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Frequency-specific and spatiotemporal dynamics of B-y
phase-amplitude coupling in Parkinson’s disease

Philipp A. Loehrer,'? Sahar Yassine,' Immo Weber,? Valentin Sanner,® Shenghong He,! Alek
Pogosyan,’ Lijiao Chen,? Laura Witt,2 Gereon Rudolf Fink,** David J. Pedrosa,**Lars

Timmermann?® and Huiling Tan’

Abstract

Cross-frequency coupling (CFC) has been proposed to facilitate neural information transfer across
spatial and temporal scales. Phase-amplitude coupling (PAC), a type-of CFC in which the
amplitude of a faster brain oscillation is coupled to the phase of a slower brain oscillation, is
implicated in various higher-order cognitive functions and was shown to be pathologically altered
in neurological and psychiatric disease. In Parkinson’s disease (PD), the coupling between gamma
amplitude (50-150 Hz) and beta phase (13-35 Hz) is exaggerated. Enhanced -y PAC was found
in the subthalamic nucleus and various ‘cortical sources and shown to be responsive to
dopaminergic therapy and deep brain stimulation (DBS). Therefore, exaggerated -y PAC has been
proposed to be a disease marker and.a potential target for brain circuit interventions. Despite these
promising findings, a significant knowledge gap remains, as the spatial and frequency-specific

dynamics of B-y PAC and its association with motor symptoms and therapy remain elusive.

To address this knowledge gap, we employed high-density electroencephalography (EEG) with

source localisation techniques for patients with PD at rest.

We highlight three key findings: (1) a frequency-specific increase in high  (23-35 Hz)-y PAC
within and between sources of the cortical motor network, (2) a link between elevated high B-y
PAC and bradykinesia and rigidity when OFF medication, but not tremor, and (3) a medication-
induced-reduction in high -y PAC in the supplementary motor area correlating with clinical

improvement.

Altogether, this study provides novel insights into the pathophysiology of PD as an oscillopathy

and identifies high B-y PAC as a potential marker of Parkinsonian symptoms and treatment effects.

© The Author(s) 2026. Published by Oxford University Press on behalf of The Guarantors of Brain. This is an Open
Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in
any medium, provided the original work is properly cited.
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This has important implications for invasive as well as non-invasive therapeutic strategies as high

B-y PAC targeting might hold greater promise than targeting B-y PAC per se.
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Introduction

Neural oscillations reflect the synchronised activity of neural ensembles and facilitateinformation
processing and transfer within and between distant regions of the human brain.!-? In this context,
cross-frequency coupling (CFC), i.e. the interaction between oscillations at different frequencies,
is an important mechanism underlying information processing as larger neural populations
typically oscillate at lower frequencies, while smaller ensembles are active at higher rhythms.># In
particular, Phase-Amplitude Coupling (PAC), a type of CFC where the amplitude of a high-
frequency oscillation is coupled to a specific phase of a low-frequency thythm,® plays a significant

role in various higher cognitive functions. Most notably, couplingbetween theta phase (4-8 Hz) to

gamma amplitude (30-100 Hz) in the hippocampus has been implicated in memory and learning. -

10 Furthermore, PAC is modulated in various aectivities, including visual!'! and auditory
processing,'?> movement and speech,!® as well as' complex cognitive functions.!'* Additionally,
changes in PAC patterns have been linked to. neuropsychiatric disorders, including Parkinson’s

disease (PD), Alzheimer’s disease, schizophrenia, and obsessive compulsive disorder. '’

In PD, exaggerated coupling between beta phase (13-35 Hz) and gamma amplitude (50-150 Hz)
has been detected in cortical and subcortical structures. In this regard, the subdivision of the beta
frequency band into low-beta (13-22 Hz) and high-beta (23-35 Hz) is essential for PD
pathophysiology, as these sub-bands reflect distinct neurophysiological mechanisms with different
clinical implications:'® Evidence suggests that low-beta activity in the STN is more consistently
associated with overall motor symptom severity, while high-beta measures have been related to
motor improvement with therapy.!®!® In the context of PAC, emerging evidence also suggest a
functional subdivision within the beta band.'®!® Here, low B-y PAC in the STN was associated
with motor symptom severity'® while dopaminergic medication was found to reduce high f-y PAC
in the STN when comparing the OFF and ON medication states.'® Despite this functional
segregation, most investigations of -y PAC have analysed beta as a unified frequency band (13-
35 Hz). Nonetheless, these studies revealed important patterns across brain regions. In particular,
B-y PAC was elevated in the subthalamic nucleus (STN) and positively associated with symptom

severity of bradykinesia and rigidity.'® On the cortical level, exaggerated B-y PAC was found in
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various cortical areas,?’ including sensorimotor cortex and shown to be reduced by DBS.?!??

Furthermore, elevated -y PAC was detected on the scalp level in C3/C4 using EEG, associated
with bradykinesia, and shown to be amenable to dopaminergic therapy.?*-** Given the associations
between elevated PAC and symptom severity and the observed restoration to healthy levels with
therapy, PAC is a promising marker for the disease and a potential target for neuromodulation
therapies.? In contrast, cortical beta power does not consistently differentiate betwéen medication
states. Previous studies employing EEG, magnetoencephalography, or electrocorticography have
reported inconsistent alterations of cortical beta power with medication,?!-232%27 limiting its utility
for treatment monitoring and highlighting the need for alternative oscillatory markers. Despite the
promising findings with PAC, a critical knowledge gap remains, as-the spatial and frequency-
specific dynamics of B-y PAC on the cortical level, and its associationwith motor symptoms and
therapy, remain elusive. To address this knowledge gap, we combined high-density
electroencephalography (EEG) with source localisation techniques to characterise the spatial and
frequency-specific patterns of exaggerated pB-y-PAC.in PD. Using this approach, we provide
evidence for a frequency-specific elevation of high f-band (23-35 Hz) to broadband-y PAC within
and between sources of the human motor network. This elevated high B to broadband-y PAC is
associated with bradykinesia and rigidity, and restoring healthy levels in the supplementary motor
area (SMA) is associated with.¢linical improvement. Altogether, this study provides novel insights
into the pathophysiology of PDas an-oscillopathy and identifies high B-y PAC as a potential marker

of Parkinsonian symptoms and treatment effects.

