comprise of different functional loops in which functional segregation is
achieved through topographic distribution but also selective coupling at
different frequencies (Lalo et al., 2008). Interregional coupling between
STN and motor cortex (M1) in the beta band seems to be concentrated
into bursts and can be modulated with dopaminergic medication and
subthalamic neurostimulation (Tinkhauser et al., 2018; van Wijk et al.,
2016; Litvak et al., 2011; Oswal et al., 2016). In this sense, it is of
interest, whether there is also cortical (‘non-invasive’) access to restore
the multistage subcortico-cortical motor network failure in order to
improve clinical outcome (Gaynor et al., 2008). By stimulating the
cortical motor circuit, brain stimulation techniques might provide safe
and easy access to the PD STN-M1 motor circuit (Gaynor et al., 2008).
In addition this might help to improve the pathophysiological under-
standing of PD as well as the neurophysiological mechanisms under-
lying clinical motor symptom response to cortical stimulation
(Benninger and Hallett, 2015; Lefaucheur et al., 2004; Lefaucheur et al.,
2017). To this end, transcranial direct current stimulation (tDCS) de-
livers a continuous current that may modulate neuronal excitability and
oscillatory cortical features (Lefaucheur et al., 2017; Priori et al., 1998;
Nitsche and Paulus, 2000, 2001; Floel, 2014; Roy et al., 2014; Polania
et al., 2011, 2012; Keeser et al., 2011a, 2011b; Fregni et al., 2006).
Imaging studies indicate that tDCS may also modulate functional ac-
tivity and connectivity within and between different brain regions
(Polania et al., 2011; Baudewig et al., 2001; Lang et al., 2005). Several
studies showed motor improvement in PD after atDCS over motor re-
gions (Lefaucheur et al., 2017; Fregni et al., 2006; Verheyden et al.,
2013; Valentino et al., 2014; Pascual-Leone et al., 1994; Ferrucci et al.,
2016; Dagan et al., 2018; Costa-Ribeiro et al., 2016; Costa-Ribeiro et al.,
2017; Benninger et al., 2010). Apparently, neuronal networks respond
sensitively to DC fields (Lefaucheur et al., 2017; Francis et al., 2003)
and excitability changes outlast the stimulation period and become
steadily significant after the end of application (Nitsche and Paulus,
2001; Nitsche et al., 2003; Santarnecchi et al., 2014).

In contrast to the manifold studies on the modulation of oscillatory
frequency features of the beta range by deep brain stimulation, the
effect of tDCS on cortical activity and synchronization within the motor
network in PD is less understood.

In this study, we aim to characterize the clinical after-effect of

atDCS on PD motor symptoms and cortical oscillatory activity and
synchronization. We postulate that stimulation of the sensorimotor area
will not only modulate local neuronal activity, but also entrain net-
work-wide changes in activity and synchronization of the cortical motor
network.

2. Materials and methods
2.1. Patients

In this double-blind randomized sham-controlled study, we in-
vestigated eleven medically treated PD patients (seven male, age
64.3 + 11.4, disease duration 8.6 *+ 4.1) and ten healthy controls
(HC) (six male, age 58.6 * 6.8) matched for age (independent samples
t-test; p = .193) and gender (Chi?- test; p = 1) (patient characteristics
in Table 1).

One patient (PD11) was excluded as the patient was unable to co-
operate after withdrawal of medication. All participants provided
written informed consent. The study was approved by the local ethics
committee of the University of Tiibingen (367/2010BO1). PD patients
were studied in motor ‘OFF’ after overnight withdrawal (at least 12 h)
of dopaminergic medication.

We included right-handed subjects (Oldfield, 1971) with age >
18- < 80years. We excluded patients with dementia, other neu-
ropsychiatric disease or other severe medical conditions. Moreover, we
excluded patients with dyskinesia and preferred such without tremor. If
tremor appeared unexpectedly during the recordings, we rejected the
respective time series. We also obtained the Mini Mental State Ex-
amination Score and Beck's Depression Inventory (Folstein et al., 1975;
Beck et al., 1996). PD and HC were investigated during an isometric
precision grip task of the right index finger and thumb (Weiss et al.,
2012).

