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Abstract

Essential tremor (ET) is a common neurological disorder. Although it does not pose a
major threat to overall health, it can cause significant inconvenience in daily life and, in
some patients, lead to psychological effects such as social withdrawal. Current treatment
strategies for ET include both pharmacological and surgical approaches. While medications
are convenient, they often fail to produce satisfactory results in many patients. Magnetic
Resonance-guided Focused Ultrasound (MRgFUS) thalamotomy is a non-invasive surgical
technique that precisely targets and ablates regions in the thalamus to alleviate tremor, and
it has become an alternative treatment for patients who do not respond well to medication.
Understanding why MRgFUS thalamotomy benefits patients with ET requires insight into
the disease’s underlying pathophysiology. This study compares ET patients with healthy
controls, as well as pre- and post-operative imaging (early and late phases) of ET patients
undergoing MRgFUS thalamotomy, to investigate the structural brain changes associated
with both the disease itself and the surgical intervention. We found that compared to
healthy controls, ET patients exhibited differences in the volume of the corpus callosum
and cerebellar peduncles. Furthermore, both microstructural and macrostructural changes in
the corpus callosum and cerebellar peduncles were observed following MRgFUS
thalamotomy, suggesting that improvements in tremor may be accompanied by alterations
in interhemispheric communication. These findings support the current view that ET may
be a "network disease."

However, this study is limited by its small sample size and inherent constraints of
neuroimaging techniques, and it may not fully capture the pathological mechanisms of ET
or the comprehensive structural and functional changes following thalamotomy. Further
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studies with larger cohorts and advanced imaging methods are warranted to validate these

findings.

Keywords: Essential tremor, magnetic resonance imaging, diffusion tensor imaging, voxel-

based morphometry, Fahn-Tolosa-Marin Tremor Rating Scale
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— ~ 4¢3 Introduction

1. Essential Tremor (ET)

Essential tremor is the most common cause of a pathological tremor (Sharma & Pandey,
2020), and is known to affect over 60 million worldwide (Welton et al. (2021). Diagnosis
of the disease is clinical. Essential tremor was defined as (1) Isolated tremor syndrome of
bilateral upper limb action tremor at least 3 years’ duration (2) With or without tremor
in other locations (e.g., head, voice, or lower limbs) (3) Absence of other neurological
signs, such as dystonia, ataxia, or parkinsonism (Bhatia et al., 2018). Risk factors include
aging, exposure to environmental factors (pesticides, heavy metals, dietary factors,
smoking), and genetic predisposition (Klaming & Annese, 2014; Welton et al., 2021).
Proposed pathophysiologies of ET includes environmental exposures to -carboline,
cerebellar GABA deficiency, climbing fiber synaptic pathology with related cerebellar
oscillatory activity, extra-cerebellar oscillatory activity (Pan & Kuo, 2022).
Pharmacological therapy included propranolol, primidone, and topiramate. Propranolol and
primidone, as the first-line option for treatment of the disease, provide 50% reduction of
tremor in those that are responsive (population that are responsive approximates 50% of
those treated). Topiramate, which is more commonly used under settings of migraine and
seizure management, is efficacious for treatment of essential tremor only if used in >200mg
per day. Adverse effects including weight loss, paresthesia, cognitive side effects are
common (Hedera et al., 2013). For medication-refractory cases, surgical intervention

including deep brain stimulation (DBS), magnetic resonance guided-focused-ultrasound
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surgery (MRgFUS) can be considered as alternative ways of tremor reduction (Hedera et

al., 2013; Sharma & Pandey, 2020).