Materialstand methods

EthicalApproval

The study was approved by the local ethics committee (study number: 14-130) and carried out

following the Declaration of Helsinki.

Participants

Seventeen patients with PD and fifteen healthy control subjects (HC) matched concerning age,

sex, and cognitive function participated in this study upon written informed consent. Clinical
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diagnosis of PD was established according to recent diagnostic criteria,?® and motor function was
assessed before and during the experiment using the Unified Parkinson’s Disease Rating scale part
I (UPDRS-IM). All participants were right-handed, according to the Edinburgh Handedness
Inventory. There was no indication of depressive symptoms or dementia according to Beck’s
Depression Inventory-II and Mini-Mental State Examination. Exclusion criteria duringparticipant
recruitment comprised pathological MRI findings, concomitant neurological ‘or psychiatric
disease, or impaired visual or auditory function. Two healthy controls and one patient had to be
excluded due to severe artefacts interfering with the EEG recording. One patienthadto be excluded
as he discontinued MRI acquisition and subsequent EEG recordings due to claustrophobia,
whereby no participant had to be excluded due to pathological-MRIT findings. Following
preprocessing, the datasets of 15 patients (mean age+SD: 68.2+8.2 years; 2 female) and 13 healthy
controls (mean age+SD: 64.4+6.5 years; 1 female) were included for further analysis (for
demographics see Table 1). Patients and healthy controls were well matched for age and gender (p

= 21).

Data Acquisition

EEG-data were acquired using a 128-channel system with active electrodes (Brain Products
GmbH, Gilching, Germany) and a reference channel on FCz, in an acoustically and electrically
shielded room. Individual positions of electrodes and fiducial points were acquired using a 3D
ultrasound digitisation system (Zebris Medical GmbH, Isny, Germany). After assuring that
electrode impedances were below 10 kQ, EEG-signals were recorded with Brainvision recorder
(Brain Products GmbH, Gilching, Germany). Here, signals were amplified, band-pass filtered from
0.1 to 1000 Hz, anddigitised ata sampling rate of 5000 Hz. The experimental paradigm consisted
of multiple trials with 15 seconds of continuous resting state and various movement tasks including
tapping with an external stimulus and tapping without an external stimulus, each followed by a 5-
second pause. Only data from the rest condition was analysed for this report, whereby data from
the movement tasks have not been published elsewhere. Given the randomised order and the pause
duration, it is unlikely that movement preparation influenced the resting-state data. During the
resting state recordings, participants were instructed to relax and focus on a cross presented on a
screen before them. EEG of patients with PD was recorded in medication OFF, after 12 hours of

withdrawal of antiparkinsonian medication, and in medication ON, following the administration
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of 200 mg levodopa. In all patients, an experienced movement disorders specialist (PAL) assessed

the UPDRS-III in the OFF and ON state.

Before EEG recordings, individual T1-weighted MRI of the head were acquired on a 3-Tesla Trio
scanner (Siemens, Erlangen, Germany) using a 3D Modified Driven Equilibrium Fourier
Transform sequence (repetition-time = 1930 ms, echo-time = 5.8 ms, flip-angle =18°, slice-

thickness = 1 mm) for individual source reconstruction.

EEG Preprocessing

Preprocessing was performed using Fieldtrip.?® First, data were demeaned and detrended, high-
pass filtered at 1 Hz, low-pass filtered at 500 Hz, and band-stop filtered-at 50 Hz and its harmonics.
Then, data were downsampled to 1000 Hz and epoched into non-overlapping segments of 3000
ms, as it has been shown that PAC can be detected robustlyin epochs of 2500 ms and longer at
different levels of noise and coupling strength.3?3" Subsequently, an independent component
analysis was used to remove components containingeye movements, channel noise, muscle-, and
electrocardiogram-artefacts. Segments were visually inspected, and channels and segments with
poor data quality were excluded. Excluded channels were interpolated (20.5 +/- 1.9 channels for
each patient and 19.4 +/- 2.9 channels for each healthy control), and a final visual inspection of
the data was performed. If artefacts affected over 50% of the data segments, the entire dataset was
excluded from subsequent analysis.As a result of this process, two healthy controls and one patient
were excluded from the study. Following the removal of all artefacts, there were no significant
differences in data volume, i.e. segments, between patients and controls (28.9 +/- 2.8 segments for
each patient and 32.9 +/- 7.2 segments for each healthy control, p = 0.78). In a last step, data were

re-referenced to the average reference of all electrodes.

EEG-MRICoregistration and 3D Cortical Mesh Construction

To reconstruct the dynamics of the brain at the cortical-source level, the inverse problem was
solved based on the artefact-free EEG data and patients structural MRI employing source
localisation techniques, i.e. the combination of individual structural MRI, mapping of a multi-
modal cortex parcellation, and beamforming. Here, functions from Freesurfer
(http://surfer.nmr.mgh.harvard.edu/, version: 7.4.1), Brainstorm (version: 10-Oct-2023), and
custom MATLAB (R2020b) scripts were employed. The procedure is outlined in Figure 1 and

included segmentation of individual MRIs and parcellation using the Human Connectome Project
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(HCP) atlas.*? Here, we retained a fine resolution for motor regions, which resulted in 26 regions
per hemisphere. EEG data were co-registered with the segmented MRI, and a realistic head model
was generated employing the OpenMEEG boundary element method.?* Further methodological

details are provided in the Supplementary material.

Region of interest-based Source Reconstruction

Source analysis was performed utilising a linearly constrained minimum variance beamformer
(LCMV).>* This technique applies a spatial filter to the EEG data at each vertex.of the 3D cortical
mesh, aiming to maximise the signal from that particular location while suppressing signals from
other areas.?! The spatial filter was constructed by combining the covariancematrix obtained from
the sensor data with the leadfield information obtained from the head model. To extract a single
source signal for each region of interest in the cortical motor network (dorsolateral prefrontal
cortex (DLPFC), lateral premotor cortex (IPM), primary motor cortex (M1), supplementary motor
area (SMA)),*-*¢ we constructed a single spatial filter for.each ROI by calculating the mean of the
concatenated filters from all vertices identified to lie within a ROIL. Sensor-level data was then
multiplied with this spatial filter to extractthe source time series for each ROI. In a supplementary
analysis, we extracted source time series for each ROI in the cortical motor network employing
minimum norm imaging.?” To display whole brain source distributions of PAC, we extracted
source time series data for€achregion defined by our approach and calculated PAC as outlined

below.

