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Abstract

Objective—Deep brain stimulation (DBS) of the subthalamic nucleus (STN) and globus pallidus
internus (GPi) are equally efficacious in the management of Parkinson disease (PD). Studies of
STN-DBS have revealed a therapeutic reduction in excessive cortical B-y phase-amplitude
coupling (PAC). It is unclear whether this is specific to STN-DBS and potentially mediated by
modulation of the hyperdirect pathway or if it is a generalizable mechanism seen with DBS of
other targets. Moreover, it remains unclear how cortical signals are differentially modulated by
movement versus therapy. To clarify, the effects of GPi-DBS and movement on cortical p power
and p-y PAC were examined.

Methods—Right sensorimotor electrocorticographic signals were recorded in 10 PD patients
undergoing GPi-DBS implantation surgery. We evaluated cortical f power and p-y PAC during
blocks of rest and contralateral hand movement (finger tapping) with GPi-DBS off and on.

Results—Movement suppressed cortical low B power (P=0.008) and high g-y PAC (P=0.028).
Linear mixed effect modeling (LMEM) showed that power in low and high B bands are
differentially modulated by movement (P=0.022). GPi-DBS also results in a significant
suppression of high p-y PAC but without power modulation in either § sub-band (P=0.008).
Cortical high -y PAC is significantly correlated with severity of bradykinesia (Rho=0.59,
P=0.045) and changes proportionally with therapeutic improvement (Rho=0.61, P=0.04).
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Conclusions—Similar to STN-DBS, GPi-DBS reduces motor cortical B-y PAC, like that also
reported with dopaminergic mediations, suggesting it is a generalizable symptom biomarker in
PD, independent of therapeutic target or proximity to the hyperdirect pathway.

Keywords

Parkinson disease; Deep brain stimulation; Globus Pallidus internus; Motor cortex; Phase
amplitude coupling

Introduction

In Parkinson disease (PD), excessive B oscillations (13—-35 Hz) have been described at
multiple nodes throughout basal ganglia-thalamocortical (BGTC) motor network [1-8]. A
fundamental issue to understanding PD pathophysiology is to clarify how neuronal
oscillations relate to the symptoms and change in response to the therapy such as
dopaminergic medications or deep brain stimulation (DBS). One proposed concept is that
motor symptoms in PD emerge from abnormal information transmission across the BGTC
circuit [9-11]. DBS has been shown to regularize information transmission in movement
disorders by reducing the entropy in the neuronal firing patterns [9,10,12,13]. This
phenomenon may be reflected in the higher order interactions seen in phase-amplitude
coupling (PAC), where the phase of a low-frequency oscillation is coupled to the amplitude
of higher frequency oscillations.

In PD, motor cortical p-ry PAC is exaggerated compared to patients with dystonia [14] and
epilepsy [15] or healthy controls [16]. Furthermore, subthalamic nucleus (STN) DBS
suppresses excessive cortical -y PAC without modulating cortical p power [17]. While
raising the prospect of its use as a disease biomarker, studies have also indicated that motor
cortical B-y PAC is modulated by movement [15,17], potentially limiting its utility as a
biomarker.

In addition to recent insights into cortical PAC in PD, there is converging evidence
suggesting functional separation of the f band into discrete “low” (13-20 Hz) and “high”
(20-35 Hz) sub-bands [18]. Treatment (dopaminergic or STN-DBS) preferentially
modulates low { signals in the STN [8,19]. Moreover, PAC within STN is confined to the
low B range (low B-HFO) [18]. Likewise, we have recently shown similar subcortical PAC
exists in the GPi with a preferred phase encoding rhythm in the low § range [20]. Finally, the
preferred frequency of the coupling for motor cortical p-y PAC differs between PD (high )
and essential tremor (a., 8-12 Hz)/low B) [15]. Such sub- band functionalities likely
suggest different roles for low vs high p in BGTC sub-circuits.

While STN- and GPi-DBS outcomes differ with respect to medication requirement and
neurocognitive side effects, both targets are equally efficacious in management of the
cardinal motor symptoms of PD [21-23]. But, most studies on DBS mechanisms have been
conducted with STN-DBS. While the STN has hyperdirect cortical projections [24], there
are no known monosynaptic connections between GPi and cortex. Studying the effect of
GPi-DBS on cortical physiology provides a unique opportunity to understand target-specific
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Methods

versus generalizable mechanisms of DBS, particularly at the network level. This will
complement findings that dopaminergic medications likewise modulate cortical PAC [16].