2. Pathophysiology of ET

2.1 The cerebello-thalamo-cortical loop

Essential tremor is widely regarded a network disease. Based on electrophysiological and
neuroimaging data, a model wherein tremor arises from a widely distributed network
involving multiple brain regions identified as nodes, including cerebellum, thalamus, motor
cortex, interconnected by pre-lemniscal and corticopontine tracts, and the Guillain-Mollaret
triangle is the current model accepted (Welton et al., 2021)(Figure 1). The cerebello-
thalamo-cortical loop, delineated by these nodes, exhibits abnormality when examined by
postmortem, electrophysiological, as well as functional and structural neuroimaging. All
nodes of the circuit were found to have altered functional connections, and it is proposed
that multiple oscillation generators contribute to the network dysfunction rather than being
fueled by one specific oscillator dysfunction. The components of the circuit entrain each
other in the generation of ET (Nicoletti et al., 2020; Raethjen & Deuschl, 2012; Younger et
al., 2023). The model was supported by studies facilitating techniques including
electroencephalogram (EEG) and magnetoencephalogram (MEG), functional magnetic
resonance imaging (fMRI), positron emission tomography (PET), transcranial magnetic
stimulation (TMS), and transcranial alternative current stimulation (tACS) (Pan & Kuo,
2022; Wills et al., 1994). The network is similar to the therapeutic network derived from
lesions improving ET ( lesion network mapping), with key regions aligning in the thalamus

12
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and cerebellum (Younger et al., 2023). The instability of the network is in contrast to the

relatively stable relay in case of voluntary motor control (Raethjen & Deuschl, 2012).

2.2 The Cerebellum as the Hub of ET Tremor Network

Clinical clues indicate the cerebellum’s role in ET pathogenesis. Cerebellar deficits,
including intention tremor and tandem gait ataxia, are observed in half of the ET
population. Intention tremor of varying severity was identified in almost 60% of ET
individuals in a study by Deuschl et al (Deuschl et al., 2000). Abnormalities in tandem gait
with an increased number of mis-steps and a broad-based, ataxic and dysmetric gait which
was indistinguishable from the findings in cerebellar diseases (Stolze et al., 2001). Alcohol
consumption has been observed to lead to improvement of tremor and reduce the number of
missteps in patients with ET (Klebe et al., 2005; Mostile & Jankovic, 2010), which may be
explained by the influence of alcohol being exerted on alcohol-sensitive gamma-
aminobutyric acid receptors within the cerebellum. This should be considered along with
the postmortem pathological findings regarding the ET cerebellum. Modest Purkinje cell
(which is GABAergic) damages and cell loss was observed in the cerebellar cortex. The
deep cerebellar nuclei, which receive GABAergic inputs via Purkinje cells, were found to
have reduced number of GABAA and GABAGB receptors, further diminishing cerebellar
GABA transmission. It was thus hypothesized that the oscillatory activity is represented in
the cerebellum, and alcohol intake suppressed tremor by enhancing GABA transmission
under a state of GABA insufficiency (Pan & Kuo, 2022; Raethjen & Deuschl, 2012). The
morphologic alterations of the cerebellar cortex are not limited to Purkinje cells, and

include climbing fiber synaptic pathology (which appears to be the most specific change to
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ET) as well as abnormal axonal processes of the basket cell surrounding the initial segment
of Purkinje cells. Alteration of GABAergic transmissions from the interneurons can greatly
alter the firing patterns of the Purkinje cells, thereby affecting the cerebellar oscillations
(Pan & Kuo, 2022).

The cerebellum was demonstrated to be functionally connected to other parts of the tremor
network in over 90% of studies and significantly different in connectivity compared to the
control dataset of other movement disorders (Younger et al., 2023). Connectivity between
the cerebellum and the sensorimotor cortices was demonstrated to be significantly reduced
in patients with ET. More specifically, the cerebellar hub and the sensorimotor cortices
were found to be anticorrelated, whereas they were found to be positively correlated in
healthy subjects (Younger et al., 2023). Significant coupling between the contralateral
sensorimotor cortex and tremor-related muscle activity in patients with essential tremor was
revealed with corticomuscular coherence analyses based on EEG-EMG recordings
(Hellwig et al., 2001). In ET patients, functional connectivity between the primary motor
cortex (M1) and the contralateral motor cerebellum (lobule IV-V, VI) was found to be
decreased, and this connectivity showed a negative correlation with tremor severity
(Nicoletti et al., 2020).