Phase-Amplitude Coupling Analysis

Source time series were examined for B-y phase-amplitude coupling employing the Kullback-
Leibler-based modulation index.>® As a first step, trials were zero-padded with segments of 750
ms; which were discarded after filtering, as spurious PAC can occur through filtering sharp edge
artefacts:* Subsequently, low-frequency phase and high-frequency amplitude were extracted from
each trial’s source time-series, employing a 2-way finite impulse response filter (eegfilt.m with
firl parameters). Here, source time series were filtered across the 4 to 50 Hz range using a sliding
window with a step size of 2 Hz and a bandwidth of 2 Hz to extract phase. Similarly, source time
series were filtered across the 4 to 200 Hz range using a sliding window with a step size of 4 Hz
to extract amplitude, as described previously.?!?* As the bandwidth for filtering the amplitude-

providing time series should depend on the frequency of the phase-providing frequency,®! the
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bandwidth was chosen to be wide enough to capture the centre frequency + the modulating low-
frequency phase. Subsequently, instantaneous phase and amplitude were extracted from the

filtered signals using a Hilbert transform.

To calculate the modulation index, phases from -180° to 180° were first binned into 18 bins of 20°
each.>® Subsequently, the mean amplitude of the amplitude-providing frequency in each phase bin
of the phase-providing frequency was calculated and normalised by the sum of the mean
amplitudes for all bins. This created an amplitude-phase distribution similar to a probability
distribution, which was then quantified using Shannon entropy. As Shannon entropy represents a
variable’s inherent amount of information, it is maximal, if — in this context — the amplitude in
each phase bin is equal.?* This would represent a uniform distribution and correspond to the
absence of phase-amplitude coupling. To measure the disparity between the calculated distribution
and a uniform distribution, the Kullback-Leibler distance is calculated to derive the modulation
index (MI), which is defined as PAC. To quantify the meaningfulness of the derived MI-values,
remove forms of spurious coupling, and make MI-values amenable to statistical evaluation, we
performed nonparametric permutation testing.?-° Here, we defined zPAC as z-scored MI values
by comparing the observed MI-value to a surrogate distribution of MI-values based on shuffled
data. This surrogate distribution was generated by temporally shifting the phase time series
compared to the amplitude time series. The phase time series was circularly shifted by cutting it at
a randomly selected point within-ts length, effectively introducing a random temporal offset.
Phase-amplitude coupling was then calculated, and this procedure was repeated 200 times. Thus,
a zPAC value of 0 indicates a PAC level similar to that of randomly shuffled data, while a zZPAC
value greater than 1.64 suggests significant coupling, indicating less than a 5% probability of

occurring by chance.

To ensure that residual line noise artefacts did not affect PAC calculation, we recalculated -y
PAC with frequency ranges excluding 50 Hz and its harmonics (Supplementary material).
Furthermore, we performed a sensitivity analysis comparing 3-y PAC in segments from the first
and second halves of each 15-second resting period block to verify that movement preparation did

not influence PAC values in the latter segments (Supplementary material).
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Power spectral density

To exclude the possibility that differences in spectral power in either - or y-band drive enhanced
PAC, we calculated the power spectral density (PSD) of the different re-constructed source regions

using the Welch method (Supplementary material).

Non-Sinusoidal Oscillations

Another significant challenge encountered in the analysis of PAC involves the presence of non-
sinusoidal oscillations, which can lead to spurious PAC.%%#? The characteristics 0f'an oscillation
were assessed by computing sharpness and steepness ratios for the time seriesdata of each ROI in

the 13 to 35 Hz range (Supplementary material).

Simulated PAC Analysis

The reliability of our PAC algorithm was tested on+3.seconds of simulated data containing

predetermined B-y PAC (Supplementary material).

Statistical Analysis

Group statistics were performed to compare -y PAC among patients in the medication ON and
OFF state, and between patients and healthy controls. A repeated measures ANOVA was
employed to analyse PAC differences within patients, with the repeated measures factors ‘source’
(e.g., cortical regions ofinterest), ‘frequency’ (e.g., low (13-22 Hz) and high (23-35 Hz) B-y PAC
values), the independent variable ‘medication state’ (ON or OFF), and the covariate ‘hemisphere’
(left or right), using Greenhouse-Geisser correction for non-sphericity when appropriate. A mixed
design ANOVA" was" performed for comparisons between patients and HC, with the within-
subjects factors ‘source’ and ‘frequency’, the between-subjects factor ‘group’ (PD or HC), and the
covariate ‘hemisphere’ (left or right). All statistical analyses were conducted to test for main
effects.and interactions between factors. Post-hoc analyses were performed where appropriate to
identify significant pairwise comparisons. For statistical comparison, a zZPAC value was derived
for each subject by averaging the comodulograms of the regions of interest. To delineate
differences in high and low B-y PAC, we averaged MI values over the low beta-band (13-22 Hz)
as well as the high-beta band (23-35 Hz) for the phase frequency and the broadband gammarange
(50-150 Hz) for the amplitude-frequency. These frequency ranges were chosen based on prior

20,23,43
h,

researc whereby power analyses and analyses of sinusoidal oscillations focused on the
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same frequency ranges. In a supplementary analysis, we averaged MI values over the theta-band
(4-8 Hz) as well as the alpha band (8-12 Hz) for the phase frequency and the broadband gamma
range (50-150 Hz) for the amplitude frequency. Averaged MI values were squareroot-transformed
to fulfil assumptions of ANOVA testing. Spearman correlations were used to investigate the
relationship between B-y PAC, clinical features, and treatment response, corrected for multiple
comparisons using the Benjamini-Hochberg method.** Exploratory analyses assessing 8-y and a-
vy PAC and supplementary analyses assessing data with frequency ranges excluding 50 Hz and its
harmonics, sub-band differences in B PSD, as well as -y PAC calculated from'source time series
obtained via minimum norm imaging were performed employing the same statistical approach as

described above.