We hypothesized that GPi-DBS, like previously reported for STN-DBS and dopaminergic
medications, suppresses motor cortical B-y PAC, suggesting this effect is not directly
mediated by the hyperdirect pathway, rather it is a network-level effect of therapeutic
stimulation. We also hypothesized a significant movement-modulation of these signals, but
that movement and GPi DBS would differentially affect distinct p sub-bands. To test our
hypotheses, we evaluated electrocorticography (ECoG) recordings from sensorimotor
cortices during GPi-DBS implantation surgery.

Patients and surgical procedure

Ten right-handed subjects with idiopathic PD undergoing bilateral GPi-DBS lead
implantation provided written informed consent, as approved by the UCLA institutional
review board. Table 1 summarizes the demographic and stimulation parameters. All
medications were withdrawn at least 12 hours prior to the surgical procedure. DBS leads
were targeted to the motor GPi (ventral posterolateral GPi, 2-4 mm anterior, 19-24 mm
lateral and 4-6 mm inferior to the mid-commissural point) with intraoperative
microelectrode recording and intraoperative awake macro-stimulation confirmation.

All subjects underwent clinical pre-and post-operative imaging. Pre-operative imaging
included 3T, T1-weighted magnetization prepared rapid acquisition gradient echo
(MPRAGE) image (slice thickness=1 mm, TR=2100 ms, TE=2.98 ms, flip angle=15°). A
Laksell stereotactic head frame (Elekta Instruments) was applied and a full head computed
tomography scan was obtained (1-mm slice thickness, Siemens Sensation 64). Prior to right-
sided DBS lead implantation, an 8-contact ECoG strip (platinum-iridium 4 mm contacts
with 1 cm spacing, AdTech Medical) was introduced subdurally via the right frontal burr
hole. After DBS lead implantation, a lateral fluoroscopy image was acquired to confirm
electrode placement. The subdural strip was removed prior to final anchoring of the DBS
lead. Post-operative CT scan was further used to verify final lead position. Anatomical
localization of the ECoG strip was performed according to the previously described method
[25,26]. Pre and post-operative CT scans were co-registered to pre-operative structural MRI
using normalized mutual information and resliced in the Statistical Parameter Mapping
(SPM 12) toolbox (visually inspected for accuracy). The cortical surface was reconstructed
from the MRI using Freesurfer [27]. A 3D surface of skull and stereotactic frame was
rendered from co-registered pre-operative CT scan in the Osirix software [28]. DBS
electrodes were reconstructed from the post-operative CT scan and stereotactic frame
landmarks were identified on the co-registered pre-operative CT scan. The 2D fluoroscopic
image and 3D skull surface were visually inspected and fused using a custom made Matlab
GUI and camera toolbox [25]. Reconstructed DBS leads, and stereotactic frame landmarks
were used to ensure maximal accuracy of 3D/2D fusion to the fluoroscopic image (Fig. 1A).
ECoG contacts were manually marked on the fused images and visualized on the
reconstructed cortical surface (Fig. 1B). Two bipolar signal pairs were used for the analysis:
S1 (primary somatosensory, contact pair immediately posterior to the central sulcus,
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spanning postcentral gyrus) and M1/PM (motor and premotor, contact pair immediately
anterior to the central sulcus, spanning precentral gyrus).

Experimental protocol

ECoG recordings were obtained with a scalp ground and reference. Signal acquisition was
performed using BCI2000 with g.USBamp 2 amplifiers (sampling rate: 2400 Hz, 0.1Hz—
1000Hz bandpass filter). A data glove (5DT data glove 5 Ultra) monitored contralateral hand
movement. Bipolar ECoG re-referencing was carried out for further analysis (Fig. 1). Each
subject performed a block-design finger tapping task alternating 30 seconds blocks of rest
(remaining as still as possible with eyes open) and left hand cued finger tapping (maximum
amplitude with fastest comfortable speed). Two 30-second rest and movement blocks were
analyzed for each subject. The first rest/movement block was recorded without GPi-
stimulation (DBS-OFF state) while the second block was acquired with GPi-DBS
stimulation (DBS-ON state, table 1). Experiments were conducted at least 15 minutes after
intraoperative clinical testing to minimize the effects of stimulation on DBS-OFF state
recordings.

Monopolar constant voltage stimulation (Fig. 1D, contact 1 (N=8) or 2 (N=2) cathode,
based on that providing the best intraoperative acute therapeutic response) with parameters
similar to chronic therapy was used (with scalp (N=3) or shoulder (N=7) anode). Stimulation
was applied using an analog neurostimulator (Medtronic model 3625). Prior to stimulation,
clinical assessment of the patients’ contralateral upper limb was performed by a movement
disorders neurologist (author YB), including UPDRS Part 111 scores for tremor (item 3.17),
rigidity (item 3.3) and bradykinesia (item 3.4). Clinical assessments were repeated with
DBS-ON.

