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ABSTRACT: Background: Re-emergent tremor is
characterized as a continuation of resting tremor and is
often highly therapy refractory. This study examines vari-
ations in brain activity and oscillatory responses between
resting and re-emergent tremors in Parkinson’s disease.
Methods: Forty patients with Parkinson’s disease
(25 males, mean age, 66.78 + 5.03 years) and 40 age-
and sex-matched healthy controls were included in the
study. Electroencephalogram and electromyography sig-
nals were simultaneously recorded during resting and
re-emergent tremors in levodopa on and off states for
patients and mimicked by healthy controls. Brain activity
was localized using the beamforming technique, and
information flow between sources was estimated using
effective connectivity. Cross-frequency coupling was
used to assess neuronal oscillations between tremor fre-
quency and canonical frequency oscillations.

Results: During levodopa on, differences in brain activity
were observed in the premotor cortex and cerebellum in
both the patient and control groups. However,
Parkinson’s disease patients also exhibited additional
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activity in the primary sensorimotor cortex. On with-
drawal of levodopa, different source patterns were
observed in the supplementary motor area and basal
ganglia area. Additionally, levodopa was found to sup-
press the strength of connectivity (P < 0.001) between
the identified sources and influence the tremor fre-
quency-related coupling, leading to a decrease in B
(P <0.001) and an increase in y frequency coupling
(P < 0.001).

Conclusions: Distinct variations in cortical-subcortical
brain activity are evident in tremor phenotypes. The pri-
mary sensorimotor cortex plays a crucial role in the gen-
eration of re-emergent tremor. Moreover, oscillatory
neuronal responses in pathological  and prokinetic y
activity are specific to tremor phenotypes. © 2024 The
Authors. Movement Disorders published by Wiley Period-
icals LLC on behalf of International Parkinson and Move-
ment Disorder Society.
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Parkinson’s disease (PD) is characterized by a variety of
symptoms, with tremor being one of the cardinal signs.
Tremor is a highly heterogeneous symptom, ranging from
mild to severe manifestations, and presenting as rest, pos-
tural, and kinetic tremor." Resting tremor (RT) in PD is
commonly described as asymmetric, with a frequency of
4 to 6 Hz, and typically involves the hands in a pill-rolling
pattern.” The inhibition of tremor during voluntary move-
ments is a characteristic of the RT in PD.* However, tremor
can re-emerge during stable posture or actions after a brief
latency, a phenomenon known as re-emergent tremor
(RET). Because it shares similar frequency characteristics
with RT, it was proposed to be the “continuation” of RT.
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One model of tremor pathology suggests that the basal
ganglia (BG) act as a “light-switch” for motor activity,
initiating tremor episodes, whereas the cerebello-
thalamo-cortical circuit functions as a “light-dimmer,”
modulating tremor rhythm." Within this circuit, the
motor cortex determines the tremor amplitude, whereas
the thalamus and cerebellum (CER) may maintain the
tremor rhythm.” Previous studies have shown that there
are common pathophysiological mechanisms for both
RT and RET, in which the motor cortex plays an impor-
tant role.® However, a less responsiveness of dopamine
was found in RET.® More recently, transcranial mag-
netic stimulation at CER was shown to reset RET, but
not RT.” These findings suggest that the two tremor
types exhibit differences in their common pathophysio-
logical mechanisms and involve non-dopaminergic areas
such as the CER during RET.

Within the cerebello-cortical network, the sensorimo-
tor cortex (SMC), premotor cortex (PMC), and supple-
mentary motor areas (SMA) have demonstrated distinct
roles in tremor phenotypes between RT in PD and mim-
icked tremor in healthy individuals.'®'" Based on the
frequency of tremor, cerebro-cerebral coherence analysis
has revealed a widespread network connected to the
M1, including the SMA and lateral PMC."* Although
the cerebello-thalamo-cortical circuit is responsible for
sustaining the tremor,” periods of the tremor were found
to be associated with enhanced synchronization of low f
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power in the PMC."® These findings underscore the
involvement of these motor regions in the mechanism of
tremor and suggest a potential role in bridging the gap
between RT and RET.