Results

Phase-amplitude coupling within sources of the human motor network is
enhanced in Parkinson’s disease

We assessed the effects of participant group(PD OFF vs. HC), frequency for phase (low 3 vs. high
B), and each considered source on"f-y PAC using a three-way mixed-design ANOVA. This
analysis demonstrated significantmain effects of ‘group’ (F(1,26) = 5.76, p = .02, n,> = .098,
Supplementary Figure 1) and“frequency’ (F(1,27) = 5.39, p = .024, n,> = .092), but not ‘source’
(F(3,81) = .95, p = .41, ny?2 = .018). Here, B-y PAC was higher in patients OFF medication than
HC. The effect, however, was present for high B-y PAC (high B: 23-35 Hz; frequency x group
interaction: F(1,26) = 6.41, p =.014, n,> = .11), but not for low B-y PAC (low B: 13-22 Hz). Post
hoc t-tests for the different ROIs demonstrated that high -y PAC was increased in patients in M1
(t(26)=-2.28,p=.014, Cohen’s d =.58) and IPM (t(26) =-2.96, p =.003, Cohen’s d = .75, Figure
2). The mixed design ANOVA comparing patients ON medication and HC revealed no significant
difference in overall B-y PAC between the two groups (F(1,26) = 0.05, p = .944, n,2 = <.001) and
between sources (F(3,81) = 2.49, p = .079, n,> = .045). However, a significant main effect of
‘frequency’ (F(1,27) = 9.78, p = .003, n,> = .156) indicated differences in B-y PAC across
frequency bands. Additionally, no interaction between frequency-band and group existed (F(1,26)

=0.02, p=.961, n,2 = <.001).

10
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We assessed the effects of medication status (PD OFF vs. PD ON), frequency for phase (low 3 vs.
high B) and each considered source on -y PAC using a three-way repeated measures ANOVA.
The analysis demonstrated significant main effects of ‘medication’ (F(1,26) = 6.37, p =.014, n,?
=.101) and ‘frequency’ (F(1,27) = 5.66, p = .021, n,> = .09), whereas no significant main effect
of ‘source’ was observed (F(3,81) = .48, p = .683, n,> = .008). Here, patients OFF medication had
higher overall -y PAC values than ON medication. This effect was present for high -y PAC only
(frequency x medication interaction: F(1,26) = 7.98, p = .007, n,> = .123). Post:hoc paired t-tests
for the different ROIs demonstrated that high B-y PAC was increased in patients OFF medication
in M1 (t(14) =-1.81, p=.04, Cohen’s d = .47), IPM (t(14)=-2.39,p =.011, Cohen’s d = .6), and
SMA (t(14)=-2.73,p=.005, Cohen’s d =.66), whereby a trend towards significance was observed
for DLPFC (t(14) = -1.68, p = .052, Cohen’s d = .36; Figure 3). The supplementary analyses
employing source time series data obtained via minimum norm'imaging as well as data with
frequency ranges excluding 50 Hz and its harmonics revealed consistent results (Supplementary

material).

In the OFF medication state, correlation analysis revealed a significant relationship between high
B-y PAC and UPDRS-OFF valuesin M1 (p.= .04, rho =.535), IPM (p = .04, rho = .569), and SMA
(p = .049, rho = .475, Supplementary Figure 2). Furthermore, high B-y PAC values were
correlated with the bradykinesia-rigidity subscore in M1 (p = .035, rho =.521), IPM (p = .035, rho
=.509), and SMA (p ='.035, rho' = .543, Supplementary Figure 3) but not with the tremor
subscore (all p > .43). There were no correlations between high -y PAC and UPDRS-ON values
(all p>.066).

As prior.~studies ~have demonstrated an association between medication effects on
electrophysiological markers and clinical subscores of the predominantly affected side,?* we
sought to evaluate the impact of medication on high -y PAC and clinical parameters. Specifically,
we correlated the percentage change in high -y PAC of the ROIs contralateral to the primarily
affected side with the percentage change in the UPDRS-III score and its subscores of the primarily
affected side. Here, medication-induced change in high -y PAC of the SMA correlated with
overall symptom improvement (p = .004, rho = .731) as well as improvement of bradykinesia and
rigidity (p = .002, rho = .758) but not with tremor improvement (p = .11, rho = .569, Figure 4).
This effect remained significant even after excluding outliers (UPDRS-III: p = .041, tho = .683;

11
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bradykinesia-rigidity subscore: p = .046, rho = .691, Supplementary Figure 4). All p-values are

corrected for multiple comparisons using the Benjamini-Hochberg method.

Phase-amplitude coupling between sources of the human motor network
is enhanced in Parkinson’s disease

We assessed the effects of participant group, interconnected sources, and frequency for phase (high
B vs. low B) on inter-source B-y PAC using three-way mixed design and repeated measures
ANOVA. For conciseness, only significant group effects and post hoc tests are reported here; full

results are in the Supplementary material.

Inter-source B-y PAC was significantly higher in patients OFF medication compared to HC
(F(1,26)=4.92,p=.031,n,> = .085, Supplementary Figure 5). This'effect, however, was present
for high B-y PAC (frequency x group interaction: F(1,26)= 5.08, p = .028, n,> = .087) but not low
B-y PAC. Post hoc testing revealed increased high -y PAC between several sources of the cortical
motor network in patients, with significant connections summarized in Table 2. No differences

between patients ON medication and HC were.observed (F(1,52) = .12, p =.727, np> = .002).

Within patients, inter-source B-y PAC was significantly higher OFF versus ON medication
(F(1,26) =4.87,p =.031, n,*> = .079), this effect was present for high B-y PAC (frequency x group
interaction: F(1,52) = 6.16,'p = 016, n,> = .098) but not low B-y PAC. Post hoc testing
demonstrated increased high B-y PAC OFF medication between multiple sources of the cortical
motor network, with:significant results summarized in Table 2. No correlations between

interregional B-y PAC and clinical scores were present after correcting for multiple comparisons.

Exploratoryanalyses of a-y and 6-y phase-amplitude coupling within
sourees of the human motor network

Exploratory analyses of a-y and 6-y PAC were performed, although mean zPAC values remained
below the significance threshold of 1.64, to characterise the frequency profile relative to f-y PAC.
For conciseness, only significant group effects and post hoc tests are reported here; full results are
in the Supplementary material. These findings should be interpreted with caution given the overall

low coupling strength.

