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There is converging evidence that bilateral basal ganglia motor networks jointly support
normal movement behaviors including unilateral movements. The extent and manner
in which these networks interact during lateralized movement remains unclear. In
this study, simultaneously recorded bilateral Globus Pallidus interna (GPi) local field
potentials (LFP) were examined from 19 subjects with idiopathic Parkinson disease
(PD), while undergoing awake deep brain stimulation (DBS) implantation. Recordings
were carried out during two behavioral states; rest and cued left hand movement
(finger tapping). The state-dependent effects on a- B oscillatory power and B phase-
encoded phase amplitude coupling (PAC), including symmetrical and assymetrical
changes between hemispheres, were identified. Unilateral hand movement resulted in
symmetrical oscillatory power suppression within bilateral GPi at a (8-12 Hz) and high g
(21-35 Hz) and increase in power of high frequency oscillations (HFO, 200-300 Hz)
frequency bands. Asymmetrical attenuation was also observed at both low g (13-20 Hz)
and low y (40-80 Hz) bands within the contralateral GPi (P = 0.009). In addition, unilateral
movement effects on PAC were confined to the contralateral GPi with attenuation of both
low B-low y and B-HFO PAC (P < 0.05). Further analysis showed that the lateralized
attenuation of low g and low y power did not correlate with low B-low y PAC changes.
The overall coherence between bilateral GPi was not significantly altered with unilateral
movement, however the preferred phase difference in the high B range increased from
0.23 (£1.31) radians during rest to 1.99 (£0.78) radians during movement execution.
Together, the present results suggest that unilateral motor control involves bilateral basal
ganglia networks with movement features differentially encoded by distinct frequency
bands. The lateralization of low B and low y attenuation with movement suggests that
these frequency bands are specific to the motor act whereas symmetrical expression
of a, high B, and HFO oscillations best correspond to motor state. The restriction
of movement-related PAC modulation to the contralateral GPi indicates that cross-
frequency interactions appear to be associated with lateralized movements. Despite no
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significant movement-related changes in the interhemispheric coherence, the increase in
phase difference suggests that the communication between bilateral GPi is altered with

unilateral movement.

Keywords: Parkinson disease, p oscillations, phase amplitude coupling, interhemispheric coordination, globus

pallidus interna

INTRODUCTION

The execution of daily manual tasks involves the coordination
of bihemispheric cortical and subcortical motor areas (Cardoso
de Oliveira et al., 2001; Gross et al., 2005; Pollok et al., 2005),
including the basal ganglia (Wannier et al., 2002; Kraft et al,
2007). While lateralized (i.e., unilateral) manual movements
are routine motor behaviors, the extent and manner in which
bilateral motor networks contribute to movement lateralization
is unclear. In general, movement lateralization is theorized
to be shaped through a cortical interhemispheric inhibition
mechanism, whereby contralateral hemisphere motor output
is restricted via transcallosal pathways (Leocani et al., 2000;
Liepert et al., 2001; Duque et al., 2005). The basal ganglia likely
plays a central role in this process through indirect globus
pallidus interna (GPi; Scholz et al., 2000; Lehéricy et al., 2006;
Kraft et al., 2007) projections to the supplementary motor area
(Muakkassa and Strick, 1979; Shibasaki and Hallett, 2006) via the
thalamus (Hoover and Strick, 1993). Despite these observations,
the precise neurophysiological mechanism for bihemispheric
basal ganglia coordination during lateralized movement remains
to be elucidated.

Oscillatory synchronization is posited as a key mechanism
for functional integration across spatially distributed networks,
including bihemispheric basal ganglia coordination (Baker et al.,
1999; Buzsaki, 2004; Fries, 2005; Bonnefond et al., 2017), and may
subserve movement lateralization. Supporting evidence stems
from human studies on Parkinson disease (PD) subjects where
bilateral subthalamic nuclei (STN) are engaged during unilateral
hand movement (Alegre et al., 2005; Williams et al., 2005; Devos
et al.,, 2006; Hebb et al., 2012; Darvas and Hebb, 2014; Kato
et al., 2016). It is however difficult to interpret the functional
significance of bilaterally coupled B oscillatory power within
the STN in PD given that exaggerated subcortical oscillations
is a hallmark neurophysiological feature of the disease in
both human patients (Schnitzler and Gross, 2005; Brittain and
Brown, 2014; Brittain et al., 2014; Little and Brown, 2014)
and in corresponding animal models (Nini et al., 1995; Sharott
et al., 2005; Stein and Bar-Gad, 2013; Dorval and Grill, 2014).
Interestingly in PD where GPi activity is altered secondary to
dopamine deficiency (Tremblay et al., 1989; Filion and Tremblay,
1991; Desikan et al., 2006; Wichmann and Soares, 2006; Moran
et al., 2012; Devergnas et al., 2014), impairment of bimanual
coordination (Johnson et al., 1998; Palmer et al., 2009) as well
as movement lateralization (Cincotta et al., 2006; Wu et al., 2015)
has been described.