2.2. Experimental design, study protocol, paradigm

A schematic overview of the study protocol is given in Fig. 1.
Briefly, we studied two groups [‘PD’, ‘HC’] in two stimulation condi-
tions [‘verum’, ‘sham’ atDCS] before (‘pre’), immediately after (‘postl’),
and 30 min after (‘post2’) stimulation. The stimulation conditions were
administered on two separate days, and stimulation was delivered in
double-blind manner and randomized order. At each timepoint, patient
received a recording during performance of an isometric motor preci-
sion task and at rest.

tDCS ring electrodes (7.5 cm diameter; 37 cm?; neuroConn GmbH,
Ilmenau, Germany) were placed over the left sensorimotor [C3, anode]
and right frontal areas [Fp2, cathode] (Nitsche and Paulus, 2000). For
‘verum’ stimulation (DC-stimulator Plus ®, neuroConn GmbH, Ilmenau,
Germany), we administered a continuous current for 20 min with 1 mA.
In ‘sham’, active stimulation with 1 mA was discontinued after 40s.
Both conditions had a linear 5s fade-in/ — out period at the beginning
and end of stimulation (Ambrus et al., 2012), in order to enable valid
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A Day 1 Day 2 Fig. 1. Study protocol.
A: All subjects received verum and sham stimulation
in random order. We administered the stimulation
verum |:> sham conditions (verum; sham) on two separate days in in
double-blind manner.
B: timeline of one experimental day with three ses-
subjects sions: ‘pre’ (before stimulation), ‘postl’ (directly
after stimulation) and ‘post2’ (30 min after stimula-
tion). In each session, we recorded EEG and EMG at
sham I:> verum . . .
rest and during performance of an isometric motor
precision task.
B
Pre Postl Post2
= = = =
rest : motor rest : motor rest : motor
} 3 ! 3 ! 20 ! 3 ! 3 } 20 } 3 ! 3 I
Time (min)

placebo control (Palm et al., 2013). Current density was kept below
0.1 mA/cm? and impedance was kept below 6 kQ.

2.3. Clinical motor outcome and fine motor performance

We recorded clinical motor symptoms in ‘pre’, ‘postl’ and ‘post2’ as
UPDRS III motor score (hemibody score, sum of items 22-25, right hand
contralateral to ‘C3’ anodal stimulation side).

For the fine motor assessment, participants performed a precision
grip task with an isometric contraction of their right index finger and
thumb and visual feedback on a computer screen for the calibration
period as described elsewhere (Weiss et al., 2012). The force level was
measured with a mechanogram with a sampling rate of 1000 Hz. Visual
congruency of two rectangles represented ideal calibration of the cur-
rent force level Force,,,, to the defined force level of 2 N. Subjects re-
ceived a calibration period of 10s. Then, visual feedback was with-
drawn for 14 s and subjects had to maintain the calibrated force level
followed by a 7 s interval to relax their hand on the armrest. Only the
data without visual feedback during the precision grip task was used for
further analysis. Blocks of 1-3 min length were obtained and used for
further analysis. We excluded time series in which the subject did not
adhere to the paradigm (e.g. not pressing or missing pre-calibration
period).

The accuracy error of fine motor performance was expressed as
mean absolute deviates (MAD), where Xx; is the value of the difference
between 2 Newton and the current force level Force,,,, at the sampling
point i (Trenado et al., 2014). We used the sum of the absolute value of
x; devided by n (number of samples of the respective time series). MAD
values were log-transformed (Trenado et al., 2014). There was no bias
of the MAD due to different block lengths.

n

1
MAD = — Z Ix;l, where, x = 2Newton — Force.,
n & (@)
i=1

2.4. Electrophysiological recordings

We obtained surface EEG (Neuro Prax ® tES, NeuroConn) with Ag/
AgCl electrodes (EASYCAP, GmbH Herrsching, Germany) using the left
earlobe as reference electrode and a frontal electrode as ground [AF3].
Electrodes were placed according to the 10-20 system using standar-
dized caps (EASYCAP, GmbH Herrsching, Germany) (Klem et al., 1999),

and EEG was obtained from 25 channels. In addition, the EMG was
recorded from the right abductor pollicis brevis (APB) and first dorsal
interosseous (FDI) muscles with references over the distal inter-
phalangeal joint of the thumb (for the APB) and the distal inter-
phalangeal joint of the index finger (for the FDI) (McAuley et al., 1997).
In this work, we focus on EEG analysis including measures of cortical
activity and corticocortical synchronization. Time series were sampled
at 1000 Hz.