The omnibus ANOVA across all frequency bands (8-y, a-y, low/high B-y) confirmed significant
group effects (PD OFF vs HC: F(1,26) = 9.01, p = .004, np> = .145) with a frequency x group
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interaction (F(3,78)=3.68, p=.013, np>=.065). Here, high -y PAC exceeded 0-y/a-y PAC across
all ROI (p < .001). Similarly, for PD OFF vs ON, significant medication (F(1,26) = 11.44, p =
.001, np? = .167) and interaction effects (F(3,78) = 3.75, p = .012, np* = .062) were confirmed,
with high B-y PAC exceeding 0-y/a-y PAC across all ROI (p <.001).

The a-y PAC was significantly higher in patients OFF medication compared to HC(F(1,26) =
5.56, p=.022,m,>=.095), with strongest effects in IPM (p=.012). No differences between patients
ON medication and HC were observed (F(1,26) =2.74, p = .1, n,> = .049)sWithin patients, a-y
PAC was significantly higher OFF versus ON medication (F(1,26) = 15:71, p'<.001, n,> = .216),
with significant increases in IPM (p =.002), M1 (p =.005), and SMA (p <.001).

0-y PAC was significantly higher in patients OFF medication compared to HC (F(1,26) = 10.53, p
=.002, np? = .166), with significant differences in M1 (p.=:001), IPM (p = .017), and SMA (p =
.012). No differences between patients ON medication.and HC were observed (F(1,26) = .003, p
=.95, 1,2 =<.001). Within patients, 0-y PAC was.significantly higher OFF versus ON medication
(F(1,26) =10.68, p=.002, n,> =.158), with significant increases in IPM (p = .019), M1 (p = .038),

and SMA (p = .005). Given prior links.between tremor and low-frequency oscillations*>*¢ w

e
explored the relationship between PAC and ¢linical parameters. Medication-induced reductions in
0-y PAC within IPM contralateral to the primarily affected side correlated with improvements in
both tremor (p = .049, rho = .694) and bradykinesia-rigidity (p = .039, rho = .685). P-values are

corrected for multiple comparisons using the Benjamini-Hochberg method.

Visualisation of source distributions of PAC clearly demonstrate the influence dopamine exerts on
the cortical level (see Figure 5, Supplementary Figure 6, and Supplementary Figure 7). It also
highlights that these effects are frequency specific within the investigated ROI (DLPFC, IPM, M1,
SMA), with pronounced differences observed particularly in the high B-y PAC range (see
Supplementary Figure 8).

Power spectral density

No differences in - or y-band in patients with PD ON and OFF medication compared to HC were
detected (all p > .09; Supplementary Figure 9 and Supplementary Figure 10). Analyses
assessing sub-band differences in B PSD and the association between B PSD and clinical scores

are reported in the Supplementary material.
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Non-sinusoidal Oscillations

No differences in the B-band between groups were detected in sharpness and steepness ratios (all
p > .57), suggesting that our results are unlikely to be undermined by differences in waveform

shapes (Supplementary Figure 11 and Supplementary Figure 12).

Simulated phase-amplitude coupling

Using our PAC algorithm, we were able to successfully detect -y PAC in simulated datasegments

with known B-y PAC, supporting the validity of our algorithm. (Supplementary Figure 13).

Discussion

In the present study, we used high-density EEG combined with source localisation techniques to
characterise the spatial and frequency-specific patterns of exaggerated B-y phase-amplitude
coupling in Parkinson’s disease. There are three key findings. First, we demonstrate a frequency -
specific elevation of B-y PAC within and between sources of the human motor network with the
phase of high B-band but not low B-band oscillations modulating the power of y-band activities.
Second, we identify an association between elevated high B-y PAC with bradykinesia and rigidity
within distinct sources of the motor network when patients were OFF medication. Tremor scores,
however, were not associated with elevated -y PAC. Finally, medication-induced high -y PAC
reduction within the SMA was- associated with clinical improvement. Altogether, this study
identifies high B-yPAC as a potential cortical marker of Parkinsonian symptoms and treatment

effects with implications for targeted strategies.

High B4y PAC.is elevated in the cortical motor network

In PD, elevated B-y phase-amplitude coupling has been detected in cortical and subcortical
structures using invasive and non-invasive techniques.*’ In particular, elevated B-y PAC was
observed within the STN and associated with symptom severity of bradykinesia and rigidity.'® On
the cortical level, B-y PAC across the beta frequency range (13-30 Hz) was elevated over the
sensorimotor cortex as assessed by ECoG as well as EEG and was responsive to dopamine
replacement therapy and DBS.?!"?3 In line with previous findings, we identified elevated B-y PAC
within areas of the cortical motor system. We extend these findings by identifying a frequency-

specific elevation of PAC, including high-f to broadband-y PAC. Low-B-y PAC, however, was
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not elevated in patients with PD. The -band has been subdivided into low- (13-22 Hz) and high-
B (23-35 Hz) to differentiate the roles of distinct frequencies in PD symptoms and to provide a
more nuanced understanding of neural oscillations in normal and pathological states. In particular,
Binns and colleagues*® show that high beta power within the primary motor cortex can be
associated with bradykinesia and decreased after dopaminergic treatment. At the subcorticallevel,
STN low-beta oscillations have been associated with UPDRS-III total scores, while high-beta
oscillations have been related to UPDRS-III response to levodopa and DBS therapy.!” Moreover,
recent studies employing invasive recordings suggest an association between cortico-subcortical
coupling in beta sub-bands and anatomical pathways.**-° While M1-STN coupling in the low-beta
band is supposed to be a surrogate of indirect pathway activity, M1-STN high-beta coupling might
be a surrogate of hyperdirect pathway activity, which has been hypothesised to mediate the
therapeutic effects of DBS and dopaminergic therapy.4® Using invasive recordings, such as
electrocorticography, bears the advantage of high spatial resolution and low signal-to-noise ratio.
Spatial coverage, however, is limited due to the size of the electrode strip that can be placed
through a burr hole, and the widespread employment in clinical practice is limited due to its
invasive nature.?’ Using source localisationtechniques, we overcame the limitations of spatial
coverage and the invasive nature of ECoG recordings. Our results show that elevated high B-y
PAC is present not only in sematosensory areas but extends to additional areas of the cortical
motor system, including JPM. This is in line with the results by Gong and colleagues,?’ who
showed that -y PAC was elevated in cortical sources, including premotor cortex (PMC) and BA3
and consistent with findings demonstrating the involvement of PMC in PD.>! While exploratory
analyses alsotevealed group differences in a-y and 8-y PAC, the absolute zPAC values were below
the significance threshold and markedly higher for high B-y PAC, surpassing the significance
threshold and a-y and 6-y PAC across all ROI and contrasts (see Figure 5). Importantly, the
omnibus analysis including all frequency bands confirmed that this increase was most pronounced
for-high B-y PAC. Furthermore, high B-y PAC showed associations with clinical outcomes.
However, it is important to note that B-y PAC is not a disease-specific phenomenon but more likely
a fundamental physiological mechanism? that becomes exaggerated in PD. Healthy controls in
our study showed significant high B-y PAC, consistent with findings from people without
movement disorders in prior studies.?!*? Therefore, the critical distinction in PD is pathological