Data preprocessing

Signal analysis was performed using custom scripts in MATLAB (Mathworks, Natick, MA),
Chronux toolbox [29] and Fieldtrip toolbox [30]. Data fragments containing electrical or
movement artifact were excluded using previously described methods [31]. Data were band-
pass filtered at 6-300 Hz using a two-way least squares FIR filter (eegfilt.m, forward and
backward to ensure no phase distortion). Ambient line noise (60 Hz) and its harmonics were
removed using the Fieldtrip toolbox’s notch-filter. Stimulation-related artifacts were
removed with a zero-phase Butterworth filter (order = 3, bandwidth = 4Hz). Filtering was
done similarly for DBS-OFF and DBS-ON conditions and prior to segmentation of rest/
movement blocks to minimize edge effects.

Power Spectral Density

Power spectral density (PSD) was calculated using the multitaper method [32] in 1-second
consecutive time windows with no overlap for frequencies of 6 to 200 Hz with +2 Hz
frequency bandwidth (3 tapers). To account for variability in the baseline total power
between contacts (single subject level) and subjects (group level), the total power was
calculated as the integral of raw power values for frequencies 6-200 Hz (excluding
frequencies removed due to line noise and stimulation artifact). Each PSD was then
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normalized to the total rest (i.e., baseline) power. Average band power for frequency ranges
of interest was then calculated from normalized spectra.

Phase-amplitude coupling

PAC was estimated using Tort’s method of Modulation Index (MI) [33,34]. Parameters
selected for PAC analysis were chosen based on previous critical analyses [35]. Briefly,
signals were band-pass filtered using two-way least squares FIR filter (phase: 1-35 Hz, in 1
Hz steps and 2 Hz bandwidth; amplitude: 6-200 Hz in 2 Hz steps and bandwidth of double
the phase-encoding frequency). Hilbert transform was then used to extract instantaneous
phase and amplitude of the two components. 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 divergence was used to measure deviation
from a uniform distribution and derive Ml values. To extract the preferred phase, the weights
of the phase-amplitude histogram were used as amplitudes of a vector, with the center phase
of each bin constituted the phase of the vector.

To evaluate the significance of derived MI values, for each frequency pair, we generated
1000 randomly generated versions of phase signal (using a random temporal shift in the
phase signal relative to the amplitude signal) and calculated surrogate data. MI values were
converted to Z-scores and the False Discovery Rate procedure was used with g = 0.05 to
correct for multiple comparisons [36,37]. For each frequency pair with statistically
significant PAC, the preferred phase of coupling was defined 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 subject. Average PAC was calculated for
distinct frequency band pairs (phase frequencies included : 13-35 Hz, low B: 13-20 Hz and
high B: 20-35 Hz and amplitude frequencies included -y (50-200 Hz)) and used for further
statistical analyses across the population.

Statistical analysis

Statistical analysis was performed using SPSS (IBM Corp. Armonk, NY) and STATA
(StataCorp LLC, College Station, TX). Statistically significant differences in spectral power
between two conditions (movement/stimulation) at each frequency (6—200 Hz) were
assessed using the two group test of the spectrum [38], with a null hypothesis that conditions
have equal spectra within the cohort. The statistical properties of asymptotic distributions for
power spectra are well known [38]. 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 as it corrects for the bias inherent to the spectral estimation process
[26]. Since multitaper spectral analysis uses an orthogonal family of tapers (i.e., Slepian
sequences) calculated using non-overlapping windows, the calculated tapered spectra can be
reasonably assumed to be statistically independent. We derived the mean group spectra for
each condition (across each cohort) along with the corresponding Z statistics using
asymptotic spectral probability distribution. The 95% confidence intervals were then
calculated based on the Jackknife estimation of variance as previously described [38]. To
address the issue of multiple comparisons, we note that differences in spectra due to the
chance are likely to be present at discrete frequencies, while neurophysiological differences
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Results

span contiguous frequency ranges (e.g., a, B). Since spectral 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 [38,39].

Another complementary method was used to assess the statistical significance of power
changes. The average band power values were calculated for the different frequency bands
a, low B, high B, and y. Because our sample size is <50, the Shapiro-Wilk test was used to
assess normality of distribution prior to comparing power (at different frequency bands) and
PAC. Since the normality condition was not satisfied, non-parametric paired sample
Wilcoxon signed-rank test was used to compare power and PAC across cortical contacts and
conditions. Linear correlations with clinical scores were evaluated with non-parametric
Spearman correlation and corresponding p-values with a statistical significance level of 0.05.
All resulting p-values were corrected for multiple comparisons using Bonferroni or Holm’s
sequential Bonferroni method [40].