These findings depicted the cerebellum hub being “uncoupled” from the rest of the motor
network, supposedly contributing to the impairment of refined motor control in ET
subjects. Recent studies have demonstrated the cerebellum as the hub of the ET tremor
network, in comparison to PD tremor and dystonic tremor, where the basal ganglia is to

play a role in pathogenesis (Buijink et al., 2022; Younger et al., 2023).
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2.3 Ventral Intermediate (Vim) Nucleus

The ventral intermediate nucleus (VIM) of the thalamus functions as a key site receiving
input from the cerebellum. It has been observed that tremor-related neural activity appears
in this region across several tremor syndromes, including essential tremor (ET), dystonic
tremor, and tremor associated with Parkinson’s disease, suggesting overlapping underlying
mechanisms (Buijink et al., 2022). The successful suppression of tremor symptoms in ET
through targeted lesions within the VIM provides compelling evidence of the thalamus’s
involvement in producing the aberrant rhythmic activity in this condition (Jankovic et al.,
1995; Raethjen & Deuschl, 2012).

While no significant association was found between tremor severity and functional
connectivity from the cerebellum to the sensorimotor cortex, positive correlations emerged
when examining the connectivity between cerebellar lobule VI and the VIM, as well as
between the VIM and sensorimotor regions. These findings lend support to the view that
essential tremor arises from dysregulated communication within the cerebello—thalamo—
cortical pathway, with the thalamus acting as a central node linking aberrant cerebellar

signals to cortical motor regions (Younger et al., 2023).

2.4 Thalamo-cortical Oscillations

Bi-directional thalamo-cortical oscillations have been demonstrated in individuals with
essential tremor (ET) through EEG-EMG coherence analysis (Muthuraman et al., 2012).

Evidence from single-neuron recordings (Hua et al., 1998) and local field potentials
15
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(Pedrosa et al., 2012) within the thalamus further supports its capacity to function as an
intrinsic oscillator. Additionally, the development of postural and kinetic tremor in a patient
following ipsilateral cerebellar hemispherectomy suggests that the thalamus may generate
oscillatory activity independently of cerebellar input (Chahine & Ghosh, 2009).

Clues of the motor cortex participating in generation of tremor in ET can be seen in
successful alteration of the tremor by means of non-invasive modulations. Past studies had
either successfully reset tremor with supra-threshold single-pulse transcranial magnetic
stimulation of the cortex (Pascual-Leone et al., 1994) or reduced tremor amplitude with
inhibitory subthreshold continuous theta-burst stimulation outlasting the stimuli with TMS
(Hellriegel et al., 2012). PET studies disclosed overactivity in the cerebellum, contralateral
red nucleus, thalamus, and sensorimotor cortex, hinting that the dysfunctional ET network
had the cortical region entrained (Wills et al., 1994).

Multiple high-resolution EEG and MEG studies have provided compelling evidence of
cortical activity that is coherent with essential tremor (ET) (Hellwig et al., 2001; Pollok et
al., 2004; Raethjen et al., 2007). Significant coupling of the contralateral sensorimotor
cortex and tremor-related muscle activity supports cortical motor area involvement in the
production of ET tremor (Hellwig et al., 2001). Further analyses of temporal delays and
directionality between cortical signals (EEG/MEG) and peripheral tremor activity (EMG)
suggest that this coherence cannot be solely attributed to sensory feedback. Instead, it
reflects genuine rhythmic output from the cortex to the muscles, supporting a direct cortical
contribution to tremor generation (Govindan et al., 2006; Schelter et al., 2009). These
findings reinforce the notion that the cortex plays an active, though possibly intermittent,

role in the genesis of ET (Raethjen & Deuschl, 2012; Raethjen et al., 2007).
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Although accumulating evidence suggests the involvement of oscillatory neural activity in
essential tremor (ET), no animal models have yet been developed to directly confirm
whether such activity is sufficient to generate tremor. Moreover, the absence of post-
mortem studies investigating pathological changes in the thalamus or motor cortex leaves

the structural basis of ET pathogenesis unresolved (Pan & Kuo, 2022).

3. Functional Organization of Cerebellar Peduncles and Their Major

Afferent and Efferent Pathways

The cerebellar peduncles form the principal white matter pathways linking the cerebellum
with other brain regions. (Summarized in Table 1.1 & 1.2)

The superior cerebellar peduncle (SCP) primarily conveys efferent outputs from the
cerebellar deep nuclei. Fibers originating from the dentate, interposed, and fastigial nuclei
project via the SCP to the ventrolateral nucleus of the thalamus (VL), red nucleus
(parvocellular and magnocellular divisions), and the tectum. Additionally, the ventral and
rostral spinocerebellar tracts, which carry proprioceptive information from leg and arm
interneurons respectively, also ascend through the SCP as afferent components.