exaggeration rather than de novo emergence. Altogether, our findings suggest a frequency-specific
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profile and corroborate the notion that -y PAC is a potential marker for the Parkinsonian state but
highlight the importance of subdividing the beta band to allow for more precise approaches in
differentiating between healthy controls and patients with PD. Moreover, we further extend the
findings by Gong and colleagues?’ by showing that B-y PAC was elevated between sources of the
cortical motor network. Functional and induced connectivity analyses showed distinctalterations
in patients within the cortical motor network.’3* In particular, enhanced B-y coupling between
primary motor cortices was associated with poor motor performance and prefrontal to premotor
coupling is pathologically altered in PD.’* Accordingly, we found exaggerated-high B-y PAC
between prefrontal and premotor areas and between prefrontal cortex and primary motor cortex in
patients with PD. As effect sizes of post-hoc comparisons of high--y PAC between HC and
patients were larger within cortical sources compared to between sources, our results suggest that
high B-y PAC within IPM and M1 may have the potential as a marker to differentiate between
patients with PD and healthy controls. However, further studies with larger samples using

23,55 and

classification algorithms would be needed to confirm. this. In line with previous studies
supported by our supplementary analyses, we found no difference in cortical beta power between
healthy controls and patients with PD. In contrast, we observed that cortical high -y PAC was
elevated in PD and correlated with clinical features. Altogether, these findings reinforce the
importance of delineating the‘frequency-specific characteristics of -y PAC within the cortical

motor system and shed light on the potential role of high B-y PAC as a diagnostic marker.

Dopaminergic.therapy reduces elevated high B-y PAC in the motor
network

Given the'excessive increase in cortical -y PAC, several studies have investigated the effects of
dopaminergic therapy and DBS on PAC. In particular, de Hemptinne et al.?? showed that DBS
reduces B-y PAC in M1 and suggested a potential role in mediating the clinical effects of DBS.
Furthermore, Miller and colleagues®* showed an impact of levodopa on PAC at the sensor level.
The present study sheds light on multiple aspects of dopaminergic influence on -y PAC at the
cortical level, most prominently demonstrating that exaggerated high B-y PAC is reduced in all
sources of the cortical motor network by dopaminergic therapy. This corroborates the results by
de Hemptinne and Miller and confirms the widespread influence dopaminergic medication exerts

on the cortex. Importantly, the significant interaction between medication and frequency suggests
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that levodopa exerts a frequency-specific effect at the cortical level, specifically reducing
exaggerated high B-y PAC, while low B-y PAC is not significantly influenced. Interestingly, recent
findings by Binns et al.** demonstrate that levodopa selectively reduces high beta power over the
primary motor cortex in PD. While our study focuses on -y PAC, both results support themnotion
of frequency-specific effects of dopaminergic treatment on cortical activity. The role of cortical
beta oscillations in differentiating between medication states remains, however, controversial, as
previous studies have not shown a consistent alteration with medication.?!23-26:27 Altogether, high
B-y PAC may serve as a sensitive marker to differentiate between medication states-and might be
promising for treatment surveillance. In this approach, cortical signals could be sensed using an
electrocorticography array to automatically adjust stimulation timing or intensity, while
stimulation is delivered via depth electrodes, ensuring spatial separation between sensing and
stimulation sites.’® The therapy could also involve pump-based drug delivery or non-invasive
stimulation methods such as transcutaneous vagus nerve stimulation. This approach reduces the
contamination of the feedback signal by stimulationartefacts and leverages the enhanced signal -
to-noise ratio provided by cortical recordings.’® Our results are further corroborated as we
demonstrate a frequency-specific reductionof high B-y PAC between cortical sources induced by

dopaminergic therapy.

High B-y PAC is associatedwith motor symptoms and clinical
improvement

Further support for the importance of delineating the frequency-specific dynamics of B-y PAC
comes from our observation that symptom severity was associated with high -y PAC. In line with
previous studies, our observed associations reinforce the role of -y PAC in impaired motor control
and highlight its potential as a marker for disease severity.?%?* Our findings extend prior research
by demonstrating that this association is frequency-specific, as no associations were observed for
low B-y and a-y PAC. Furthermore, we show that this frequency-specific association is present
within all sources of the motor network except DLPFC. This is particularly relevant for two
reasons. First, identifying the specific areas where PAC is associated with clinical symptoms could
help refine diagnostic and treatment strategies as therapies targeting PAC could adapt to the spatial
and frequency-specific dynamics. Regions identified to show associations between cortical signals

and clinical symptoms could guide the placement of sensing devices such as electrocorticography
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arrays. Therapy could then be precisely adjusted to target high f-y PAC rather than the entire -y
spectrum. Furthermore, non-invasive approaches like transcranial magnetic stimulation might also
employ high B-y PAC as a marker to tailor stimulation to symptom-relevantsites. Second, we did
not observe any associations of B-y PAC between sources and clinical symptoms. Therefore,
assessing high B-y PAC within sources of the motor network seems more promising to establish
an objective diagnostic measure than evaluating PAC between sources. We further delineate the
observed associations by showing that high B-y PAC is associated with bradykinesia-rigidity
subscores. At the same time, tremor scores were not related to -y PAC withinand between sources

45,46

of the motor network. Given prior links between tremor and low-frequency oscillations,*® and

as emerging literature suggests that 6-y PAC can be modulated by dopaminergic therapy and is

functionally relevant for motor performance,’’-8

we explored the relationship between 0-y/a-y
PAC and clinical parameters. These analyses suggested that medication-induced reductions in 0-y
PAC in IPM may relate to improvements in both tremor-and bradykinesia-rigidity. As these
correlations were present for both tremor and bradykinesia-rigidity, they do not indicate tremor-
specificity. Given that 0-y zPAC values remained below the predefined significance threshold,
these exploratory correlations should be interpreted with caution as the clinical meaningfulness of
this weak coupling remains to be-determined. Therefore, these findings should be considered

hypothesis-generating and require replication in independent cohorts.