Building on prior research, this study posits that spe-
cific motor regions and CER are implicated in cortico-
subcortical communication differences between RT and
RET during stable posture in PD. To achieve this, the
study analyzed simultaneously acquired high density elec-
troencephalography (EEG)-electromyography (EMG) sig-
nals from PD patients during RT and RET. It used
structural magnetic resonance imaging (MRI) and EEG
in tandem with EMG to identify brain activity differences
between RT and RET. Effective connectivity were esti-
mated between identified source regions. We further
investigated oscillatory coupling between the differenti-
ated tremor power from cortical source regions and
canonical frequency bands from subcortical source
regions. By integrating multimodal datasets, this study
has the potential to reveal significant findings on the
underlying networks involved in RT and RET (Fig. 1).

Materials and Methods

Study Participants and Experiment Procedures

This study included 40 patients (66.78 + 5.03 years
old, 15.25 + 2.72 disease duration) who were clinically

(C) Structural MRI measurement (H) Cross-frequency coupling

analysis
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(B) Resting / re-emergent =y beamformer
tremor behavioral assesment 4 localization (G) Effective connectivity
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FIG. 1. Schematic of experiment and analysis pipeline. (A) EEG-EMG measurements were simultaneously recorded from the participants. (B) PD
patients performed both resting and re-emergent tremors during the measurement, whereas healthy participants mimicked the two tremor types. (C) All
participants underwent structural MRI acquisition. (D) Brain tissue segmentation performed based on the T1 image. (E) Realistic head model construc-
tion performed using the FEM method. (F) DICS technique used for source localization. (G) Effective connectivity estimation applied to the time series
extracted from the coherent source. (H) Cross-frequency coupling analysis performed on the time series extracted from the coherent source. DICS,
dynamic imaging of coherent sources; EEG, electroencephalography; EMG, electromyography; FEM, finite element method; MRI, magnetic resonance
imaging; PD, Parkinson’s disease. [Color figure can be viewed at wileyonlinelibrary.com]
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diagnosed with definite PD according to the London
Brain Bank criteria.'® The inclusion criteria required
the presence of RT with a summed score for amplitude
and constancy reaching at least four. Additionally, the
RET was assessed with a variable delay after partici-
pants held their arm outstretched, requiring an ampli-
tude score of at least two based on Unified Parkinson’s
Disease Rating Scale (UPDRS) rating on the dominant
arm, and a frequency similar to that of RT. The exclu-
sion criteria encompassed a history of other neurologi-
cal or psychiatric conditions, advanced PD (Hoehn and
Yahr scale >4),"° or the presence of head tremor. A
control group of 40 age- and sex-matched volunteers
(65.78 £+ 2.72 years) with normal neurological exams
was also included. All participants gave written con-
sent, and the study was approved by the institutional
review board in accordance with the Declaration of
Helsinki.

All PD participants underwent measurements 3 hours
after medication intake. Among them, 19 individuals
participated in measurements under medication-
off conditions, following an overnight withdrawal. Dur-
ing the experiment, participants were seated in a com-
fortable armchair, providing forearm support for
optimal EEG-EMG measurement with surface electrodes
during tremor. The experimental protocol comprised a
1-minute resting state with eyes open, followed by an
instruction to hold their arms outstretched for 1 minute,
with their gaze fixed on a point located 2 m away. This
sequence was repeated across a series of 10 trials for
each participant.

Healthy participants simulated RT by executing
fast rhythmic extension-flexion arm movements and
replicated RET tremor as instructed, mirroring the
behavior observed in PD patients. They produced the
movements at their own pace while their EMG activ-
ity was monitored for consistency. Frequencies below
two to five bursts per second were discarded. The
participants who could not sustain the movements
for more than 1 minute repeated the task.

EEG-EMG Data Acquisition and Preprocessing

A high-density 256-channel recording system was
used to record EEG data. EMG data were simulta-
neously recorded using silver-silver chloride elec-
trodes from the forearm flexors and extensors. Data
acquired from the dominant side was used for further
analysis. Raw EEG and EMG signals were recorded
at a sampling rate of 1000 Hz and band-pass filtered
(EMG, 30-200 Hz; EEG, 0.05-200 Hz). Full-wave
rectification of the EMG signal was performed before
filtering to produce demodulated EMG.'® Each
recording was segmented into 1-second epochs, and
any data segments with visible artefacts were

discarded.