Similarly, phase-amplitude coupling (PAC), where the
phase of a lower-frequency oscillation modulates a higher
frequency amplitude, has also been suggested to be a
pathophysiological feature PD (de Hemptinne et al., 2013, 2015).

While oscillatory power is largely an indicator of integrated
neuronal synchronization from a localized area (Buzsaki and
Watson, 2012), PAC likely reflects local or large scale inter-
network communication subserved through cross-frequency
interactions (Jensen and Colgin, 2007). Both cortical f-y PAC
(de Hemptinne et al., 2013, 2015; Swann et al., 2015; Kondylis
etal., 2016) and STN B-HFO PAC have been shown to reflect PD
severity (Lopez-Azcarate et al.,, 2010; Yang et al., 2014; van Wijk
etal., 2016). Moreover, therapeutic deep brain stimulation (DBS)
at both STN and GPi has been shown to attenuate excessive
cortical B-y PAC (de Hemptinne et al., 2015; Malekmohammadi
et al., 2018b) does dopaminergic therapy (Swann et al., 2015)
similarly seen with levodopa induced attenuation of bilateral
STN oscillations in the low B range (13-20 Hz; Little et al,
2013).

Despite the correspondence of both oscillatory power and
PAC with PD symptoms, there is converging evidence that
oscillatory power and PAC operate in a concerted fashion in
bilateral basal ganglia motor networks to shape motor control
(Kondylis et al., 2016). In healthy rodents, frequency-specific
movement modulation of bilateral corticostriatal oscillatory
power and PAC has been reported (von Nicolai et al., 2014).
Similarly, Kato et al. (2016) showed that both local oscillatory
power and PAC in bilateral STN of PD subjects exhibit
frequency-specific modulation between rest and sustained
voluntary wrist contraction. They found that while bilateral a/p
oscillatory power and B-y PAC are symmetrically attenuated
in bilateral STN with movement, theta-gamma PAC emergence
is asymmetrical and occurs only in the contralateral STN.
The dissociation confirms (as one would suspect) that motor
behaviors are driven through both bilaterally coupled and also
hemisphere-specific neurophysiological changes of the basal
ganglia.

A greater understanding of lateralized movement effects on
bilateral GPi oscillations is important for several reasons: (1) in
contrast to the STN with known cortico-STN bidirectional
coupling (Lalo et al., 2008) through the cortical-STN hyperdirect
pathway (Alexander and Crutcher, 1990; Parent and Hazrati,
1995; Nambu et al., 2002), there are no known direct cortico-GPi
connections. As such, confirmation of concurrent bilateral and
unilateral engagement of GPi during unilateral movement would
indicate a generalizable principle of coordinated bihemispheric
basal ganglia-thalamocortical (BGTC) network activity to
support lateralized movements. (2) Identification of oscillatory
signatures of movement lateralization will further clarify the
role of bilateral basal ganglia in distributed motor control.
(3) Neuromodulation therapeutic development for movement
disorders, including closed-loop DBS system for PD, will benefit
from identification of narrow-band channels associated with
motor control. In this study, the extent and state dependency

Frontiers in Human Neuroscience | www.frontiersin.org

July 2018 | Volume 12 | Article 270


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

AuYong et al.

Movement Modulation of Bilateral GPi

of bihemispheric GPi oscillatory patterns relevant to ipsilateral
limb control, were examined in PD human subjects during
two behavioral states; rest and unilateral hand movement.
Narrow-band analysis of B oscillatory power and P phase-
encoded PAC between bilateral GPi were carried out to identify
symmetrical and asymmetrical movement-related changes.

MATERIALS AND METHODS

Patients and Surgical Procedure

Nineteen subjects with idiopathic PD (15 males and 4 females)
undergoing bilateral GPi DBS lead implantation, provided
informed written consent in accordance with the Declaration of
Helsinki and approved by the institutional review board at the
University of California, Los Angeles, CA, USA (Study number:
16-000902). The average (+ standard deviation) age was 63.5
(£5.8) years (Table 1). Clinical trials have established equal
motor efficacy between DBS at both GPi and STN (Anderson
et al., 2005; Deuschl et al., 2006). The decision to target GPi was
based on clinical evidence of equal motoric efficacy, discussion
with the patient of potential benefits and side effects, and
the recommendations of an interdisciplinary clinical team that
includes a neurosurgeon and movement-disorder neurologist.
The indications for DBS therapy were based on those described
in previous large scale randomized clinical trials (Weaver et al.,
2009).

Bilateral GPi local field potentials (LFP) were recorded
simultaneously during rest and cued left hand movement
(finger tapping) while subjects were undergoing awake DBS
implantation. All subjects underwent a detailed pre-operative
neurological evaluation that included clinical grading using
the Unified Parkinson Disease Rating Scale (UPDRS) motor

(part III) both off and on medication. All patients underwent the
surgical procedure in the off-medication state; all medications
were withdrawn at least 12 h prior to the surgical procedure.
All anesthetic medications were withheld for at least 1 h prior
to recordings. Pre-operative clinical scores (i.e., UPDRS, Part 3,
motor examination) was 39 (£13) and 14 (£5) when tested OFF
and ON medication, respectively (Table 1).