The middle cerebellar peduncle (MCP) consists exclusively of afferent fibers. These are the
pontocerebellar fibers, which originate from the cerebral cortex and relay through the
pontine nuclei before entering the cerebellum. This corticopontocerebellar pathway plays a
critical role in relaying cortical signals necessary for the coordination of skilled voluntary

movements.
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The inferior cerebellar peduncle (ICP) carries both afferent and efferent fibers. Its afferent
tracts include the dorsal spinocerebellar tract (conveying leg proprioceptive signals via the
nucleus dorsalis of Clarke), the cuneocerebellar tract (conveying arm proprioception via the
external cuneate nucleus), reticulocerebellar and vestibulocerebellar fibers, and climbing
fibers from the inferior olivary nucleus, which originate from multiple sources including
the red nucleus, cortex, brainstem, and spinal cord. The cerebellovestibular efferent tract
also exits the cerebellum through the ICP, projecting back to the vestibular nuclei.

(Blumenfeld, 2010; Lingford-Hughes & Kalk, 2012)

4. MR-guided Focused Ultrasound (MRgFUS) Vim thalamotomy in the

treatment of ET

Magnetic Resonance-guided Focused Ultrasound (MRgFUS) is a noninvasive thermal
ablation technique that utilizes high-frequency ultrasound beams converged onto deep brain
targets to induce focal heating. The absorption of acoustic energy results in a rapid
temperature rise at the focal point. When the tissue temperature exceeds approximately
55°C, even for a brief period—as short as one second—thermal damage becomes
irreversible, primarily through protein denaturation and subsequent coagulative necrosis.
The extent of lesioning is determined not only by peak temperature but also by the thermal
dose, which reflects both the duration of heating and the volume of tissue exposed.

The procedure is performed under real-time MR thermometry, enabling precise monitoring
of the focal temperature to ensure safety and spatial accuracy. In clinical practice, Vim

thalamotomy for tremor treatment is executed in a progressive three-stage manner: low-
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power sonication is first used to confirm accurate targeting, followed by intermediate
energy delivery to assess transient clinical effects. Once optimal targeting is verified,
higher-intensity sonication is applied—typically not exceeding 60°C—to achieve durable
tissue ablation.

MRgFUS offers a noninvasive alternative to conventional surgical approaches, avoiding
craniotomy and implanted hardware, and is particularly suitable for patients with medically
refractory tremor (Giordano et al., 2020; Schlesinger et al., 2017). Long-term evaluations
indicate that MRgFUS provides durable symptomatic relief in essential tremor, with hand
tremor and disability scores reduced by approximately 56—63% at 3- and 4-year follow-ups,
and notable improvements in quality of life metrics (Chang et al., 2018; Halpern et al.,
2019; Park et al., 2019; Sinai et al., 2020). In two individuals monitored over five years,
CRST and QUEST scores remained markedly lower than baseline (Sinai et al., 2020).
Nonetheless, a modest rebound in tremor severity and functional impairment was observed
at year 3 relative to the 6-month mark, and about 11% of patients experienced symptom
recurrence, potentially attributable to disease progression (Halpern et al., 2019; Louis et al.,
2011; Sinai et al., 2020). Procedure-related effects such as head pain and dizziness,
affecting over one-third of cases, generally resolved within 3 months (Iacopino et al.,
2018). Neurologically, ataxia was most frequently reported (50%), followed by sensory
alterations (20%), likely linked to inadvertent lesion spread beyond the VIM, whose
borders are poorly visualized on conventional MRI, with involvement of adjacent tracts
such as the ML and CST (Boutet et al., 2018). Encouragingly, the frequency of these
adverse events declined over time, and no new complications were documented with

extended follow-up (Chang et al., 2018; Halpern et al., 2019; Park et al., 2019). However,
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attrition rates were considerable—reaching 31% at 3 years—posing limitations on the
interpretation of late safety outcomes (Chang et al., 2018; Halpern et al., 2019; Park et al.,
2019). Importantly, no instances of hemorrhage, seizures, or access-related injuries have
been reported, supporting the procedure’s favorable risk profile compared to DBS or RFA.
A major limitation in assessing the long-term complications of the patients undergoing
MRgFUS is the high dropout rate (Agrawal et al., 2021; Kim et al., 2017; Wong et al.,

2020).