Coherence and Time-Frequency Analysis

Cortico-muscular coherence was calculated to deter-
mine the time-interval of interest for subsequent
source estimation. We computed the EEG-EMG
coherence spectrum using the Welch periodogram
method.'” The spectral coherence was calculated as
shown in Equation (1):

 1Serc-emac(F)I
Cee-ema(f) = Sera()Sena () (1)

where Sgrg.Emc represents the cross-spectral density
(CSD) between activity at the EEG electrode and EMG.
Skeg and Sgmg are the auto spectral densities. Coher-
ence is calculated in the frequency domain by normaliz-
ing the magnitude of the combined CSD between EEG
and EMG signals by their respective power. Each
coherence value for a frequency bin is a number rang-
ing from 0 to 1. To assess the statistical significance of
coherence at a specific frequency, we used the formula
1—(1—x)"Y™MY with x set to 0.99."® This establishes
a confidence limit of 1—0.01Y™=1_ Coherence values
surpassing this limit indicate a correlation between the
two-time series, whereas values below it suggest no
correlation.

Furthermore, we used the multitaper method.'” This
involved estimating the spectrum by applying K distinct
windows (K = 7) to the data x(2).'%?° We used over-
lapping windows of 1000 ms with a time step of 50 ms,
yielding an approximate frequency resolution of 1 Hz
and time resolution of 50 ms. We computed an initial
coherence estimate for each individual EEG elec-
trode.”""** Subsequently, the coherence estimates origi-
nating from EEG electrodes that displayed significant
coherence with EMG were aggregated to a pooled
coherence estimate. This was done by combining indi-
vidual second-order spectra through a weighting
scheme as previously described.”’*> Based on the
pooled time-frequency spectrum, we selected the time
intervals per each trial that showed significant coher-
ence between the EEG and EMG signals at the tremor
frequency.

Cortico-Muscular Coherent Sources
Localization

We created a realistic head model, including individ-
ual electrode locations, head geometry, and conductiv-
ity, using a finite-element method based on T1 images
with compartments. This model enabled precise for-
ward problem computations of EEG potentials in sub-
sequent analyses. We solved the EEG source
localization using the dynamical imaging of coherent
sources beamforming technique,”®** which applies a
spatial filter™ to compute tomographic maps of
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cerebro-muscular coherence. We analyzed RT and
RET recordings separately and compared the differ-
ence between the two conditions. The spatial filter was
used across numerous voxels in these areas, assigning
coherence value to each voxel with a granularity of
2 mm. The regions that showed the strongest coher-
ence to the EMG signal at the tremor frequency were
identified as the source. The individual maps were nor-
malized and averaged. For left-handed participants,
individual maps on the contralateral hemisphere were
flipped before averaging. The resulting maps were dis-
played on a standard Montreal Neurological Institute
template brain, with local maxima representing the
strongest coherence to the EMG signal. The time series
from the sources were extracted for connectivity
analysis.

Effective Connectivity Estimation

To assess directed connectivity at a specific fre-
quency, we used the time-resolved partial directed
coherence (TPDC) method. TPDC has been widely
used in previous studies analyzing time series data
such as EEG, EMG, and magnetoencephalogram,*®’
owing to its ability to disregard indirect influences.
This approach uses the dual-extended Kalman filter®®
to estimate the time-dependent autoregressive coeffi-
cients, which are then subjected to Fourier transforma-
tion to calculate partial directed coherence (PDC).*’
PDC between time series x; and x; at each time point
can be determined by:

mi(f) = (2)

where Aj; represents the autoregressive coefficients,
and N is the number of pairwise connections. The fre-
quency bands used for analysis corresponded to the
individual RET frequency. The significance connectiv-
ity was assessed using bootstrapping method.* In our
study, the original time series was divided into smaller
non-overlapping windows, and the order of these win-
dows was randomly shuffled to create a surrogate
time series. Subsequently, a multivariate auto-
regressive model was fitted to the shuffled time series,
and PDC was estimated. This shuffling process was
repeated 1000 times. In each run, the group median
was calculated, and the 95th percentile of the empiri-
cal distribution was then considered as the critical
value for significance.