All subjects underwent clinical pre- and post-operative
imaging. Pre-operative imaging included TI1-weighted
magnetization prepared rapid acquisition gradient echo
(MPRAGE) image (slice thickness = 1 mm, repetition
time = 2100 ms, echo time, 2.98 ms, flip angle = 15°, 3T,
Siemens Skyra). For implantation, a Leksell stereotactic
headframe (Elekta Instruments, Stockholm, Sweden) was
applied to the skull and a full head computed tomography
(CT) scan was obtained using 0.6 mm slice thickness (Siemens
Sensation 64). The DBS lead (Model 3387, 1.27 mm lead body
diameter, contact length 1.5 mm, inter-contact distance 1.5 mm,
Medtronic Inc., Minneapolis, MN, USA) was targeted to motor
(ventral posterolateral) GPi using image-guided targeting,
2-4 mm anterior, 19-24 mm lateral and 4-6 mm inferior to the
mid-commissural point (depending on individual anatomy). All
trajectories were confirmed with intraoperative microelectrode
recordings based on firing activity and awake macrostimulation
testing. Details of surgical technique, including targeting, are
provided in prior publications (Tsiokos et al., 2013, 2017).

Data Recording and Pre-processing

After completion of the clinical testing, research-related
recordings were performed. LFPs were recorded with the
lead in final implant position in all subjects using the lead’s

TABLE 1 | Cohort demographics and relevant clinical information.

Subject UPDRS- UPDRS- Disease Levodopa More Hoehn DBS contacts used for chronic stimulation (6-10 months
PIIIOFF1 PII°N:2  duration® equivalent effect and yahr follow up) positive contact, negative contact, voltage
dosage (mg) body side stage (volts)/pulse-width (i.s)/stimulation frequency (Hz)
Left lead Right lead
S 32 12 7 1420 L>R 2 C+, 2—, 4.0/90/160 C+, 11—, 4.4/90/160
S2 N/A N/A 8 850 L>R 2 C+, 1—, 2.0/90/160 C+, 9—, 2.3/90/160
S3 35 18 9 1714 L>R 3 C+, 1—, 1.0/90/160 C+, 9—, 1.0/90/160
S4 51 25 18 848 R>L 3 C+, 1—, 1.5/90/160 C+, 9—, 1.0/90/160
4385 31 15 5 1180 R>L 2 C+, 1—, 1.0/90/160 C+, 9—, 1.5/90/160
4S6 29 21 9 1000 L>R 2 C+, 1—, 1.5/90/160 C+, 9—, 1.7/90/160
4s7 27 9 7 1430 R>L 2 C+, 1—, 2.0/120/160 C+, 10—, 2.0/90/160
S8 54 20 17 1325 L>R 3 C+, 1—, 2.9/60/130 C+, 9—, 83.9/60/130
S9 42 17 21 1100 L>R 3 C+, 1—, 2.3/90/160 C+, 9—, 2.3/90/160
S10 37 11 12 915 R>L 2 C+, 1—, 83.0/90/185 C+, 9—, 30/90/185
Si1 35 14 7 1800 L>R 2 C+, 2—, 3/90/160 C+, 9—, 4.0/90/160
S12 57 8 7 2483 L>R 4 C+, 2—, 3.2/90/180 C+, 9—, 4.4/90/180
S$13 22 9 5 2412 L>R 3 C+, 1—, 1.0/90/160 C+, 9—, 1.0/90/160
S14 23 5 5 1475 L>R 1 C+, 1—, 2.8/90/160 C+, 9—, 4.0/90/160
S15 52 14 19 860 L>R 4 2+, 1—, 2.2/90/160 10+, 9—, 2.7/90/160
4516 37 19 6 1175 R>L 2 C+, 1—, 2.0/90/180 C+, 10—, 2.0/90/180
4817 N/A 10 12 935 L>R 3 C+, 1—, 1.5/90/160 C+, 9—, 1.5/90/160
518 35 11 11 1250 L=R 2 C+, 2—, 3.1/90/130 C+, 8—, 2.7/60/130
S19 34 14 8 600 R>L 2 C+, 1—, 2.9/90/160 C+, 9—, 2.4/90/160