5. Hypothesis and Goals of this Study

In this study, we investigated different regions of interest (ROIs) using both diffusion
tensor imaging (DTI) and voxel-based morphometry (VBM) to comprehensively assess
white matter microstructure and regional gray/white matter volume. The ROIs were
selected based on their potential involvement in the pathophysiology and treatment
outcomes of essential tremor (ET).

We hypothesize that (1) patients with ET exhibit microstructural abnormalities—reflected
by alterations in DTT scalar indices—or volumetric changes within the cerebellar peduncles
compared to healthy controls (HC), as assessed by cross-sectional analysis; and (2)
following therapeutic intervention and subsequent clinical improvement, these
microstructural or volumetric characteristics may undergo further modulation, such that
post-treatment values differ from pre-treatment baselines, as examined through longitudinal
analysis.

In addition, we aimed to explore whether baseline clinical and imaging features are
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associated with tremor severity, and whether they may serve as potential predictors of

treatment response to MRgFUS thalamotomy.

5.1 Regions of Interest for Cross-sectional and Longitudinal analysis

In the diffusion tensor imaging (DTI) analysis, we first examined the "long tracts"—
including the corticospinal tract, frontopontine tract, medial lemniscus, and the M1-Vim
projection—given their established roles in motor execution and their potential involvement
in both tremor genesis and treatment-related adverse effects. The frontopontine fibers serve
as a communication pathway to the opposite cerebellum, allowing for the coordination of
planned motor functions (Rea, 2015). Notably, lesions in the frontopontine tract have been
associated with tremor resolution (Dupuis et al., 2010), while structural changes in the
medial lemniscus and corticospinal tract have been implicated in procedure-related

complications.

Second, particular attention was directed toward the cerebellar peduncles—the superior
(SCP), middle (MCP), and inferior (ICP)—which serve as the principal afferent and
efferent pathways linking the cerebellum to the broader motor network. Given the
cerebellum’s central role in the pathophysiology of essential tremor (ET), and accumulating
evidence of both GABAergic dysfunction and microstructural abnormalities in cerebellar
regions, we hypothesized that these peduncles exhibit disease-related alterations at baseline

as well as longitudinal changes following MRgFUS thalamotomy.

Third, the corpus callosum was included to assess potential interhemispheric involvement.

Our prior observations have indicated that tremor may worsen in the untreated hand after
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unilateral Vim thalamotomy, raising the possibility of altered cross-hemispheric

communication mediated by callosal fibers.

To complement the microstructural analysis provided by DTI, voxel-based morphometry
(VBM) was employed to assess volumetric changes in both gray and white matter regions
associated with tremor generation and control. Cortical ROIs included the pre-
supplementary motor area (preSMA), supplementary motor area (SMA), and primary motor
cortex (M1), which are critically involved in the planning, initiation, and execution of

voluntary movement.

Within the thalamus, we analyzed the ventral intermediate nucleus (Vim) and the ventral
lateral posterior nucleus (VLp). The Vim, the primary lesion target of MRgFUS
thalamotomy, plays a central role in relaying cerebellar output to motor cortical regions.
The VLp, which encompasses the Vim, receives excitatory input from the dentate nucleus

and projects broadly to motor and associative cortical areas.

Given converging evidence from pathological and imaging studies suggesting GABAergic
dysfunction and functional uncoupling between the cerebellum and motor circuits in ET,
we also examined the SCP, MCP, and ICP, as well as the dorsal dentate nucleus, which is
the major output nucleus of the cerebellum. The red nucleus was included due to its role as

a relay node within the tremor network.

Lastly, the corpus callosum was again assessed in the VBM analysis to further investigate
whether altered transcallosal connectivity manifests as macroscopic volumetric changes,
potentially reflecting pathological status in ET or following unilateral intervention.
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The selection rationale for each ROI and relevant findings from prior studies are presented
in the following two sections: Tables 2.1.1 and 2.1.2 summarize the reasons for ROI
inclusion, while Tables 2.2.1, 2.2.2, 2.3.1, 2.3.2 compile supporting evidence from previous

literature.