Cross-Frequency Coupling Analysis

Cross-frequency coupling (CFC) refers to the interac-
tions between different frequency bands, and it is

r NEURAL
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believed to play a critical role in various behavioral
tasks.’'*? Power to power is a well-known form of
CFC, which  demonstrates how  amplitude
modulations in one frequency depend on the ampli-
tude modulations in another frequency.’® This cou-
pling can be quantified wusing the following
equation:

CFCPower to power — COI'T (afl [n]:afl [7’1]), (3)

where the Pearson correlation was calculated between
the two frequency bands f1 and f2. In this study, the
CFC was analyzed between RET frequency originating
from the identified connectivity source region and can-
nonical neuronal activity (alpha:8-13Hz, beta:14-30Hz
and gamma: 31-100Hz) from the connectivity sink
region.

Statistical Analysis

If not stated otherwise, all analyses were conducted
using custom-written R scripts (version 4.2.1). The
normality of the data was assessed using the
Kolmogorov—-Smirnov test. To test for differences

TABLE 1  Demographics and disease characteristics

PD, HC,
Characteristic n =40 n=40  P-value
Mean age, y (SD) 66.78 (5.03) 65.78 (2.72) 0.2722
Handedness 37/3 38/2 0.6492
(right/left)
Sex, n (%)
Male 25 (63) 25 (63) 0.33
Female 15 (37) 15 (37)
Disease duration, 15.25 (2.72) N/A
y (SD)
L-Dopa dosage, 916.25 (202.67) N/A
mg (SD)
UPDRS-III during 27.35 (4.14) N/A
L-dopa on (SD)
UPDRS-III during 36.21 (3.82) N/A
L-dopa off (SD)
Resting tremor 4.98 (0.77) 3.25 (0.81)
frequency, Hz
(SD)
Re-emergent tremor 5.08 (0.83) 3.23 (0.80)
frequency, Hz
(SD)
Tremor rating scale 2.73 (0.91)

Abbreviations: PD, Parkinson’s disease; HC, healthy control; y, year; L-dopa,
levodopa; UPDRS-III, Unified Parkinson’s Disease Rating Scale part III; (SD),
standard deviation.
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between levodopa (L-dopa) conditions, # tests were
performed with Bonferroni adjustment. The statistical
significance of P<0.05 was applied to test against the
null-hypothesis. Bayesian partial Pearson correlation
was used to determine clinical relevance between con-
nectivity and cross-frequency coupling outcomes.’*
We adopted an uninformative prior (uniform distri-
bution) to account for correlations ranging from —1
to +1. This distribution was chosen for correlation
with clinical variable including UPDRS-III and 1-dopa
dosage because the motor examination results and
L-dopa effects, particularly in relation to tremor, are
relevant and can possibly exhibit varying degrees of
correlation with the quantitative measures. Regarding
the Hoehn and Yahr scales, which assess disease
stage and disability, we anticipate that a reasonable
correlation would be in the mild to moderate range,
therefore, we have used informative prior distribution
and adjusted the width of prior distribution to be
narrower covering between —0.75 and +0.75. If the
Bayesian factor exceeded 10, we considered it as evi-
dence of correlation. To control false discovery rate
(FDR), we used Bayesian FDR control described by
Newton and colleagues.®>**

(A) (B)

Dynamical imaging of coherent source activity location
(RT-RET)

All PD patients
(L-dopa on)
n=40

Subset PD patients
(L-dopa off)
n=19

SMA BG

Healthy controls
n=40

Connectivity strength (Normalised TPDC)

0.05 0.15 0.25 0.35
Cortico-muscular coherence

Results

Participant Demographics

In this study, the PD group exhibited a mean age of
66.78 + 5.03 years, which was slightly higher than that
of the control group (65.78 + 2.72 years); however,
this difference was not found to be statistically signifi-
cant (P > 0.05). Furthermore, there was no significant
difference observed in handedness between the two
groups (P > 0.05). Regarding clinical characteristics, the
PD group demonstrated more pronounced RT and
RET frequency as compared to the mimicked RT
and RET observed in the control group (Table 1).