2.4.1. Preprocessing

We filtered the EEG data (finite impulse response filter; pass band 1-
200 Hz; 45-55 Hz notch for line artefact) with zero-phase distortion and
compensation for group delay. We inspected EEG data visually and
rejected muscle and movement artefacts as well as few episodes in
which tremor was detected on kinematic or EMG time series. Further
transient artefacts (eye-movement, eye blinking, cardiovascular) were
removed with a principal component analysis. Then, we transformed
the time series back to channel space. We converted the EEG data with
Hjorth transformation in order to reduce the potential influence of
volume conduction and in order to improve spatial resolution (Hjorth,
1991; Kayser and Tenke, 2015). For the Hjorth transformation, we used
a neighbour file with 4-6 neighbours per electrode depending on the
localization of the electrode. Only electrodes in direct proximity to each
other qualified as neighbour and standardized EEG caps determined the
distances between electrodes. All analyses were performed off-line with
MATLAB 7.14 (R2012a) (The MathWorks, Natick, MA, USA) using the
open-source toolboxes EEGlab (v13.1.1b) (Delorme and Makeig, 2004)
and Fieldtrip (Oostenveld et al., 2011).

2.4.2. Frequency domain spectrum of cortical activity

We expressed cortical activity as frequency domain spectrum
(power) and obtained the topographic distribution from the cortical
channels. Therefore, we divided EEG data into rectangular, non-over-
lapping 1-second windows (frequency resolution of 1 Hz). Spectral es-
timation was performed using the Welch periodogram approach. In this
approach, the EEG signals were segmented into 1s (Fourier transform
length) epochs. For data in each epoch, a periodogram was calculated
as the square of the magnitude of the Fourier transform of the data. To
this end, the spectral estimate was calculated by averaging the peri-
odograms over all epochs (we used 100 epochs in each subject for
further analysis). The inverse of the Fourier transform length fixed the
frequency resolution of the power spectrum. The reference for the
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relative measure (spectral power) is the total power (1-100 Hz). The
relative spectral activity in a specific frequency band is defined as the
ratio of the sum of spectral power in that specific frequency band to the
sum of the spectral power between 1 and 100 Hz.

2.4.3. Corticocortical connectivity with imaginary coherence

As a parameter for synchronised activity between two brain regions,
we computed the imaginary corticocortical coherence (Nolte et al.,
2004) spectra from the same data segments (100s of data) as the ac-
tivity. We used the imaginary part of coherence since it is considered
insensitive to spurious non-neuronal connectivity from zero-phase de-
layed volume conduction (Nolte et al., 2004).

2.5. Statistical analyses

2.5.1. Clinical outcome and fine motor performance

Clinical motor outcome was analysed in the PD group as 2 X 3 re-
peated measures analysis of variance (rmANOVA) with the main
within-subject factors CONDITION (‘verum’, ‘sham’) and SESSION
(‘pre’, ‘postl’, ‘post2’). Fine motor performance was analysed using a
3 X 2 X 2 rmANOVA with the within-subject factors SESSION (pre/
postl/post2), CONDITION (verum/sham) and the between-subject
factor GROUP (PD/HC). Homogeneity between groups was tested with
Levene's test. We applied Huynh-Feldt or Greenhouse-Geisser correc-
tion in case the sphericity assumption in the Mauchly's test was vio-
lated. Shapiro-Wilk test was used to test for normal distribution of the
data. The confidence interval was set to 95% and hypotheses were
decided on a two-tailed P < .05. We used paired t-tests and Bonferroni
correction for post hoc analysis in case of significant interactions.

2.5.2. Activity and imaginary corticocortical coherence in the beta
frequency range

We explored cortical activity and imaginary coherence during the
‘motor task’. Similar to the statistical analysis of the ‘motor task’, we
also performed statistical analysis of the time series ‘at rest’. As the
approach is similar, the detailed description of these analyses in the
following section will apply to both ‘motor task’ and ‘at rest’.