Linear mixed-effect model (LMEM) was used to examine the difference in the average
spectral power and PAC, between rest/movement states with DBS-OFF/ON at each
recording sites for the two frequency bands of interest. LMEM is a regression method that
models the linear relationship between a response variable and independent variables, with
coefficients that vary with respect to grouping variables [41]. In this study, each subject
contributed multiple samples in a repeated measures design. LMEM, unlike analysis of
variance based techniques (i.e. ANOVA), is a robust statistical technique for repeated
measures study design and accounts for the inherent correlation between repeated measures
from each subject [42]. LMEMs were constructed with four two-level grouping factors
including stimulation state (DBS-OFF and DBS-ON), movement state (rest and movement),
and frequency band (Low and High B) and recording sites (S1 and M1/PM). The average
values of the log-transformed power, and PAC z-scores as a function of the four grouping
variables were used as response variables. Interactions between effects were studied as part
of the model and studied for significance (P<0.05) and corrected for multiple comparisons
using Bonferroni method.

M1/PM has greater high g power and high p-y PAC than S1

Initially, we compared frequency-specific power S1 and M1/PM at rest with DBS-OFF (Fig.
2A-B). The two group test of spectra revealed that S1 had significantly greater power for
frequencies between 8 and 13 Hz (a frequencies) and M1/PM had significantly larger power
for frequencies between 19 and 39 Hz (high g frequencies, Fig. 2A). Differences were
confirmed using paired Wilcoxon signed-rank test and band power: a band power was
significantly larger at S1 contact (P=0.03) whereas high  power was significantly larger at
M1/PM (P=0.038).

Similarly, we compared S1 and M1/PM PAC at rest with DBS-OFF (Fig. 2C). Z-score PAC
maps were averaged across the low and high B phase encoding frequencies and -y for
amplitude encoding frequencies for each cortical region per subject (Fig. 2C dotted boxes).
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M1/PM exhibited higher PAC for both low and high § phase encoding frequencies compared
to S1, where PAC was only minimally evident (Fig. 2C). Only high B PAC was found to be
significantly different (P=0.014, corrected Wilcoxon signed rank test; P=0.1, for low B PAC,
Fig. 2D). Average cortical PAC was maximal at M1/PM at a phase encoding frequency of 23
+1.46 Hz and amplitude frequency of 106 £25.67 Hz. Corresponding values for S1 were
23.7+2.38 Hz and 101+34.46 Hz, respectively.

Movement modulates low g power and pB-y PAC in sensorimotor cortices

With DBS-OFF, contralateral finger tapping significantly suppressed S1 and M1/PM spectral
power in the 9-13 Hz and 9-18 Hz ranges, respectively (Fig. 3A). Movement-related power
increases were noted between 28 and 200 Hz in both sensorimotor cortical signals (two
group test of spectra, Fig. 3A). Similar results were observed with Wilcoxon signed-rank test
of band power, with significant power suppression of a at S1 (P=0.025) and M1/PM
(P=0.008). Changes in average low B power were only significant in M1/PM (P=0.008).
High B power was not significantly modulated at either location (P=0.6 and 0.6, for S1 and
M1/PM respectively). Contralateral hand movement likewise resulted in significant power
increase in y frequencies (P=0.025 and 0.008, for S1 and M1/PM respectively, Fig. 3B).
LMEM revealed a significant interaction between frequency band (low vs high g) and
condition (rest vs movement) in the DBS-OFF state (X2:6.47, P=0.022, corrected),
confirming that low and high p power are differentially modulated by movement (main
effects: rest/movement condition: x2=5.22, P=0.04, frequency band (low vs high B):
x2=19.09, P<0.001).

Contralateral hand movement also reduced sensorimotor cortical low/high p-y PAC (Fig.
3C-D). Only changes in high B phase encoded PAC at M1/PM were significant (P=0.028,
Wilcoxon signed-rank test) whereas high g phase encoded PAC at S1 were unchanged
(P=0.16, corrected). Moreover, movement-related suppression of PAC was not significant for
low B encoding frequencies (P=0.09 and 0.3, corrected for S1 and M1/PM, respectively).
LMEM showed a significant main effect of movement on PAC (rest vs movement,
X2:10.13, P=0.003, corrected). However, no significant effect was found for the frequency
of phase encoding (low vs high B, X2:0.39, P=0.54, corrected) or for the interaction
between movement condition and phase encoding frequency (X2:0.19, P=0.76, corrected).

Average phase and amplitude encoding frequencies for B-y PAC during movement with
DBS-OFF were phase: 22+1.76 Hz, amplitude: 111.6+18 Hz and phase: 25+1.68 Hz,
amplitude: 109.6+19.57 Hz for S1 and M1/PM, respectively. The movement did not
significantly alter the phase/amplitude encoding frequencies (P>0.05, Wilcoxon signed-rank
test).