Reconstructed Source Locations and the
Connectivity Interactions under Medication
Our source analysis revealed differences in brain

activity between RT and RET in both PD patients and
controls, as shown in Figure 2A. Specifically, PD
patients exhibited brain activity in the primary sensori-
motor cortex (PSMC), PMC, and CER under 1-dopa
on condition. However, on withdrawing the medica-
tion, PD patients demonstrated source locations in two

Group E Healthy control . PD L-dopa off E PD L-dopa on

0.5
*
0.4 4
® &
0.3 4 200
o0
%
2)
@
0.2
PMC - CER PSMC - CER PSMC - PMC SMA - BG

Effective connectivity (From — To)

FIG. 2. Coherent source locations and the connectivity interactions. (A) Reconstructed coherent source locations contrasted by RT and RET during
L-dopa on and off conditions in PD patients and healthy controls. The first row shows the source locations based on all 40 PD patients during L-dopa
on. The second row shows the source locations based on 19 PD patients who were measured during L-dopa off. The third row shows the source loca-
tions based on 40 healthy controls. (B) Boxplot representation of four unidirectional connectivity (statistically significant based on surrogate test), along
with their modifications under dopamine medication. BG, basal ganglia; CER, cerebellum; L-dopa, levodopa; PD, Parkinson’s disease; PSMC, primary sen-
sorimotor cortex; PMC, premotor cortex; RT, resting tremor; RET, re-emergent tremor; SMA, supplementary motor area; TPDC, time-resolved partial
directed coherence. *P < 0.001 (Bonferroni adjusted). [Color figure can be viewed at wileyonlinelibrary.com]
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brain regions, namely the SMA and the BG region. In
contrast, controls showed a similar pattern as PD
patients under L-dopa on condition, but without signifi-
cant activity in the PSMC.

Furthermore, connectivity analysis revealed four sta-
tistically significant unidirectional connectivity at indi-
vidual tremor frequency, as depicted in Figure 2B.
These connectivity pairs included PSMC — PMC,
PSMC — CER, and SMA — BG among PD patients,
and PMC — CER in healthy controls. Notably, PD
patients exhibited a higher level of connectivity
strength in L-dopa off compared to L-dopa on condi-
tion, with PSMC — PMC showing the highest median
compared to the other connectivity pairs. After L-dopa
administration, PD patients demonstrated reduced
connectivity in PSMC — CER (P < 0.001), PSMC —

r NEURAL
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PMC (P <0.001), and SMA — BG (P < 0.001) com-
pared to 1-dopa off condition. Detailed results of the
comparison between L-dopa on and off for significant
connectivity are summarized in Supplementary Mate-

rial (Table. S1, Fig. S1,5, Table S9).

Cross-Frequency Coupling and Dopamine
Medication Effects

After identifying significant connectivity between the
source locations, we performed CFC analysis. This
analysis aimed to explore the interaction between RET
tremor frequency from the identified connectivity
source region, and the canonical neuronal activity from
the connectivity sink region, as depicted in Figure 3.
Both PD patients and healthy controls showed a

Group E Healthy control . PD L-dopa off E PD L-dopa on

0.6 1

0.4

CFC at tremor frequency strength

y
_“')_t___ 2 ©
Q ”Og
- °
‘S
0s® @

w0 %80
o
g

[+

®

PMC:-CER PSMCI--CER PSMCI--PMC
T ® T ® T ®

T
SMA -- BG

SMAI-- BG
(TF)  (v)

PMC--CER PSMC--CER PSMC - PMC
(2 (TF) (y) (TF) () (TF) ()

Source locations

FIG. 3. Cross-frequency coupling between tremor frequency and p/y oscillations. CFC analysis based on the time series extracted from the difference
between RT and RET. The boxplot illustrates the strength of CFC between tremor frequency originating from the connectivity source, and the canonical
neuronal activity at the connectivity sink(p/y) under L-dopa on and off conditions. BG, basal ganglia; CFC, cross-frequency coupling; CER, cerebellum;
L-dopa, levodopa; PD, Parkinson’s disease; PSMC, primary sensorimotor cortex; PMC, premotor cortex; RT, resting tremor; RET, re-emergent tremor;
SMA, supplementary motor area; TF, individual tremor frequency; B, beta frequency band; y, gamma frequency band. *P < 0.001 (Bonferroni adjusted).