Examination was performed in the OFF-medication state. °Examination was performed in the ON-medication state. °Years since diagnosis. *Initial programming

parameters are reported, in the last column no later follow-up available.
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four ring electrode contacts (contacts 0-3 oriented ventral to
dorsal respectively). Signal acquisition was performed using
BCI2000 v3 connected to an amplifier (g.Tec, g.USBamp 2.0)
using a sampling rate of 2400 Hz and online 0.1-1000 Hz
band-pass filtering. All patients were right-handed and wore
a sensor glove (5DT data glove 5 Ultra) on the left hand
to provide concurrent hand movement recordings at a slower
effective sampling rate which was oversampled offline at
2400 Hz by BCI2000 using stair step interpolation. Ground
and reference contacts were connected to the scalp. Bipolar
re-referencing was used for further signal analysis, yielding
two bipolar signals to evaluate signals recorded from GPi
(bipolar pair 0-1). This contact pair was used across the cohort
and conditions to ensure anatomic consistency across subjects
(Tsiokos et al., 2017), ultimately corresponding to the site of
chronic stimulation in most patients (Table 1). While not utilized
in this analysis, a cortical electrocorticography (ECoG) strip
was introduced subdurally in a posterior direction through the
implant burr hole for other experiments. Because the clinical
protocol of the institution is to implant the left and then
the right sided lead when performing bilateral implants, this
necessitated evaluation of left hand movements as the ECoG
strip was necessarily placed through the right sided (second) burr
hole.

Each subject performed a block-design finger tapping task
alternating between 30 s blocks of rest and left-hand cued finger
tapping. Subjects were given verbal cues. They were instructed to
remain as still as possible while keeping their eyes open during
the resting condition. Movement was initiated following a verbal
cue at which point the subjects started to open and close their
left hand at their maximum amplitude and fastest comfortable
speed. The quality of the movement was monitored visually by
a member of experimental team as well as recorded finger joints
data from the sensor glove. Up to six trials were recorded from
each subject. Some trials were also omitted due to the unwanted
movement or electrical noise during recordings. We therefore
used the first two noise-free rest-movement trials from each
subject in this study.

Signal analysis was performed using custom made scripts
in MATLAB (Version 8.6, The Mathworks Inc., Natick, MA,
USA) and Fieldtrip toolbox for EEG/MEG-analysis (Oostenveld
et al.,, 2011). Data was separated into rest and movement epochs
excluding all the segments containing electrical or unwanted
movement artifact. Raw ECoG and LFPs were first subjected
to automatic artifact rejections and verified through visual
inspection with an interactive waveform browser, capable of
user selection of artifact segments. Automatic artifact detection
was accomplished by first performing a full-wave rectification,
then taking the first derivative, and subsequently filtering with
a five-point median filter to identify waveform segments that
exceeded five standard deviations of the entire recorded session
for each subject. Location windows of artifact segments were
extended by 2 ms on each side. Each artifact segments were
then replaced with a linear interpolation based on surrounding
data. Removed segments primarily featured power spectra
with abnormally high values, excessive harmonics and time
series with high rates of voltage change. Data were bandpass

filtered from 1 Hz to 300 Hz using a two-way least square
FIR filtering (eegfilt.m, forward and backward to ensure no
phase distortion was created during band pass filtering) 60 Hz
line-noise and its harmonics (up to 300 Hz) were removed
from the data using a notch filter implemented in the fieldtrip
toolbox.

Power Spectral Density (PSD)

Power spectral density (PSD) for “rest” and “movement”
conditions were calculated using the Thomson’s multitaper
method in 1 s consecutive time windows with no overlap for
frequencies of 1-300 Hz with 2 Hz frequency bandwidth (three
taper; Bokil et al., 2010). Group average PSDs for both conditions
were then calculated for the left and right GPi signals separately.
To account for inter-subject variability in baseline power, each
segmented spectrum was normalized to the total power of the
signal during each condition (excluding the line-noise and its
harmonics).

Coherence and Imaginary Coherence

To describe the degree of co-variability, we estimated magnitude
squared coherence between left and right GPi signals. Magnitude
squared coherence was calculated using multitaper method with
time window and frequency smoothing parameters identical to
the analysis of PSD (frequencies from 1 Hz to 300 Hz with +2 Hz
frequency bandwidth and three tapers).

We further explored effects of spurious volume conduction
using imaginary coherence (iCoh; Nolte et al, 2004) which
has been shown to be insensitive to volume conduction of
common signals. Using similar parameters as that used for
coherence analyses, we derived the imaginary part of coherency
between the two signals for non-overlapping time windows.
To assess statistical significance of differences in group average
iCoh between two conditions (i.e., rest and movement), we
used permutation testing, pooling together values from all time
segments for all subjects (considering that tapers are orthogonal
and time windows are non-overlapping, we could reasonably
assume that tapered Fourier transforms are interchangeable). At
each permutation (n = 10,000), a random subset of the cohort
was selected for which the labels of the conditions were swapped
allowing to create a null distribution of the group difference.
Since the difference values at each frequency are bound between
—1 and 1, the Fisher Z-transform of the condition difference
could be assumed approximately normally distributed under
the null hypothesis. Significance of the condition difference
was then assessed using P = 0.05 and corrected for multiple
comparisons in a similar fashion to spectral and coherence
statistical analysis.