Acute GPi-DBS modulates sensorimotor cortical high p-y PAC without modulating spectral

power

Acute GPi-DBS significantly improved clinical scores (P=0.02 for rigidity and P=0.01 for
bradykinesia, Table 1). GPi-DBS did not significantly modulate sensorimotor cortical
spectral power in either the rest (Fig. 4A) or movement (Fig. 5A) conditions (two group test
of spectra). Nonparametric Wilcoxon signed-rank test of predefined frequency bands
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confirmed no significant changes in a, low/high g or -y frequencies across the sensorimotor
cortices with GPi-DBS (Fig. 4B, 5B).

Despite a lack of effect on spectral power, GPi-DBS suppressed cortical PAC at S1 and
M1/PM during both rest (Fig. 4C-D) and movement conditions (Fig. 5C-D), although only
significant at M1/PM during both rest (P=0.008, corrected) and movement (P=0.04,
corrected, Wilcoxon signed-rank test). We used LMEM to confirm the overall effect of
stimulation on cortical PAC and investigate interactions between frequency band and
stimulation state. The overall main effect for stimulation state was significant (X2:7.55,
P=0.006). However, there was no main effect of the frequency band (irrespective of
movement state, XZ:O.Ol, P=0.97) and there was no significant interaction between
stimulation state and frequency band (X2:0.7, P=0.4).

During rest with DBS-ON, the average frequencies of maximal coupling were phase:
23.1+2.01Hz and amplitude: 119.6+18.4 Hz for S1 and phase: 24.2+1.5 Hz, amplitude:
102.6+18.72 Hz for M1/PM. Average phase/amplitude encoding frequencies of maximal
coupling did not change between DBS states (ON vs OFF) at any of the cortical sites
examined (Wilcoxon signed rank test, P>0.05), suggesting that GPi-DBS reduces the
magnitude of PAC without changing the preferred frequencies for maximal coupling.

To ensure these results were not driven by the order of experiments, we compared resting
cortical PAC in a subgroup of subjects (N=8) for whom we obtained additional resting state
recordings after termination of stimulation. Such comparison revealed no significant
difference in the PAC, for low or high B phase encoding frequencies, at either cortical
contact (P>0.1, Wilcoxon signed-rank, Fig. 6) before and after cessation of stimulation.

Modeling the effects of hand movement and GPi-DBS on sensorimotor physiology

LMEM analysis of average spectral g band power as a full-factor combination of movement
condition (rest vs movement), stimulation state (ON vs OFF), the frequency band (low vs
high B) and location (S1 or M1/PM) was statistically significant (y2=133.22, P<0.0001).
Tests for the effect of main factors in the model identified the movement condition (2
=19.96, P<0.0001) and frequency band (X2:43.1, P<0.0001) but not the stimulation state
(x?=1.19, P=0.275) as significant factors. There was no significant interaction between
movement condition and stimulation state on sensorimotor spectral power (X2:1.55,
P=0.212). However the interaction between movement condition and frequency band was
significant: (x 2= 12.48, P=0.0004) further confirming that regardless of the stimulation
state, movement affected beta sub-bands differently.

Similar LMEM analysis with cortical PAC modeled using the grouping variables described
above was also significant (X2:71.53, P<0.0001). Tests for overall effects identified
movement condition (x %= 13.99, P=0.0002) and stimulation state (x2=7.55, P=0.006) as
main factors that significantly modulated cortical PAC. The interaction between the two
main factors examined, however, was not found to be statistically significant (X2:0.58,
P=0.44). As a result, we could not reject the null hypothesis that contralateral hand
movement and DBS change cortical PAC in different ways.
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Motor cortical high p-y PAC correlates with bradykinesia and changes in proportion to
therapeutic improvements with GPi-DBS

We investigated the correlation between each disease symptom (i.e. tremor, rigidity and
bradykinesia) in the “untreated” state (DBS-OFF) and low/high  corresponding power and
PAC values during rest. DBS-OFF UPDRS measurements were not available for one subject
(P3), therefore this analysis was performed excluding P3 (N=9). Power (low or high ) did
not correlate with any clinical scores examined. However, there was a significant and
positive correlation between cortical high p-y PAC at M1/PM and bradykinesia scores (Fig.
7A, Spearman correlation, Rho=0.59, P=0.045).