[Color figure can be viewed at wileyonlinelibrary.com]
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tendency of a reversed relationship between p and y fre-
quency bands from subcortical regions with cortical
tremor frequency. In the absence of L-dopa, PD patients
exhibited significantly higher cross-frequency coupling
strength at B frequency in PSMC-CER (P < 0.001),
PSMC-PMC (P < 0.001), and SMA-BG (P < 0.001), but
significantly lower coupling strength at y frequency in
PSMC-CER (P < 0.001), PSMC-PMC (P < 0.001), and
SMA-BG (P < 0.001) compared to the L-dopa on condi-
tion. In healthy controls, the cortical tremor frequency
power from PMC coupled with B frequency in CER at
a lower level relative to the coupling strength at y fre-
quency. No difference was observed in power-to-power
CFC related to a frequency band (Supplementary Fig.
S3). Detailed results of the comparison between L-dopa
on and off for CFC are summarized in Supplementary

Material (Table S1 and Fig. S2).

Clinical Association with the Strength of
Cross-Frequency Coupling and Connectivity

Finally, we investigated the associations between
quantified measures and clinical evaluations including
UPDRS-III, Hoehn and Yahr scale, and 1-dopa dosage.
Correlation analysis revealed a positive relationship
between 1-dopa dosage and effective connectivity in
PSMC — PMC (r = 0.757, BF;, = 3.481 x 10*) dur-
ing L-dopa on condition (Fig. 4A). No statistical signifi-
cance observed in other effective connectivity with the

° L]
0.35 e L
8

c 8
g ° L]
g L]
-.‘: . °
S
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clinical variables. Furthermore, CFC strength between
tremor frequency in PSMC and B frequency in CER
showed a positive trend with Hoehn and Yahr scale
(r = 0.482, BF(, = 10.412). No significant correlations
were observed with other clinical measures with CFC
(Supplementary Table. S2-8). The detailed Bayesian sta-
tistics are summarized in Supplementary Material
(Fig. 4).

Discussion

The present study investigated the EEG-EMG coher-
ent source activity between RT and RET. This
approach revealed the distinct source locations in the
premotor and CER regions in PD patients (L-dopa on)
and healthy controls. Using effective connectivity esti-
mation, the study identified exclusive source activity in
the PSMC in PD patients, which contribute to the dif-
ferent mechanisms of the two tremor phenotypes. Nota-
bly, without dopamine medication, PD patients
exhibited a different pattern of source activity in differ-
entiating RT and RET. We further examined the
power-to-power cross-frequency coupling between the
differential source activity at RET tremor frequency on
the connectivity originating regions and p and y oscilla-
tions on the connectivity sink regions during 1-dopa on
and off conditions. The results revealed that dopamine
medication can influence the coupling between the

0.24 r=0.482
BF,;=10.412

[ ]
]
0.20 *
[ ]
: ;
g ’ :
-$ 0.16 . 5
-l ° :
s
: :

0.12 R

§

2.0 25 3.0 35

Hoehn and Yahr Scale

(B)

FIG. 4. Bayesian partial correlation analysis between clinical measures and both the strength of cross-frequency coupling and connectivity in PD
patients. (A) Positive correlation between L-dopa dosage and effective connectivity in PSMC — PMC during L-dopa on condition. (B) Positive correla-
tion between Hoehn and Yahr scale and the CFC strength between cortical tremor frequency from PSMC and § frequency from CER during L-dopa on.
CER, cerebellum; CFC, cross-frequency coupling; L-dopa, levodopa; PSMC, primary sensorimotor cortex; PMC, premotor cortex; r, partial correlation
coefficient. BFo Bayesian factor under alternative hypothesis (False discovery rate < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]
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tremor frequency and B and y activity. These findings
imply the presence of discernable neural activity pat-
terns distinguishing RT from RET, evidencing the
impact of dopamine medication and the tremor associ-
ated neural characteristics of beta and gamma activity.