Exploration of the data during the motor task pointed to activation
changes in a circumscribed subrange of the high beta band from 22 to
27 Hz. This frequency range selection differs from traditional pre-de-
fined frequency bands that traditionally do not stem from the patho-
physiological PD context. Meaningful disease-related subranges were
described in smaller sub-bands of the broad beta range between 13 and
30 Hz (Tinkhauser et al., 2017a; Kuhn et al., 2008; Silberstein et al.,
2005; Eusebio et al., 2011; Pogosyan et al., 2009). For comparison,
subranges of the high beta range were implicated in cross-site syn-
chrony and subcortico-cortical networks in PD (Tinkhauser et al., 2018;
Oswal et al., 2016). In line with this consideration, two functionally
distinct oscillatory beta activities in subcortico-cortical networks were
suggested: one centered at around 15Hz and another around 25Hz
(Tinkhauser et al., 2018; van Wijk et al., 2016; Litvak et al., 2011),
which might reflect two sub-circuits susceptible to episodes of ex-
aggerated coupling (Oswal et al., 2016).

Since we placed our anodal stimulation electrode over the sensor-
imotor area, we had the specific hypothesis to modulate the sensor-
imotor area (‘C3’) with ‘verum’ atDCS in PD. To this end, we used a
3 X 2 X 2 rmANOVA with the within-subject factors SESSION (pre/
postl/post2), CONDITION (verum/sham) and between-subject factor
GROUP (PD/HC). Homogeneity between groups was confirmed with
Levene's test (all n.s.). We applied Huynh-Feldt or Greenhouse-Geisser
correction in case the sphericity assumption in the Mauchly's test was
violated. Shapiro-Wilk test was used to test for normal distribution of
the data. In addition, we explored the cortical distribution of activity
and corticocortical coherence (average of 22-27 Hz). We compared the
sessions ‘pre’ and ‘post2’ and excluded ‘postl’ from the statistical
spectral analysis to limit the number of comparisons (channels (25),
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conditions (2), sessions (3)) (Maris, 2012; Maris and Oostenveld, 2007).
This data reduction approach is also justified from a clinical standpoint,
since i) we aimed to study the electrophysiological correlate of a stable
after-effect from atDCS and ii) the clinical changes induced by atDCS
outlasted ‘postl’ and still persisted in ‘post2’ in this work. In detail,
cortical activity and corticocortical coherence were compared i) be-
tween ‘pre’ and ‘post2’ in both PD and HC and ii) between groups in the
‘pre’ session using a cluster-based permutation test as implemented in
Fieldtrip to address for multiple comparisons (Oostenveld et al., 2011).
This test is based on the Monte-Carlo principle and recognizes sig-
nificant changes between conditions using spatial adjacency by
building clusters of channels. We used 5000 random permutations on a
dependant samples t-test (comparing session ‘pre’ vs. ‘post2’) or 2 X 2
independent samples t-test (comparing HC vs. PD before stimulation)
and an adjusted alpha level of P < .025 per tail. As these sample-wise
t-test statistics produce a high number of comparisons, the cluster-based
correction method is effective to treat the multiplicity problem without
losing sensitivity for spectral modulations (Weiss et al., 2015;
Oostenveld et al., 2011).

2.5.3. Disease-related differences between groups

For activity and coherence analysis, we compared the groups before
stimulation [HC ‘pre’ vs. PD ‘pre’] to explore for disease-related dif-
ferences. We averaged the ‘pre’ data in each group, after ensuring that
verum and sham before stimulation (‘pre verum’ vs. ‘pre sham’) did not
differ significantly (paired t-test, all n.s.). Activity and coherence in the
high beta band [22-27 Hz] were plotted for the whole cortex and dif-
ference plots were computed. Again, permutation statistics were used as
explained in 2.5.2 (Oostenveld et al., 2011).

3. Results
3.1. Clinical outcome and fine motor performance

PD patients showed clinical motor improvement of the segmental
UPDRS III hemibody subscore of the right hand (task 22-25) after
verum stimulation (postl), and this lasted for at least 30 min (post2)
(Fig. 2; ‘condition’ [F = 5.884, p =.038], ‘session’ [F = 14.270,

14
verum

W sham
12

10

Pre Post1 Post2

Fig. 2. Motor improvement after verum stimulation in PD.

Motor UPDRS III hemibody score of the right upper extremity (items 22-25) in
PD before and after stimulation in verum-condition compared to sham-condi-
tion (mean * SD).