Based on this finding, we further investigated whether the degree of DBS-related
suppression of high p-y PAC was related to the clinical improvement in bradykinesia. We
regressed the difference in the PAC against the difference in clinical scores (DBS-OFF
minus DBS-ON) using non-parametric Spearman correlation. GPi-DBS related suppression
of high p-y PAC at M1/PM significantly correlated with improvements in bradykinesia (Rho
=0.61, P=0.04, Fig. 7B). None of the low/high  power values nor low p-y PAC correlated
with baseline disease severity nor improvement in clinical scores (P>0.1, Wilcoxon signed-
rank test).

Discussion

Excessive B oscillations throughout the different nodes of BGTC network have been linked
to the symptomatology of PD [1-8,43-46]. In the untreated state, STN B power is shown to
correlate with the severity of rigidity and bradykinesia, and decrease in proportion to clinical
improvement with therapy [1,3,4,46]. Thus, STN B power appears to be a promising disease
biomarker to target including its potential for driving adaptive/closed-loop DBS systems for
PD [47-50]. More recently, de Hemptinne and colleagues showed that §-y PAC at motor
cortex is exaggerated in PD subjects [14]. They further showed that p--y PAC, but not
cortical B power, is modulated by STN-DBS [17], concluding that the therapeutic effect of
STN-DBS is reflected in attenuations in the excessive cortical coupling. STN-DBS has
subsequently been shown to not only modulate local subthalamic § power but also
suppresses STN-motor cortical f coherence [8].

Our current findings show that therapeutic stimulation of the GPi also results in the
attenuation of motor cortical PAC, but not cortical f power, similar to STN-DBS [17]. Given
that both the STN and GPi are clinically efficacious therapeutic targets in managing PD
symptoms [21], our present findings suggest that DBS at either target may produce its
therapeutic effect by regularizing excessive motor cortical PAC but that it is not necessarily
mediated (at least not exclusively) by the hyperdirect pathway. It is possible that GPi- and
STN-DBS therapeutic effects are mediated through different pathways (motor thalamus vs
hyperdirect pathway). Conversely, STN DBS may be mediated through the GPi and motor
thalamus [17]. The alteration of higher-order cross-frequency interactions (in the form of
PAC), independent of power modulation, indicates that PAC modulation is not a byproduct
of changes to the power of the underlying phase encoding frequencies. We propose that
higher-order oscillatory interactions (be it locally in the form of PAC or inter-regionally in
terms of coherence) may reflect PD pathophysiology more closely than exaggerated local
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oscillatory power [8,51,52]. Moreover, because cortical p power modulation was observed
only with contralateral hand movement, simultaneous assessment of both cortical p power
and B-y PAC may provide a useful tool for differentiating movement-related vs therapy-
related changes in cortical physiology.

New studies suggest exaggerated motor cortical PAC in PD may be related to the sharpness
of B oscillations and that DBS normalizes PAC by modifying waveform shape (i.e. flattening
B oscillations) by decrementing the synchrony of synaptic input to M1 [53,54]. Our finding
of similar effects of GPi-DBS and STN-DBS in normalizing motor cortical PAC, given
distinct anatomical connectivity of the two targets further indicates that therapy exerts its
effect by regularizing the synchronous input to the motor cortex by reducing exaggerated
beta hypersynchrony in the BGTC network.

A second main finding in this study is that both movement and GPi-DBS attenuation of
M1/PM PAC favor the high B range whereas movement in the absence of GPi-DBS results
in a significant attenuation of low but not high B oscillatory power in the sensorimotor
cortices. This dissociation between effects of movement and GPi-DBS on the modulation of
cortical B sub-bands suggests that high and low B frequencies may mediate distinct
functional roles where cortical low B power is related to the normal motor control and high
underlies the hypersynchronized state related to PD motor symptomology. Moreover, studies
of hemiparkinsonian animals showed that with motor activity, low B power was reduced but
high B activity was increased in the motor cortex in the dopamine-depleted hemisphere [55—
57]. High B activity was most pronounced when the animals were engaged in the ongoing
motor activity and significantly reduced with L-Dopa administration. A recent study
reported that modulation of low p pallidocortical coherence may be also important for
normal motor control [58].

Non-linear correlations between low and high B oscillations have been reported in PD
subjects during the off medication state [59]. Levodopa administration significantly
decreases these correlations and increases segregation between these two p bands [59]. In
the basal ganglia, these patients show clinical improvement with pharmacologic and DBS
therapy corresponded with a reduction in local low B power in the STN while cortico-STN
coupling within the high B range is most responsive to therapeutic interventions [8,45,60,61]
The dissociation of higher-order oscillatory interactions (such as PAC) in terms of low and
high p frequencies suggests that motor cortical PAC can similarly be separated into distinct
functional domains. Our results demonstrate that only motor cortical PAC at high
frequencies positively correlated with bradykinesia scores and is significantly suppressed by
GPi-DBS. On the other hand, cortical low B power changes in response to contralateral body
movement and not stimulation. These findings along with previous reports on the
suppression of subthalamic low B power with treatment [8] further support a functional
dissociation of B sub-bands within and across cortical and subcortical structures within the
motor network.