Previous studies have suggested that RET shares the
same central tremor circuit as RT and may be an exten-
sion of it.® Although, our current study identified differ-
ent coherent sources between the two tremor
phenotypes, the contrast between RT and RET demon-
strated consistent strength in cortico-muscular coher-
ence from each source, thus confirming this
assumption. Both PD patients (L-dopa on) and healthy
controls exhibited significantly difference of source
activity in the PMC and CER regions, which are known
to play crucial roles in tremor circuits. Specifically, the
PMC is involved in the central representation of RT,
whereas the CER plays a modulator role.'*

Both PMC and CER were found to be involved in
motor imagery>’ and have been implicated in the path-
ophysiology of tremor.'! In the context of RT, the lack
of voluntary movement may result in the overactivity in
the PMC and CER. Moreover, RET may involve sen-
sory feedback generated by repositioning the limb from
a resting to an outstretched posture. This feedback
could increase somatosensory input and produce rever-
berations within the cerebello-thalamo-cortical tremor
circuit, potentially reducing the need for modulation in
the PMC and CER. This could explain the lower levels
of source activity observed in these regions during RET
compared to RT.

Interestingly, PSMC was found to play a role in
tremor phenotypes in PD patient. This region is known
responsible for sensory processing and its involvement in
tremor has been reported in previous studies.'®*® Effec-
tive connectivity further revealed the unidirectional flow
from the PSMC to both the PMC and CER, suggesting a
key role of PSMC as potential modulator within the
cortico-subcortical interaction in PD. Furthermore, these
two PSMC related connections showed an association
with Levodopa dosage and disease stages during 1-dopa
on condition, indicating this brain region as a crucial
component in the disease pathology and tremor circuit
such as cerebello-thalamo-cortical loop in PD patients.
This aligns with the reported functional reorganization
of the sensorimotor cortex associated with PD,*” which
may reflect either compensatory changes or maladaptive
plasticity in response to abnormal BG activity that
affects to sensorimotor and its associated cortical
areas.*® Moreover, the strength of the connectivity
related to PSMC decreased after the medication. One
possible explanation is that L-dopa could partially nor-
malize the connectivity of the BG motor circuit,* lead-
ing to a reduction in the cortico-cerebellar loop.
Consequently, the flow of information from the PSMC
to the CER may have been attenuated.

r NEURAL

ACTIVITY IN RE-EMERGENT TREMOR
In addition, the observed coherent source activity
during 1-dopa off condition revealed another neural cir-
cuitry between RT and RET in PD patients. Specifically,
the coherent source activity exhibited a distinct pattern
(SMA and BG) compared to the 1-dopa on condition
(PSMC, PMC, and CER) and the tremor pattern seen
in healthy controls (PMC and CER). A previous study
suggested that the SMA plays a crucial role in parkinso-
nian tremor and is coupled with other motor areas with
pathologically synchronized activity.'* Meanwhile, the
subthalamic nucleus may be involved in triggering
tremor through its connectivity with the globus pallidus
internus and in maintaining the tremor rhythm.” One
possible explanation for the distinct pattern during
L-dopa off condition is that because of insufficient
dopamine levels as input to the striatum, RET may
depend less on the BG circuitry, but more on the
cerebello-thalamo-cortical ~circuit. This may also
explain a previous finding by Helmich and colleagues’
that transcranial magnetic stimulation at CER can reset
RET, but not RT. It might also support why RET is less
responsive to L-dopa in some studies,’ because it
involves non-dopaminergic areas such as the CER.
Previous studies highlighted cortical regions such as
primary motor cortex as a key role in controlling
tremor amplitude,®” and its wide network with other
cortical regions within cortico-thalamo-cerebellar loop
involved in the pathophysiology of tremor in PD.'* In
the current study, cross-frequency coupling revealed the
involvement of B and y oscillations in tremor pheno-
types and oscillatory modifications related to dopamine
level. As the time series of each source activity already
represented the difference between two tremor pheno-
types, our findings first demonstrated there is a differ-
ence of power in the frequency domain. Although a few
studies reported no difference in mean frequency
between RT and RET,>*** several studies showed a visi-
ble higher frequency and peak power of RET compared
to RT.®”? Second, the mimicked tremor from healthy
controls exhibited frequency coupling between tremor
frequency from PMC with p power from the CER, at a
relatively lower level, in contrast to y frequency. This
suggests that there is a hypoactive y oscillatory modula-
tion involved in the differential circuitry between RT
and RET in PD. Similarly, PD patients could attain the
same degree of coupling in the cortico-subcortical net-
work through the PSMC (PSMC - PMC and PSMC -
CER) under the influence of dopamine medication. This
observation is consistent with studies on the oscillatory
profile of the sensorimotor cortex in PD, which may
aid in facilitating movement to counteract the anti-
kinetic bias induced by the dopamine-depleted state.**
In our dataset, we identified a positive correlation
between the Hoehn and Yahr scale and CFC within the
B band. If an enhanced neural oscillatory coupling
between tremor frequency and pathological B activity
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indeed influences tremor phenotypes and serves as a
reflection of disease severity, it is plausible that the pres-
ence of PSMC in PD might play a compensatory role
within this network. On withdrawal of r-dopa, there
was a significant increase in the coupling strength
between the SMA and BG. This distinct pattern
observed in PD patients may be caused by the alteration
in the basal ganglia-thalamo-cortico network, which
can lead to prominent B oscillations in the BG.** In
CFC, a higher level of oscillatory coupling between
tremor frequency from SMA and P oscillations from
BG indicates the importance of p modulation in the
mechanism of RT and RET. Nevertheless, the coupling
strength does not decline to the same extent as other
regions under the 1-dopa on condition, implying that
dopamine medication may have relatively limited effect
on modulating tremor-related p power between the
SMA and BG regions.