The 3 x 2 rmANOVA of this score with the factors ‘session’ [pre, postl, post2]
and ‘condition’ [verum; sham] showed significant findings for ‘condition’
[F = 5.884, p = .038], ‘session’ [F = 14.270, p < .001] and ‘condition*ses-
sion’ [F = 11.292, p = .004] (all Huynh-Feldt corrected). The post-hoc analysis
including Bonferroni correction showed a difference on verum ‘pre vs. postl”:
t = 4.801, p = .001 and verum ‘pre vs. post2” t = 7.236, p = .000. We found
no difference for sham ‘pre vs. postl” t = 1.105, p = .298 and sham ‘pre vs.
post2”: t = 0.669, p = .520.
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p < .001] and ‘condition*session’ [F = 11.292, p = .004]). The post-
hoc analysis showed a difference on verum ‘pre vs. postl’: confidence
interval [2.19964-4.20036], t = 4.801, p = .001 and verum ‘pre vs.
post2”: confidence interval [0.80548-4.19452], t = 7.236, p = .000.
We found no difference for the same post-hoc contrasts in ‘sham’ (all
n.s.). However, we observed a marginal reduction of mean UPDRS III
outcome in sham condition over time, which did not show statistical
significance. We additionally contrasted the effect of sham condition
[sham_post2 — sham_pre] with the effect of verum condition [verum_-
post2 — verum_pre]. Here, we found a significant difference [sham
(post2-pre) vs. verum (post2-pre): confidence interval [0.80548
4.19452], t = 3.337, p = .009 (paired t-test)], which means that the
verum effect cannot be explained by the small difference between the
pre and post2 sessions in sham condition. The pre-stimulation baseline
of sham and verum did not differ significantly [verum_pre vs. sham_pre:
t= —0.152, p = .882 (paired t-test)].

There was no difference of the accuracy error after stimulation (all
main factors and interactions n.s.).

3.2. Effects of tDCS on cortical activity and cortico-cortical coherence

In PD, the frequency domain spectrum (Fig. 3) over the sensor-
imotor area during motor task indicated activity modulation in a sub-
range of the high beta range from 22 to 27 Hz over the sensorimotor
area that was considered for further analysis.

In PD, verum stimulation reduced activity (22-27 Hz) over the left
sensorimotor area during the motor task (condition*group*session,
F = 5.088, p = .015]. Since the power values did not show full normal
distribution across all factors and domains, we recalculated the
rmANOVA after log-transform of the power values (which resulted in
normal distribution of the power data). This confirmed the significant
interaction (‘condition*group*session’, F = 7.060, P = .006). In the
post-hoc analysis we found that verum atDCS reduced activity from 22
to 27 Hz while it increased in sham (PD verum ‘pre vs. postl’: t = 2.652,
p = .026 and PD sham ‘pre vs. post2”: t = —3.116, p = .012).

In PD, verum stimulation led to an additional right-hemispheric
reduction of activity from 22 to 27 Hz during motor task (Fig. 4) (pre vs.
post2, p = .0069) and this included the cluster of right centroparietal
(‘T4’, ‘T6’, ‘Cp6’) and right frontotemporal areas (‘F4’, ‘F8’).

In contrast, PD patients showed an increase in beta activity after
sham-stimulation [pre vs. post2, p = .0098] including the cluster of left
sensorimotor and centroparietal areas (‘T3‘, ‘Cp5°, ‘Cp1°, ‘Cp2‘,'Pz’, ‘P4‘)
(Fig. 4).

In HC, there was no significant change in cortical activity after
verum or sham stimulation [pre vs. post2, p = .07] (Fig. 5). For com-
parison, we found no significant modulation of beta activity ,at

,pre’

0os;  ,postl’

relative power (a.u.)
relative power (a.u.)
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rest‘after either verum or sham stimulation, neither in PD nor in HC.

In terms of cortico-cortical coherence, we found in PD ,motor task’
an increase from 22-27Hz over the left sensorimotor area after verum-
stimulation between ,pre‘ and ,post2‘ (cluster based permutation sta-
tistics ‘pre vs. post2’, p = .033 in Cp5, Cp1) (Fig. 6). This effect was not
present in sham stimulation or in HC in neither verum nor sham. For
comparison, we found no significant difference of cortico-cortical co-
herence ,at rest‘after verum stimulation, neither in PD nor in HC. In PD,
we found a right-hemispheric increase of coherence after sham stimu-
lation ,at rest‘(pre vs. post2, p = .029).