The “preferred phase difference” of coupling for each
frequency value was also calculated as the circular average
(Berens, 2009) of the phase difference values across all time
windows for each condition separately. The avergae of iCoh
values and the preferred phase difference were calculated for
low and high B frequency bands for each subject and used
for further statistical comparison between rest and movement
conditions.
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Phase Amplitude Coupling (PAC)

Phase amplitude coupling (PAC) was estimated using
Tort’s method of Modulation Index (MI; Tort et al., 2010;
Malekmohammadi et al., 2015). Parameters selected for PAC
analysis were chosen using based on recommendations from
a previous critical analyses of PAC methodology (Aru et al,
2015). Briefly signals were band pass filtered using a two-way
least squares FIR filtering (phase: 1-35 Hz, in 1 Hz steps and
2 Hz bandwidth; amplitude: 1-300 Hz in 2 Hz steps and double
the phase-encoding frequency). Hilbert transform was then
used to extract instantaneous phase and amplitude of the
two components, respectively. Phase values were then binned
(18 bins, 20° width) and mean amplitude distribution was
calculated relative to the phase bins to create a phase-amplitude
histogram. Kullback-Leibler (KL) divergence was used to
measure deviation of this histogram from uniform distribution
and create MI values. In order to extract the preferred phase,
the weights of the phase-amplitude histogram were used as
amplitudes of a vector, while the center phase of each bin
constituted the phase of the vector.

Statistical Analysis
Statistical analysis was performed using Matlab, SPSS statistical
software (IBM Corp.) and STATA (StataCorp LLC). Statistically
significant differences in spectral power/coherence between two
conditions (rest vs. movement) at each frequency (1-300 Hz)
was assessed using the two-group test of the spectrum/coherence
(Bokil et al., 2007), with a null hypothesis that both conditions
have equal spectra/coherence within the cohort. The statistical
properties of asymptotic distributions for power spectra and
magnitude squared coherence are well known (Bokil et al.,
2007; Malekmohammadi et al., 2018a). Our choice of the
two-group test was based on the asymptotic probability
distributions and jackknife correction of the difference z-scores.
This method is advantageous for its correction of bias
inherent to the estimation process (Malekmohammadi et al,
2018a). Since multitaper analysis uses an orthogonal family of
tapers (i.e., Slepian sequences) calculated using non-overlapping
windows, the calculated tapered spectra/coherence can be
reasonably assumed to be statistically independent. We derived
the mean group spectra/coherence for both conditions along
with the corresponding Z statistics using asymptotic probability
distribution. The 95% confidence intervals were then calculated
based on the Jackknife estimation of variance as previously
described (Bokil et al., 2007). To address the issue of multiple
comparisons, we note that differences in spectra/coherence
due to chance are likely to be at discrete frequencies,
while neurophysiological differences spans contiguous frequency
ranges (ie, o, P). Since spectral/coherence estimates at
frequencies separated by less than the bandwidth of the
multitaper method (4 Hz) are inherently correlated, we rejected
the null hypothesis for all candidate frequencies constituting
bands whose width is larger than 4 Hz (Goldfine et al,
2011).

To assess the statistical significance of the PAC values,
surrogate data analysis using a shuffling procedure was

performed. For each signal pair, we generated 1000 temporally
shuffled versions of phase signals and calculated MI values for
each. The true MI value was converted to a Z-score and the
false discovery rate (FDR) procedure was used with g = 0.05 to
adjust the corresponding p-values and correct for multiple
comparisons (Benjamini et al., 2001; Genovese et al.,, 2002).
For each frequency pair with statistically significant PAC, the
“preferred phase of coupling” was found as the phase bin with
maximal amplitude measurement. The circular mean of the
preferred phase was calculated for all the frequency pairs in
distinct frequency bands for each patient. Average PAC was
calculated for distinct frequency band pairs and used for further
statistical analyses across the population. Finally phase and
amplitude frequencies involved in maximal PAC were examined
across the cohort.

In addition to the frequency-by-frequency statistical analysis
introduced above, the average band power values were calculated
for the different frequency bands (o: 8-12 Hz), low p
(13-20 Hz), high B (20-35 Hz), low y (40-80 Hz) and
HFO (200-300 Hz). The Shapiro-Wilk test was used to assess
normality of distribution prior to comparing power (at different
frequency bands) and PAC. This test was chosen as the sample
size of this study is smaller than 50. If normality condition
was not satisfied, non-parametric paired sample Wilcoxon
signed-rank test and otherwise paired sample t-test was selected
to compare power and PAC across pallidal contacts. All
resulting p-values were corrected for multiple comparisons using
Bonferroni or Holm’s sequential Bonferroni method (Holm,
1979).