5.2 Clinical and Neuroimaging Correlates of Baseline Tremor Severity and

Treatment Outcome

Essential tremor (ET) presents with varying degrees of baseline severity, yet most patients
undergoing MRgFUS Vim thalamotomy experience meaningful clinical improvement. To
better characterize the sources of individual variability, we examined whether baseline
clinical factors—such as age at tremor onset, disease duration, and family history—as well
as neuroimaging features (DTI/VBM of tremor-related ROIs), are associated with initial

tremor severity.

Furthermore, although treatment outcomes were generally favorable, we explored whether
certain factors—such as age at treatment, pre-treatment severity, skull density ratio (SDR),
and MRgFUS parameters (e.g., energy, temperature, number of sonications)—correlate
with the magnitude of clinical improvement. We further investigated whether the volume of
tremor-related brain regions prior to treatment correlated with the degree of clinical

improvement.
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=~ R FEHEMH ¥ Methods and Materials

1. Study Population

1.1 Patient Recruitment

This study enrolled patients with essential tremor (ET) who underwent magnetic resonance-
guided focused ultrasound (MRgFUS) Vim thalamotomy at China Medical University
Hospital (CMUH), Taichung, Taiwan, between June 2019 and October 2024. A total of 20
patients (15 males and 5 females), aged 20 to 74 years, were included. Patients included
both newly diagnosed and previously diagnosed cases of ET who were evaluated by board-
certified neurologists and deemed suitable candidates for MRgFUS Vim thalamotomy.

Among them, two patients were diagnosed with PD-ET overlap syndrome.

All patients underwent unilateral Vim thalamotomy. Except for one left-handed patient who
received right-sided thalamotomy, all others were right-handed and received left-sided
thalamotomy. One patient underwent a second MRgFUS procedure on the contralateral side
two years after the first. One patient received subsequent radiofrequency ablation due to the
failure to reach the therapeutic temperature during MRgFUS. Five patients had received

prior pharmacological treatment for ET, while the remaining patients were drug-naive.

Prior to the treatment, all patients underwent brain CT for skull density ratio (SDR)

assessment (SDR = 0.5 + 0.13), and comprehensive clinical evaluations including medical

history, medication use, family history, and tremor history. Baseline clinical severity of
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tremor was assessed using the Fahn—Tolosa—Marin Tremor Rating Scale (FTM-TRS), and
MRI scanning was performed. Most patients underwent follow-up MRI and TRS

assessments at multiple timepoints postoperatively (Table 3.1, 3.2, 4).

1.2 Postoperative Data Stratification

Postoperative follow-up data were stratified using a generalized estimating equation (GEE)
model to determine tremor improvement trajectories based on TRS Part A total scores.
Based on the identified temporal pattern of tremor recurrence (Figure 2), follow-up MRI
data were classified into early postoperative (ET-early, 1 day to 14 months post-surgery)
and late postoperative (ET-late, 15 to 61 months post-surgery) phases (Table 4). When
multiple MRI scans were available within the same time window, the latest MRI and the

closest TRS assessment were selected.

A total of 21 preoperative datasets (including two datasets from one patient who underwent
surgery twice), 13 ET-early datasets (one without corresponding DTI data), and 8 ET-late
datasets were included in the analyses. Four patients were lost to follow-up after baseline
evaluation; their preoperative data were only used for ET vs. healthy control (HC)

comparisons, and not for longitudinal analyses (Table 5).

1.3 Healthy Control Recruitment
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A total of 23 age-matched healthy controls (13 males and 10 females) were recruited
(Table 7). Two-sample t-tests confirmed no significant age differences between ET patients
and controls. Controls were recruited from healthy volunteers and neurology outpatients
and were screened for electrolyte imbalances, thyroid dysfunction, and abnormal glucose
levels. Exclusion criteria included tremor, structural brain abnormalities (e.g., stroke,
neurosurgery), neurodegenerative diseases, epilepsy, psychiatric conditions, migraine,
chronic pain, diabetes, carotid or transcranial sonography findings indicating >70% stenosis
or hemodynamic abnormalities, or abnormal laboratory results. All participants provided
written informed consent after receiving a full explanation of the study purpose and

procedures.

All controls underwent FTM-TRS assessment and MRI scanning. One subject was

excluded from DTI analysis due to orthodontic braces causing imaging artifacts.