The coupling between STN and motor cortex in low vs high 8 band has been suggested to
reflect distinct contributions of indirect vs hyperdirect pathways, respectively [8]. To
maintain this perspective, one would assume that GPi-DBS blocks high B signals that
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Limitations

propagate via the hyperdirect BGTC loop. However, we have observed high B even in GPe
[20], suggesting that high B in fact reverberates throughout the entire BGTC circuit and is
not specific to the hyperdirect pathway. Given distinct oscillatory bands function as unique
communication channels across distant nodes in brain networks [62], we propose it is more
likely that distinct spectral bands relate to unique functions rather than structurally
segregated anatomic pathways [63].

We acknowledge that our study is limited by the relatively small number of PD subjects
included (N=10) and that no control group was included due to inherent challenges of
intraoperative recording. However, our coherent findings suggest that these results could be
extended to the larger population.

Conclusions

Excessive high p-y PAC may be a more informative biomarker for PD disease state [15] and
suited for driving closed-loop DBS systems than f oscillatory power alone, regardless of
DBS target. The correlation of high p-y PAC with both stimulation state and symptoms
further indicate its suitability as a potential marker of therapeutic state.
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Highlights
GPi-DBS modulates motor cortical signals similar to the STN-DBS
Movement suppresses low  power and high B-y PAC in motor cortex

GPi-DBS suppresses motor cortical high B-y PAC without changes in cortical
B power

Motor cortical high B-y PAC correlates with the severity of bradykinesia

GPi-DBS reduces high B-y PAC proportionally to the improvement in
bradykinesia
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Figure 1.
Localization of cortical ECoG strip and cortical signals used for analysis (A) registration of

pre-operative structural high resolution T1 weighted MRI and CT to co-localize cortical
brain surface and skull. Tips of stereotactic frame and DBS leads (marked by + signs and
straight red and blue lines on the image, respectively) are used as landmark to complete 2D—
3D fusion of fluoroscopic image and cortical surface. One the fusion is complete cortical
contacts (visible on the fluoroscopic image) are marked manually on the fused images. (B)
Marked ECoG contacts are illustrated on the cortical surface and relative to central sulcus.
(C) Two cortical bipolar signals spanning post to pre central gyri (S1 and M1/PM) are
marked and used for all of the analyses. (D) DBS lead (Medtronic model 3387) penetrating
through pallidum. Monopolar channel 1 or 2 was used to deliver high frequency stimulation.
(For more detailed description of the registration method please refer to the online
supplementary material)
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Figure 2.

Comparison of spectral power and PAC between S1 and M1/PM (A) Group average PSDs
are plotted for S1 (green trace) and M1/PM (red trace). Vertical shade represents statistically
significant difference observed by two-group test of spectrum. Frequency axis is plotted in
log format to magnify changes in § band. (B) Average band power values are also compared
between S1 (green) and M1/PM (red). Asterisk (*) sign indicates statistically significant
difference (P<0.05, tested by non-parametric Wilcoxon signed-rank test, corrected for
multiple comparisons using Bonferroni). Each bar shows the mean (across the cohort) and
95% confidence interval of the mean. (C) On the left hand side, average z-score maps for the
cohort are represented, white dotted rectangles show the pairs of phase and amplitude
frequencies used to derive average low B-broad band -y (left box) and high p-broad band y
(right box) for each subject. On the right hand side, average preferred phase of coupling for
low B-broad band y (red) and high p-broad band -y (blue). (D) Comparing average PAC
between S1 and M1/PM signals indicates statistically significant difference in high p-
broadband y PAC. Asterisk (*) indicates statistical significance at P<0.05 (Wilcoxon signed
rank test, Bonferroni correction). Each bar shows the mean (across the cohort) and 95%
confidence interval of the mean.
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Figure 3.