RESULTS

Unilateral Hand Movement Modulates
Bilateral GPi Oscillatory Power

During rest, oscillatory power was symmetrically expressed in
bilateral GPi, with greatest power at the o and B frequency
ranges. With unilateral movement, power modulation within
bilateral GPi occurred over a wide frequency range. Using
the two-group test for spectral power, we observed that
movement induced power suppression for frequencies between
8 Hz and 29 Hz (o and B range) in the contralateral GPi
concomitantly with an increase in power at frequencies between
48 Hz and 83 Hz (excluding the line noise 58-62 Hz, low
y range) and 204-274 Hz (HFO range). At the ipsilateral
GPi, power in the low frequencies (8-15 Hz) and (19-25 Hz)
was similarly suppressed with movement while power at high
frequencies (210-262 Hz, HFO) was significantly increased
(Figure 1A).

Analysis of movement-related changes in average band power
revealed similar results, while also enabling further comparison
of relative changes across the hemispheres (Figures 1B,C).
Unilateral hand movement similarly suppressed o and high
p power and increased HFO power in ipsi- and contralateral
GPi. Specifically, left-hand movement significantly suppressed
average a and high P power in contralateral GPi (—35.52
(£8.99)%, p = 0.002 and —23.8 (+£9.81)%, p = 0.009,
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FIGURE 1 | Unilateral hand movement modulates oscillatory power in bilateral Globus Pallidus interna (GPi). (A) Average power spectral densities across the cohort
during rest (black curve) and unilateral finger tapping (red curve). Blue vertical shade indicates significant difference between resting and movement conditions as
tested by two-group test of spectra and corrected for multiple comparisons. (B) Comparing average power for different frequency bands between rest (gray) and
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((Power during movement — Power during rest)/Power during rest x 100). In panels (B,C), asterisk signs (*) indicate statistical significance of the difference between
the two conditions as tested by paired t-test and corrected for multiple comparisons (P < 0.05).

respectively, paired t-test) as well as the ipsilateral GPi both  respectively, paired t-test, Figure 1C). Likewise, movement
in the ipsilateral (—21.54 (£12.05)%, p = 0.016 and —12.35 related increase of the HFO power was similar between
(£4.81)%, p = 0.03, respectively, paired t-test, Figure 1B). The  contralateral (13.57 (£3.83)%, P = 0.009, paired t-test)
magnitude of power suppression did not differ significantly —and ipsilateral GPi (15.72 (£4.79)%, P = 0.009, paired
across hemispheres for these two bands (p = 0.18 and 0.4,  f-test).
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In contrast, unilateral hand movement differentially
modulated low § and low y GPi power between the hemispheres.
Significant changes in low B and low y GPi power were
only observed within contralateral GPi (—28.08 (412.83)%,
p = 0.009 and 22.99 (£5.87)%, p = 0.009, respectively, paired
t-test, Figure 1B). Movement related power changes in the
ipsilateral GPi were not significant (low f: —10.62 (£8.99)%,
p = 0.15 and low y: 3.84 (£2.66)%, p = 0.71). Accordingly,
the percent power change for low f and low y was significantly
greater in the contralateral GPi (p = 0.002 and 0.036, respectively,
paired t-test, Figure 1C).

Movement Modulates Contralateral GPi

Low g-Low y PAC

At rest, B-low y and B-HFO PAC were similarly expressed
in bilateral GPi, for both low and high B phase encoding
frequencies (Figure 2A). At rest, the f-low y PAC was maximal
at a phase-encoding frequency of 17.68 (£1.25) Hz in the
contralateral GPi and 17.37 (£0.77) Hz for the ipsilateral
GPi (no difference between hemispheres, p = 0.77, Wilcoxon
signed-rank test). Analysis of preferred phase for resting

low B-low y PAC revealed an average preferred phase for
coupling of 0.23 (£0.07) radians in the contralateral GPi and
0.28 (£0.05) in the ipsilateral GPi (no difference between
hemispheres, p 0.45, Wilcoxon signed-rank test). With
unilateral hand movement, contralateral GPi low B-low y PAC
was significantly suppressed (—45.67 (£16.23)%, p = 0.004,
Wilcoxon signed-rank test, Figure 2B). Although contralateral
low B-low y PAC suppressed with movement, the maximal
phase-encoding frequency in the contralateral GPi did not
change with movement (P 0.24, Wilcoxon signed-rank
test). Likewise, unilateral movement resulted in no significant
change in the preferred phase of coupling at the contralateral
GPi (P = 0.75, Wilcoxon signed-rank test). Movement-related
changes in low B-HFO and high B-HFO coupling were
also significant within the contralateral GPi (P = 0.01 and
0.03 respectively Wilcoxon signed-rank test) while high B-low
y PAC was not significantly modulated by contralateral hand
movement. Notably, despite similar resting PAC profiles between
contralateral and ipsilateral GPi, unilateral hand movement did
not result in any significant changes in ipsilateral GPi PAC
(Figure 2).
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To delineate the potential effect of movement related
power changes (low and high B, low y and HFO) on PAC
suppression, we investigated whether those changes correlated
with PAC changes. Such analysis showed that only high
B-HFO PAC changes were correlated with changes in high p
power (Pearson’s correlation R = 0.62, P = 0.016, corrected
for multiple comparisons). No other significant correlation was
found between low B or low y power changes and low p-low
vy PAC changes. Likewise, there was no significant correlation
between low p or HFO power changes and low 3-HFO coupling.
HFO power changes and high B-HFO PAC changes were not
significantly correlated. Finally, none of the PAC changes in the
ipsilateral GPi were significant.