Finally, we demonstratean association between therapy-induced changes in B-y PAC and therapy-
induced changes in clinical severity. Specifically, a reduction in high f-y PAC within the SMA
was linked to improvements in overall motor symptoms, with a particular impact on reducing

bradykinesia and rigidity.

Several considerations have to be taken into account when interpreting the finding. First, cortical
layer 5 neurons in the SMA project monosynaptically to the STN via the hyperdirect pathway.>
Recent studies have highlighted this cortical input to the STN via the hyperdirect pathway as a
central contributor to pathological synchrony within the STN and between the cortex and STN. ¥
30 Furthermore, Oswal and colleagues’® demonstrated that high beta activity in the SMA drives
STN activity via the hyperdirect pathway, and this pathway has widely been considered the main
target for the therapeutic effects of dopaminergic therapy and DBS. While our data are limited to
cortical PAC only and do not measure STN activity or cortico-STN coupling, high -y PAC within

the SMA may represent a cortical marker that could be explored as a target for adaptive treatment
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approaches, whether invasive (such as DBS or pump-therapy) or non-invasive, enabling
personalised therapy. In the context of connectomic neuromodulation, our results complement
recent findings by Hollunder ef al.’' demonstrating that in PD, optimal therapeutic outcomes are
linked to modulation of STN connections to PMC and SMA, rather than to the M 1. Altogether, we
suggest that high B-y PAC within the cortical motor network can serve as a marker to differentiate
patients with PD from healthy controls, might be suitable for objectively assessing disease states,

and might serve as an input for adaptive treatment approaches.

Limitations

This research is not without its limitations. First, analyses were ¢onducted ‘on recordings while
patients were at rest. Therefore, our findings do not permit a direct association between elevated
B-y PAC and the clinical phenotype. Nonetheless, the observed associations between specific PAC
properties and Parkinsonian motor symptoms and..between PAC change and symptom
improvements suggest that exaggerated PAC likely represents a marker of the Parkinsonian state.
Second, the ill-posed nature of the EEG inverse problem, which states that multiple solutions for
source localisation exist, applies to our source reconstruction approach. To mitigate concerns about
methodological dependency, we performed supplementary analyses replicating all major findings
using minimum norm imaging. While some minor differences in statistical power were observed,
results were broadly consistent, supporting the validity of our approach. Third, a significant
challenge in analysing€ross-frequency coupling, such as PAC, is the presence of non-sinusoidal
sawtooth-like oscillations, which can produce spurious PAC.3! The characteristics of an oscillation
can be quantified by determining specific temporal features, including rise- and decay-time and
the ratio between them. As we observed no differences in these measures across the three groups,
our results are unlikely affected by the oscillations’ non-sinusoidal properties. Fourth, patients with
PD who participated in this study had the akinetic-rigid and mixed subtypes. No patients with
tremor-dominant subtype were included. This restricts the generalisability of our findings across

all Parkinson's disease phenotypes.

Conclusion

Our study identifies high -y PAC as a potential biomarker for the Parkinsonian state and
therapeutic strategies. Within the cortical motor network, high B-y PAC was found to be
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elevated and subsequently attenuated by dopaminergic replacement therapy.
Furthermore, high B-y PAC was correlated with bradykinesia and rigidity, and the
medication-induced reduction of high B-y PAC in the supplementary motor area was
associated with improvements in these symptoms. Altogether, these findings offer further
insight into the pathophysiology of PD as an oscillopathy and provide a possible foundation
for future therapeutic interventions targeting specific cortical oscillatory activity.

Data availability

The data supporting the present findings are available on request from'the corresponding author
(PAL). The data are not publicly available due to privacy or ethical restrictions. All tools used to
analyse MRI data are based on FreeSurfer Version 7.4.1,%% which is freely available. Tools
employed to analyse EEG data are based on custom MATLAB scripts as well as Brainstorm

version20231010,%! FieldTrip version20211020,%° and OpenMEEG.,>? which are available online.
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Figure legends

Figure 1 Schematic overview.of data collection and analysis. (A, left) EEG data were recorded
using a high-density EEG with activeelectrodes. (A, middle) Individual structural MRI data were
acquired. During MR processing, the individual cortical surface was registered to the HCP-atlas
to define regions.of interest. (A, right) Artefact-free EEG and MRI data were co-registered by
aligning the individual digitised electrode positions with the surface data to construct a realistic
head model. (B) A linearly constrained minimum variance beamformer was used to extract source
time.series from a given ROI, and phase-amplitude coupling was examined using the Kullback-
Leibler-based modulation index. Employing nonparametric permutation testing, we converted the
ensuing modulation index-values to a z-score by comparing them to a surrogate distribution. An
example of comparing PAC in M1 (green) between PD OFF and HC was shown here. (C) PAC
values were derived for each subject by averaging the comodulograms of a given ROI and group
statistics (D) were performed using a repeated measures and a mixed-design ANOVA. (E) The
relationship between -y PAC and clinical features as well as treatment responses were examined

using Spearman correlations. EEG = electroencephalography; HC = healthy controls; HCP =
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human connectome project; OFF = Parkinson’s disease patients in the OFF-medication state; PD
ON = Parkinson’s disease patients in the ON-medication state; PAC = phase-amplitude coupling;

ROI = region of interest; ANOVA = analysis of variance.

Figure 2 Comparison of comodulograms between Patients with PD OFF medication and
healthy controls. Group comodulograms displaying the modulation index (MI) across subjects
for each group within the four regions of interest. The comodulograms represent z-scored MI
(zPAC), obtained through nonparametric permutation testing where the observed MI-values were
compared to a surrogate distribution of shuffled MI-values. Values™ 0 indicate coupling stronger
than null but are not necessarily significant, with relevance determinedat the empirical 5% false
positive threshold (which corresponds to a z-value of ~1.64). Brain regions with significant group
differences, as assessed by post-hoc testing, are marked by an asterisk. For boxplots, zPAC values
were averaged across hemispheres. The boxes represent the interquartile range (IQR), with the
horizontal line indicating the median. Whiskers extend to 1.5 times the IQR or the most extreme
data points within this range, while outliers are shown as individual points. DLPFC = dorsolateral
prefrontal cortex; HC = healthy controls; IPM = lateral premotor cortex; M1 = primary motor
cortex; OFF = Patients with Parkinson’s disease in the OFF-medication state; PD ON = Patients

with Parkinson’s disease in'the ON-medication state; SMA = supplementary motor area.