3.3. Disease-related characteristics of cortical activity and corticocortical
coherence

To explore for disease-related characteristics in cortical activity and
coherence, we compared the spectra between HC and PD in the ‘pre’
session. There was no difference of cortical activity between the groups
before stimulation during motor task or ‘at rest’ from 22 to 27 Hz.

PD patients showed less cortico-cortical coherence between ‘C3’ and
the central and right parieto-occipital areas (‘Pz’ ‘P4’ ‘T6’ ‘O1’) com-
pared to HC during the motor task [cluster based permutation, in-
dependent samples t-test, p = .017] (Fig. 7). For comparison, no dif-
ference in cortico-cortical coherence was present ‘at rest’ between PD
and HC.

4. Discussion

We characterized the effect of tDCS in Parkinson's disease on motor
symptoms, fine motor performance, and cortical activity and synchro-
nization measures. Verum atDCS modulated both cortical motor-net-
work activity and synchronization from 22 to 27 Hz during a fine motor
task. This was paralleled by clinical motor improvement. This finding
was specific for the motor-task and carefully controlled against ‘sham’,
‘rest’ condition, and healthy matched controls. More specific, ‘verum’
atDCS decreased motor task specific activity from 22-27 Hz of the left
sensorimotor and right frontal area. Furthermore, before stimulation PD
patients presented with less cortico-cortical coherence over the left
sensorimotor area during the motor task compared to HC. In terms of
cortico-cortical synchronization, PD patients presented with decreased
coherence of the left sensorimotor area when compared to HC before
stimulation in the fine motor task. This was reversed by verum but not
sham stimulation, i.e. synchronization of the PD sensorimotor area in-
creased towards the level of HC. Together, our findings demonstrate
that atDCS i) improves clinical motor outcome, and ii) specifically
modulates the cortical motor network features depending on the com-
bination of disease state and motor processing.

,post2’

— Verum — Verum
= Sham — Sham

relative power (a.u.)

frequency (Hz)

Fig. 3. Frequency domain activity over left sensorimotor area in PD.

frequency (Hz)

20 25 30 5 10 15 20 25 30

frequency (Hz)

Frequency domain activity over the left sensorimotor area (‘C3’) is given as grandaverage (error indicator given as standard error of the mean (shadow)) before
[‘pre’], directly after [‘post1’] and 30 min after [‘post2’] stimulation in either verum or sham condition. Verum condition (black line, standard error as dark grey

shadow); sham condition (grey line, standard error as light grey shadow).
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Verum: ,pre‘ vs. ,post2’

-2

Fig. 4. Topographic distribution of frequency domain activity [22-27 Hz] in PD.
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Sham: ,pre’ vs. ,post2’

F 105

Difference plots (post2 - pre) of relative power with warm color indicating activity increase and cold color indicating activity reduction after stimulation. Asterisks
indicate significant difference on cluster level. PD patients showed a significant decrease of activity after ‘verum’ stimulation [pre vs. post2, p = .0069] over the
cluster of right centroparietal [‘T4’, ‘T6’, ‘Cp6’] and right frontotemporal [‘F4’, ‘F8’] areas, and a significant increase of activity after sham-stimulation [pre vs. post2,
p = .0098] over the left sensorimotor and centroparietal areas (‘T3‘, ‘Cp5°, ‘Cpl‘, ‘Cp2‘,‘Pz‘, ‘P4").

4.1. Cortical network characteristics in PD and their modulation with
effective atDCS

The topographic distribution of the widespread activity modulation
from atDCS incorporated the left sensorimotor area and the right frontal
area. Before stimulation, the left sensorimotor area showed similar
activity from 22 to 27 Hz in both PD and HC both at rest and during
motor task. Thus, the exaggerated oscillatory activity often observed on
subthalamic level in the PD ‘motor off’ (Hammond et al., 2007) does not
necessarily occur on cortical level. However, effective verum atDCS
decreased cortical activity and, unlike sham, prevented a pathologic
increase of activity. This activity modulation was confined to the motor

Verum: ,pre’ vs. ,post2’

-2

task and absent at rest. Thus, the activity suppression from 22-27 Hz
occurred in a rather specific situation of i) pathological PD motor OFF’
i.e. after withdrawal of dopaminergic medication and ii) during ‘fine
motor integration’. Therefore, it did not reflect the PD motor ‘OFF’ and
its modulation with effective neuromodulation in general but rather a
movement-associated process comparable to beta activity decrease seen
at onset and during phasic movement (Neuper et al., 2006). The com-
bination of motor and rest conditions and a control group in this study
helps to gain further insight into cortical beta characteristics and may
extend the findings from subthalamic LFP research, in which HCs are
not available. It adds to the previous perspective that therapeutic beta
amplitude modulation not only associates to a certain disease state

Sham: ,pre‘ vs. ,post2’

Fig. 5. Topographic distribution of frequency domain activity [22-27 Hz] in HC.