Bilateral GPi Are Coherent at High §
Frequencies Regardless of Movement

Condition
At rest, bilateral GPi exhibited significant coherence in both
a (8-11 Hz) and B (15-35 Hz) frequency ranges (Figure 3A).

Unilateral hand movement did not significantly change the
coherence spectrum between bilateral GPi (Figure 3A). The
peak coherence frequency was located at 31.05 (£2.31) and
31.64 (£3.86) Hz during rest and movement, respectively, with
no significant change between the two conditions (p = 0.35,
Wilcoxon signed-rank test). Despite no change in overall
coherence, the preferred phase difference between bilateral GPi
in high p range changed significantly from 0.23 (£1.31) radians
during rest to 1.99 (£0.78) radians with movement (p = 0.028,
Kuiper’s test, Figure 3C). Like coherence, iCoh likewise did not
change with movement (permutation testing, Figure 3B). Of
note, the a peak noted in the coherence spectrum was absent in
the iCoh spectrum.

DISCUSSION

Our results demonstrate that unilateral movement is associated
with both symmetrical and asymmetrical modulation of bilateral
GPi activity in a frequency-specific manner. Symmetrical
modulation of oscillatory power including bilateral attenuation
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FIGURE 3 | Bilateral GPi are coherent regardless of movement condition. (A) Group average coherence between bilateral GPi during rest (black) and movement (red)
indicating statically significant coherence (greater that 95% confidence level: dashed black line) which does not differ between conditions. (B) Group average
imaginary coherence (iCoh) during rest (black) and movement (red). (C) Circular histograms of the preferred phase difference between bilateral GPi during rest (black)
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of o and high p power was observed along with bilateral HFO
enhancement. In contrast, movement-modulation of low f and
low y power as well as low B-low y PAC was asymmetric and
only modulated within the contralateral GPi. Together, these
findings suggest that bilateral BGTC motor networks support
unilateral movement behaviors through a mechanism that
includes interhemispheric coupling of basal ganglia oscillations
(particularly in the o and high p) frequencies in conjunction with
lateralized frequency-specific and cross-frequency interactions.
The network-wide importance of o and high f is highlighted
by their symmetric power suppression yet unchanged coherence
with unilateral movement. Conversely, these results demonstrate
that low p and low y dynamics is specific for movement laterality.
Although movement attenuation of low p power, low y power
and low B-low y PAC was confined to the contralateral GPi,
power changes was not correlated with PAC changes. This
suggests that these processes are not linearly related and possibly
distinct.

The mechanism underlying bihemispheric GPi coupling is
not obvious given no known palido-pallidal interhemispheric
pathways. As such, bi-hemispheric coupling likely occurs as
a part of a more expansive bi-hemispheric network spanning
cortical and subcortical areas. Indeed, sensorimotor cortical
o and B oscillations have also been shown to be inter-
hemispherically coupled in normal human subjects, as suggested
by their bi-hemispheric desynchronization during unilateral
movement (Chatrian et al., 1959; Crone et al, 1998). For
example, electroencephalogram (EEG) studies in normal human
subjects have long shown that both sensorimotor cortical o
(also referred to as mu rhythms (Niedermeyer, 1997)) and
B oscillations (Gastaut, 1952) predominate during rest but
desynchronize prior to movement activity (Chatrian et al., 1959;
Niedermeyer, 1997; de Solages et al, 2010; Avanzini et al,
2012; Stein and Bar-Gad, 2013; Brittain and Brown, 2014).
Likewise, movement-related B and y modulation occurs in
bilateral STN during unilateral hand movement also in PD
patients (Alegre et al., 2005; Kato et al., 2016). Our present result
suggests that movement-modulation of bi-hemispheric cortical
and subcortical oscillations is a feature of a generalized coupled
bi-hemispheric BGTC network.

Interestingly, exaggerated o and B oscillations have been
described in bilateral sensorimotor cortices in early-state PD
along with a dampened desynchronization during movement
(Pollok et al., 2012). Similarly, bilateral STN in PD also exhibit
exaggerated P oscillations (Bronte-Stewart et al., 2009) along
with an exaggerated p interhemispheric STN-STN (de Solages
et al, 2010) and cortico-STN coupling (Kato et al., 2015).
While it is not possible to differentiate the physiological and
pathophysiological aspects of a and high p frequencies in this
study, one conclusion is that their dynamics are most consistent
with neural correlates of global motor state rather than specific
movement feature, given the non-conformity to laterality of
movement.