Movement changes cortical power in low  and cortical PAC in high p frequencies (A)
Group average PSDs are plotted for S1 (left) and M1/PM (right), in the DBS-OFF condition,
during rest (black trace) and contralateral hand movement (red trace). Vertical shade
represents statistically significant difference observed by two-group test of spectrum.
Frequency axis is plotted in log format to magnify changes in p band. (B) Average band
power values are also compared between rest (black) and contralateral hand movement (red).
Asterisk (*) sign indicates statistically significant difference (P<0.05, tested by non-
parametric Wilcoxon signed-rank test, corrected for multiple comparisons using
Bonferroni). Each bar shows the mean (across the cohort) and 95% confidence interval of
the mean. (C) On the left hand side, average z-score maps for the cohort are represented,
during DBS-OFF recordings for rest (top row) and contralateral hand movement (bottom
row). On the right hand side, average preferred phase of coupling for low B-broadband -y
(red) and high p-broad band -y (blue) are represented. (D) Comparing average PAC between
rest and movement indicates statistically significant suppression of high p-broadband y PAC
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at M1/PM. Asterisk (*) indicates statistical significance at P<0.05 (Wilcoxon signed rank
test, Bonferroni correction). Each bar shows the mean (across the cohort) and 95%
confidence interval of the mean.
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Figure 4.
During rest, GPi-DBS only modulates motor cortical PAC in high B frequencies without

causing a significant power change (A) Group average PSDs are plotted for S1 (left) and
M1/PM (right), in the DBS-OFF condition, during rest at DBS-OFF (black trace) and DBS-
ON (blue trace). Gray shade represents statistically significant difference observed by two-
group test of spectrum. No significant difference was found after correction for multiple
comparisons. (B) Average band power values during resting conditon (DBS-OFF (black),
DBS-ON (blue)) are also compared. Asterisk (*) sign indicates statistically significant
difference (P<0.05, tested by non-parametric Wilcoxon signed-rank test, corrected for
multiple comparisons using Bonferroni). Each bar shows the mean (across the cohort) and
95% confidence interval of the mean. (C) On the left hand side, average z-score maps for the
cohort are represented, during resting condition for DBS-OFF (top row) and DBS-ON
(bottom row). On the right hand side, average preferred phase of coupling for low -
broadband -y (red) and high p-broad band y (blue) are represented. (D) Comparing average
PAC between DBS-OFF and DBS-ON indicates statistically significant suppression of high
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B-broadband -y PAC at M1/PM. Asterisk (*) indicates statistical significance at P<0.05
(Wilcoxon signed rank test, Bonferroni correction). Each bar shows the mean (across the
cohort) and 95% confidence interval of the mean.
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Figure 5.

During movement, GPi-DBS only modulates motor cortical PAC in high p frequencies
without causing a significant power change (A) Group average PSDs are plotted for S1 (left)
and M1/PM (right), in the DBS-OFF condition, during movement at DBS-OFF (red trace)
and DBS-ON (green trace). Gray shade represents statistical significant difference observed
by two-group test of spectrum. No significant difference was found after correction for
multiple comparisons. (B) Average band power values during contralateral hand movement
(DBS-OFF (red), DBS-ON (green)) are also compared. Asterisk (*) indicates statistically
significant difference (P<0.05, tested by non-parametric Wilcoxon signed-rank test,
corrected for multiple comparisons using Bonferroni). Each bar shows the mean (across the
cohort) and 95% confidence interval of the mean. (C) On the left hand side, average z-score
maps for the cohort are represented, during contralateral hand movement for DBS-OFF (top
row) and DBS-ON (bottom row). On the right hand side, average preferred phase of
coupling for low B-broadband -y (red) and high p-broad band -y (blue) are represented. (D)
Comparing average PAC between DBS-OFF and DBS-ON indicates statistically significant
suppression of high p-broadband y PAC at M1/PM. Asterisk (*) indicates statistical
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significance at P<0.05 (Wilcoxon signed rank test, Bonferroni correction). Each bar shows
the mean (across the cohort) and 95% confidence interval of the mean.
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Resting state cortical PAC is restored after termination of high frequency GPi-DBS (A)
Average zscore maps for subgroup (N=8) of subjects with resting state recordings during
DBS-OFF before high frequency stimulation (DBS-OFF-pre), high frequency stimulation
(DBS-ON) and DBS-OFF after the high frequency stimulation (DBS-OFF-post), indicating
the reversal of untreated state PAC in the sensorimotor cortex. Bottom row shows the
average preferred phase of coupling for low B-broadband -y (red) and high p-broad band -y
(blue). (B) Comparing average PAC between DBS-OFF-pre and DBS-OFF-post conditions
indicated no statistically significant difference in the coupling strength between the
conditions (P>0.1, Wilcoxon signed-rank test).
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Figure 7.

Motor cortical high p-broadband -y PAC is related to disease severity (ie bradykinesia) and
changes in proportion to improvement in disease symptoms once GPi-DBS is applied. (A)
Scatter plots showing significant correlation between high p-broadband -y PAC at rest and in
the DBS-OFF (i.e. untreated state) and bradykinesia scores. (B) Scatter plots showing
significant correlation between changes in high p-broadband y PAC at rest with GPi-DBS
(i.e. treatment related changes) and improvement in bradykinesia scores.
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