Figure 3 Comparison of comodulograms between Patients with PD OFF medication and
Patients with PD ON medication. Group comodulograms displaying the modulation index (MI)
across subjects for each group within the four regions of interest. The comodulograms represent
z-scored Mls(zPAC), obtained through nonparametric permutation testing where the observed
MI-values were compared to a surrogate distribution of shuffled MI-values. Values > 0 indicate
coupling stronger than null but are not necessarily significant, with relevance determined at the
empirical 5% false positive threshold (which corresponds to a z-value of ~1.64). Brain regions
with significant group differences, as assessed by post-hoc testing, are marked by an asterisk.
Please note that there was a trend towards significance for DLPFC (p = .052; marked by t). For
boxplots, zZPAC values were averaged across hemispheres. The boxes represent the interquartile

range (IQR), with the horizontal line indicating the median. Whiskers extend to 1.5 times the IQR
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or the most extreme data points within this range, while outliers are shown as individual points.
DLPFC = dorsolateral prefrontal cortex; HC = healthy controls; IPM = lateral premotor cortex;
M1 = primary motor cortex; OFF = Patients with Parkinson’s disease in the OFF-medication state;
PD ON = Patients with Parkinson’s disease in the ON-medication state; SMA = supplementary

motor area.

Figure 4 Correlation of high p-y PAC changes in the SMA with UPDRS-III improvement.
Relationship between the percentage change in high B-y PAC withinthe SMA of the primarily
affected side and the percentage change in UPDRS-III total scores and the bradykinesia-rigidity
subscore. A greater reduction of high -y PAC in SMA was associated with a greater reduction in
UPDRS-III total scores and bradykinesia-rigidity subscores. The solid black line represents the
best-fit line while dashed lines represent 95% confidence intervals. P-values are corrected for
multiple comparisons using the Benjamini-Hochberg method. PAC = phase-amplitude coupling;
OFF = Patients with Parkinson’s disease in.the OFF-medication state; PD ON = Patients with
Parkinson’s disease in the ON-medication state; SMA = supplementary motor area; UPDRS =

Unified Parkinson’s Disease Rating Scale.

Figure 5 Source distribution. of Mean PAC across Groups. z-transformed PAC values were
extracted for high B-yPAC, a-y.PAC, and 8-y PAC averaged across patients (PD OFF and ON
medication separately) and hemisphere. Subsequently, mean difference was calculated for
each region by subtracting the mean ON value from the mean OFF value (OFF - ON). The
complementary.contrast (ON - OFF), shown alongside OFF - ON to emphasize
directionality of effects, is provided in Supplementary Figure 7. Because raw Ml is non-
negative by definition, negative values can only occur here because we display z-
transformed Ml (zPAC, relative to a surrogate distribution) and then compute condition
differences; thus, negative OFF-ON-values indicate higher zPAC in ON than OFF (and
positive values indicate higher zPAC in OFF than ON), rather than “negative PAC”. Data was
then projected onto the parcellations of an example subject to visualise source
distributions of PAC across different frequency bands. Visualisation clearly demonstrates
the influence dopamine exerts on the cortical level and highlights that these effects are
frequency specific within the investigated ROl (DLPFC, IPM, M1, SMA), with pronounced
differences observed particularly in the high B-y PAC range. Please note that the
comparatively large zPAC values of high B-y PAC mask the spatial distributions of a-y and 6-
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y PAC. Corresponding maps with individually scaled colorbars are provided in
Supplementary Figure 6 to facilitate visualisation of these frequency bands. PAC = phase-
amplitude coupling; OFF = Patients with PD in the OFF-medication state; PD ON = Patients
with PD in the ON-medication state.
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Table | Sociodemographic information of patients, severity of parkinsonism and standard medication

Patient ID Age, Gender UPDRS-IlI OFF UPDRS-IIl ON Disease duration, LEDD, mg
years years

| 59 M 27 14 2 250

2 76 F 34 27 3 401

3 60 F 23 I 4 475

4 74 M 43 29 13 610

5 65 M 18 16 8 420

6 67 M 21 14 3 551

7 76 M 29 19 8 1200

8 48 M 36 26 7 940

9 65 M 34 16 10 300

10 80 M 18 12 3 310

I 68 M 32 15 14 500

12 76 M 42 23 6 475

13 64 M 19 16 I 40

14 69 M 18 7 4 322

15 76 M 16 17 9 800
Mean (SD) 68.2 (8.2) - 27.3 (8.8) 17.5 (6.0) 6.1 3.5) 506 (281)

F = female; LEDD = Levodopa equivalent daily dose; M = male; UPDRS-IIl = Unified Parkinson’s Disease Rating Scale part lIl.
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1 Table 2 Post-hoc comparison of high B-y PAC between groups

HC versus PD-OFF PD-ON versus PD-OFF
Connection P Effect size Connection P Effect size
MI-IPM 0.042 0.66 MI-DLPFC 0.008 0.554
IPM-M| 0.042 0.62 DLPFC-MI 0.018 0.675
DLPFC-MI 0.042 0.58 MI-IPM 0.018 0.555
DLPFC-IPM 0.042 0.553 SMA-DLPFC 0.018 0.545
MI-DLPFC 0.042 0.562 DLPFC-SMA 0.021 0.529
IPM-DLPFC 0.055 0.502 IPM-MI 0.025 0.602
DLPFC-IPM 0.036 0.494
IPM-DLPFC 0.052 0.402
MI-SMA 0.056 0.356
SMA-IPM 0.057 0.349

t-tests were employed to compare healthy controls (HC) and patients with PD OFF medication, while paired t-tests were used to compare
between patients with PD ON and OFF medication. P-values were corrected for multiple comparisons using the Benjamini-Hochberg method.
Bold font indicates significant P-values after adjustment for multiple comparisons.
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