In contrast, low  and low y oscillatory power are movement-
modulated only in contralateral GPi. The dissociation between
low and high B with movement suggests that high and low f
frequencies likely have distinct functional roles. There are several

pieces of evidence that suggests that low 8 coupling subserves
normal motor control operations while high B coupling is likely
pathophysiological (van Wijk et al., 2017; Malekmohammadi
et al., 2018b). Hemiparkinsonian animal studies have shown
that while low B power is reduced with motor activity, high
P activity increases with movement at the motor cortex and
basal ganglia in the dopamine-depleted hemisphere and is
also significantly reduced with L-Dopa administration (Avila
et al, 2010; Brazhnik et al., 2014; Delaville et al., 2014).
Likewise, we have recently shown that therapeutic GPi-DBS
only modulates high p motor cortical PAC without significant
modulation of local B oscillatory power. In contrast, cortical
oscillatory power in low p is modulated by contralateral
hand movement, suggesting that it is most likely encoding
the normal movement (Malekmohammadi et al., 2018b). Our
present results are in agreement with these findings and
further suggests that whereas high B oscillatory power and
network coherence is an indicator of global motor state,
low-p encoded PAC is consistent with a movement-specific
channel.

The bilateral coupling and modulation of STN (Kato
et al, 2016) and GPi activity during unilateral movement
behaviors indicate that lateralized movement still involves
bihemispheric BGTC network coordination. Generally,
movement lateralization is theorized to be shaped through
a cortical interhemispheric inhibition mechanism, whereby
the motor network in the hemisphere ipsilateral to movement
is inhibited by the contralateral hemisphere presumably via
a transcallosal pathway (Leocani et al., 2000; Liepert et al.,
2001; Duque et al., 2005). The supplementary motor area has
been proposed to be a key cortical region involved in this
process (Muakkassa and Strick, 1979; Shibasaki and Hallett,
2006). In addition, previous functional imaging studies in
healthy subjects found that unilateral task performance normally
involves bilateral activation of the sensorimotor putamen
and GPi (Scholz et al, 2000; Lehéricy et al., 2006; Kraft
et al, 2007). The GPi, a major output basal ganglia nuclei,
indirectly projects to the SMA via the thalamus (Hoover and
Strick, 1993) and therefore may play an important role in
this process. Interestingly in PD, where GPi activity is altered
secondary to dopamine deficiency (Tremblay et al, 1989
Filion and Tremblay, 1991; Desikan et al, 2006; Wichmann
and Soares, 2006; Moran et al., 2012; Devergnas et al., 2014),
there is impairment of bimanual coordination (Johnson et al.,
1998; Palmer et al., 2009) as well as movement lateralization
(Cincotta et al.,, 2006; Wu et al., 2015). Since there are no
known direct interhemispheric connections between the
basal ganglia (Beaulé et al., 2012), the underlying process of
bihemispheric basal ganglia coordination likely relies on indirect
network communications. Based on our present findings, we
suggest that movement lateralization involves interhemispheric
modulation which is permissive of movement, whereas specific
movement features are encoded via lateralized modulation
of frequency-specific power and cross-frequency interactions
(Kato et al, 2016). While the degree of coherence between
bilateral GPi was unaltered with movement, the preferred phase
difference between bilateral GPi in high B range increased
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significantly. The maintained coherence between rest and
movement may reflect state-independent communication
taking place between bilateral GPi neuronal networks (Fries,
2005; Womelsdorf et al., 2007). The observed relative phase
shift may represent a switch in the communication mode or
information streams between bilateral GPi with unilateral
movement (Tiesinga and Sejnowski, 2010; Maris et al., 2016).
Interestingly, in a similar analysis of interhemispheric pallidal
coherence in patients with dystonia, high beta coherence was
not noted, providing further evidence of the pathophysiologic
nature of network-wide high beta coherence (Neumann et al,,
2015).

As this study was necessarily only completed in subjects
undergoing DBS implantation surgery, we are limited in
our ability to generalize these results to normal healthy
humans. However, bihemispheric modulation of EEG signals
with movement in healthy subjects is well documented
phenomena (Gastaut, 1952; Niedermeyer, 1997). Furthermore,
similar movement modulation of oscillatory power and PAC
are also observed in healthy animals (von Nicolai et al,
2014) and correspond well with findings in hemiparkisonian
animals (Avila et al., 2010; Brazhnik et al., 2014; Delaville
et al, 2014). The present results largely agree with previous
studies of the STN in PD subjects (Alegre et al, 2010;
Kato et al., 2016) with some differences. Kato et al. showed
that theta-gamma PAC was enhanced in the contralateral
STN to sustained motor contraction where as our present
study found low B-low y PAC attenuation, along with
enhancement in low B-HFO and high B-HFO PAC at the
contralateral GPi to finger tapping. These dissimilarities may
be due to the different motor tasks employed (i.e., sustained
action vs. repetitive movement), the different nuclei studies
(i.e., STN vs. GPi), or both. Despite inherent limitations, the
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