One limitation of this study is that although we have
identified several source locations, we cannot exclude
the possible effects of anatomical distribution variations
of tremors on the activity. Since frequency coupling
analysis does not provide directional information, we
were unable to determine the directionality of oscilla-
tory interactions in our study. Instead, we relied on the
individual tremor frequency of the cortical source. This
approach is based on empirical findings that tremor
amplitude is associated with cortical activity. To
address this issue, future studies could consider the uti-
lization of other methods to examine the directional
information of the oscillatory interactions. It is impor-
tant to note that our study focused on a relatively
homogenous cohort by excluding advanced PD patients
(Hoehn and Yahr scale >4). The deliberate exclusion of
advanced PD patients was motivated by our aim to
conduct a more targeted investigation into the neural
activity patterns associated with RT and RET within a
controlled context. This approach allowed us to
uncover specific insights without the potential con-
founding factors introduced by the varied manifesta-
tions of advanced PD. Future studies may consider the
inclusion of advanced PD patients to explore the con-
tinuum of tremor manifestations across different disease
stages. Such investigations could provide valuable
insights into the progression of neural changes associ-
ated with tremor in PD, contributing to a more compre-
hensive understanding of the disorder. Parkinsonian
tremor and voluntarily mimicked tremor represent fun-
damentally different motor phenomena; however, mag-
netoencephalographic and imaging data suggest their
origin in the same motor centers of the brain.*>>*® This
forms the basis for the interference of pathological
tremor oscillations with voluntary movements.*” Never-
theless, questions persist regarding how the difference
between voluntarily controlled movements and the self-
sustained pathological tremor oscillations of PD is

manifested in this motor network. A plausible explana-
tion is that altered cortical-subcortical communications
impact the thalamocortical loop, which plays a funda-
mental role distinguishing PD from mimicked tremor."!
In this study, our findings support this assumption,
because the engagement of the PSMC in tremor pheno-
types was exclusively observed in PD. However, the
role of PSMC during RET remains a topic for future
research.

In conclusion, the current study has provided evi-
dence for distinctive patterns of neural activity between
RT and RET, indicating distinct mechanisms of tremor
modulation within the cortico-subcortical network.
During RT, the PSMC may act as a primordial modula-
tor between the PMC and the CER, mitigating the
effects of BG circuit dysfunction in the absence of vol-
untary movement. Conversely, in RET, PD patients may
rely less on the BG circuit and more on the cerebello-
thalamo-cortical pathway. Moreover, the oscillatory
neuronal responses provide direct evidence of pathologi-
cal B and prokinetic y activity in patients between RT
and RET. These discoveries play a fundamental role in
advancing our understanding of tremor phenomena and
its therapeutic modulation through the administration of
dopamine medication or the application of deep brain
stimulation, which could specifically target the patholog-
ical B and prokinetic y oscillations related to tremor and
motor control. @
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