A. Schoellmann et al.

0.0317

0.0208

- 1 0.0098

-0.001

-0.0121

Fig. 6. Corticocortical coherence.

Imaginary corticocortical coherence [22-27 Hz] of left sensorimotor area (C3)
to all other electrodes in PD. PD patients showed a significant increase of co-
herence from C3 to Cp5 and Cpl (represented by thick lines) over the left
primary motor area 30 min after ‘verum’ stimulation (‘post2’) compared to
before stimulation (‘pre’). No other connectivity reached significance. This
connected topoplot shows the difference of coherence between ,post2‘ and ,pre*
[post2-pre] (color-coded) with results from cluster-based permutations statistic
[pre vs. post2, p = 0.033]. These effects were specific for the PD ‘verum’
condition and absent in both PD ‘sham’ and in healthy controls ‘verum’ and
‘sham’ conditions.

0.0023

-0.0045

- 1 -0.0114

-0.0182

-0.0250

Fig. 7. Disease related differences in corticocortical coherence.

Imaginary corticocortical coherence [22-27 Hz] of left motor area (C3) to all
other electrodes comparing PD patients with HC before stimulation. The figure
shows a connected topoplot of the difference between PD and HC in the ‘pre’
session (after averaging ‘pre’ verum and ‘pre’ sham for both groups). PD pa-
tients show significantly less cortico-cortical coherence between ‘C3’ and the
central and right parieto-occipital areas (‘P4’,’Pz’,’T6’,’01’). No other con-
nectivity reached significance. Thick lines represent these significant channels
on cluster level.

(Tinkhauser et al., 2017a; Pogosyan et al., 2009; Brittain and Brown,
2014) - but may in addition depend on cognitive network functions -
here fine motor integration. This interpretation is plausible, given that
manifold cortical and subcortical processes modulate the sensorimotor
area (SM1), e.g. in terms of movement planning and preparation upon
frontal executive functioning (Weiss et al., 2015; Pfurtscheller, 2000;
George et al., 2013).

With respect to the SM1, our observation of beta amplitude sup-
pression with verum atDCS is in line with previous work using different
brain stimulation methods. To our knowledge, there is no previous data

NeuroImage: Clinical 22 (2019) 101689

of beta activity modulation with atDCS in PD and HC. However, clini-
cally effective subthalamic stimulation reduced movement-related beta
oscillations in PD over the bilateral SM1 areas and further included the
right frontal area (Weiss et al., 2015; Whitmer et al., 2012). In addition,
cortical M1 TMS reversely modulated subthalamic beta band oscilla-
tions (Gaynor et al., 2008). These studies provide evidence of direct
cortical coupling and reciprocal access to the pathological subcortico-
cortical beta-related motor network.

Furthermore, a study using transcranial alternating current stimu-
lation (tACS) showed an opposed clinical effect with slowing of
movement when beta oscillations were entrained with 20 Hz tACS sti-
mulation. Together, this underlines the relevance of cortical beta ac-
tivity modulation for PD motor performance (Pogosyan et al., 2009).

Apart from activity modulation over the SM1, we found activity
reduction over the right frontal area from 22 to 27 Hz. The prefrontal
cortex is involved in executive motor function and seems to process
motor inhibition like the suppression of motor tasks (Brittain et al.,
2012; Aron and Poldrack, 2006; Aron et al., 2004; Aron et al., 2014), as
well as response selection in attention-demanding motor skills
(Jahanshahi, 2013). More specific to PD, increased beta activity over
the right frontal cortex occurs in successful ‘stopping’ and supports
inhibitory motor control (George et al., 2013). As endogenous in-
hibitory motor signals may be transmitted in beta bursts in cortical
networks (Picazio et al., 2014), a reduction of beta activity in this area
may facilitate movement through disinhibition of executive motor
preparation. Here, the ipsi- and contralateral activity changes might
indicate modulation of interconnected areas. The remarkable topo-
graphic similarity of motor network modulation compared to our DBS
work (Weiss et al., 2015) may suggest shared network nodes linking the
left SM1 as well as the right frontal area. This might compare to the
hyperdirect pathway, which links the STN to the pre-supplementary
motor area and the right inferior frontal area (Aron et al., 2014).

With respect to cortico-cortical synchronization, we found that
cortico-cortical coherence was reduced over the left SM1 area in PD
before stimulation when compared to HC. The fact, that ‘verum atDCS’
enhanced local cortico-cortical synchronization, seems — at first glance
— to be at odds with existing findings from subthalamic synchronization.
On subthalamic level, the enhanced local synchronization generally
mirrored the pathological disease state. Whether this also applies to
subthalamo - M1 or cortico-cortical synchronization remains con-
troversial.

In this framework, our findings give a closer characterization of
cortico-cortical synchronization from 22 to 27 Hz in PD. From our
findings, it is unlikely that cortico-cortical synchronization purely re-
flects disease-related motor network states and that atDCS exclusively
interferes with this. Rather, we suggest a motor-task specific dysregu-
lation of the PD motor network. Notably, when comparing this finding
to the literature on PD patients with subthalamic recordings, it has to be
kept in mind that our cohort was less advanced in disease. Therefore,
we cannot exclude that our patients would still have greater compen-
satory reserve to hinder cortical upregulation of beta activity in general.

Furthermore, the increase of cortico-cortical coherence occurred
under fine motor performance. In context with existing work on fine
motor integration, higher coherence in the SM1 area seems useful to
stabilize neuronal integration of isometric fine motor performance
(Kristeva et al., 2007). As such, isometric contraction relates to higher
cortico-spinal coherence and associates with stable motor output and
higher precision in previous work (Kristeva et al., 2007). Coupling
between the primary motor cortex and the spinal motor neurons oc-
curred at 20 Hz and may represent the central drive from motor cortex
to the motor neuron firing (Gross et al., 2000; Salenius et al., 1997).

In addition, the effect of atDCS in our work may underpin, that the
Parkinsonian cortex is susceptible to excitability modulation with
atDCS under motor conditions. More speculative and hypothesis-gen-
erating for future work, this might reflect the cortical potential to
compensate for subcortical processing failure (by altering cortical
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synaptic transmission) along emerging, progressive neurodegeneration.
4.2. Methodological considerations

The findings in this study were carefully controlled, and the study
protocol had high clinical standards in choosing a randomized and
double-blind stimulation protocol. However, this is not to withstand,
that limitations exist in this study. In general, we would have preferred
a larger set of cortical electrodes in order to enable cortical source re-
constructions. However, this was not possible with this combined tDCS-
EEG montage that yielded the possibility to place the C3 electrode
within the cortical anodal ring electrode. This also had advantages, i.e.
to leave the recording and stimulation electrode setting constant in
place over the whole experimental session. Inherently, atDCS may lead
to widespread modulation of neural activity (Polania et al., 2011) de-
pending on several factors such as the activity of the underlying tissue
or axonal spatial orientation (Manola et al., 2005; Kabakov et al.,
2012). Thus, the constant electrode arrangement over the whole session
will be advantageous to minimize the influence of such confounders. In
addition, it provided the possibility for simultaneous EEG recording
during the active stimulation session, which we plan to report as se-
parate work.

4.3. Conclusion

This study sheds light on cortical oscillatory features of PD fine
motor integration and functional mechanisms of tDCS. We found that
the PD motor network was susceptible to atDCS during fine motor
performance in attenuating cortical oscillatory activity and fostering
cortico-cortical synchronization. It delineated that cortical oscillatory
features are not in general and ‘per se’ altered in pathological disease
conditions like PD, but may strongly depend on a combination of dis-
ease state and context, e.g. integration of motor processing.
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Difference plots (post2 - pre) of relative power with warm color
indicating activity increase and cold color indicating activity reduction
after stimulation. We found no significant change in cortical beta ac-
tivity after verum- or sham-stimulation (verum pre vs. post2, p = .07,
sham pre vs. post 2, p = 1) in healthy controls on cluster level.
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