2. Tremor Evaluation

2.1 Fahn-Tolosa—Marin Tremor Rating Scale (FTM-TRS)

Tremor severity in both patients and healthy controls was assessed using the FTM-TRS,

which consists of three subscales:

e Part A evaluates tremor presence and severity at various body locations. (Figure
4.1)
e Part B rates performance in specific motor tasks (e.g., handwriting, spiral drawing,

line drawing, pouring water). (Figure 4.2)
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e Part C measures functional disability caused by tremor. (Figure 4.3)

All evaluations were performed by a board-certified neurologist. With participant consent,

clinical assessments were video-recorded for documentation and potential future review.

2.2 Selected Tremor Subscores for Treated and Untreated Hands (sel_Rt,

sel_Lt)

To improve sensitivity and specificity in assessing hand tremor changes, we constructed

composite subscores for each hand using selected FTM items:

e sel Rt (Treated Hand):
o Part A, Item 5 (resting, postural, and action/intention tremor of the right
upper extremity)
o Part B, Items 12—14 (right hand: spiral drawings and straight-line drawings)
e sel Lt (Untreated Hand):
o Part A, Item 6 (resting, postural, and action/intention tremor of the left upper
extremity)

o Part B, Items 12—14 (left hand: spiral drawings and straight-line drawings)

For patients who underwent left Vim thalamotomy, sel Rt and sel Lt were transposed

such that the treated side consistently corresponded to sel Rt across all patients.

Excluded Items:
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e Part B, Item 11 (handwriting with dominant hand) was excluded due to low
sensitivity to tremor (as handwriting performance may remain relatively preserved).

e Part B, Item 15 (pouring water from a cup) was excluded due to low specificity
and inconsistencies in administration (e.g., varying cup height, lid presence).

e Other Part A items not involving hand tremor were also excluded.

3 MRI Processing

3.1 MRI Specifications

All patients and healthy controls underwent MRI scanning. Patients received scans at
baseline (pre-MRgFUS) and at postoperative time points, while control participants

underwent a single MRI scan.

MRI was performed using a SIGNA Architect 3T scanner (GE Healthcare, Milwaukee, WI,
USA) equipped with a 48-channel head coil. Whole-brain 3D T1-weighted SPGR images
were acquired in the axial plane with a voxel size of 1 x 1 X 1 mm?®. Diffusion-weighted
imaging (DWI) was conducted using spin-echo echo-planar imaging (EPI) with the
following parameters: matrix size = 96 x 96; 56 axial slices; voxel size =2.5 x 2.5 X 2.5
mm?; 1 NEX; hyperband acceleration factor = 2. The diffusion protocol included 50
isotropically distributed directions with a b-value of 1500 s/mm? and 5 non-diffusion-

weighted (b0) volumes.
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3.2 MRI Data Processing

3.2.1 Mask Editing

Most region-of-interest (ROI) masks used in this study were directly extracted from
standardized MNI-space atlases, including AAL3, HCP842, JHU white-matter atlas,
Brainnetome, HCP-MMP, HCPex, JulichBrain, and THOMAS. These masks were used
for subsequent imaging analyses to investigate region-specific features. Due to differences
in coverage and definition across atlases, two distinct masks of the inferior cerebellar
peduncle (ICP)—one from the HCP-482 atlas and one from the JHU atlas—were both

included in the analysis.

The superior cerebellar peduncle (SCP) and middle cerebellar peduncle (MCP) were
manually edited using FSLeyes, as only bilateral masks were available in the source atlases
(Figure 3.1, Figure 3.2.1 & 3.2.2). The MCP was divided along the midline into left and
right hemispheric masks, while the SCP was diagonally split. The resulting unilateral
masks remained in MNI space and were subsequently transformed into native space using
inverse deformation fields generated from tissue segmentation and spatial normalization
of individual T1-weighted structural images via CAT12.9 (r2577). This transformation
ensured consistent and anatomically aligned ROI definitions across imaging modalities

(e.g., VBM and DTI).

Additionally, because the corpus callosum in the selected atlas was segmented into
subregions (genu, body, and splenium), these were manually merged in FSLeyes into a

single unified mask (corpus_callosum_combined) for use in later analyses.
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3.2.2 Diffusion Tensor Imaging (DTI)

The DTI ROIs included the corticospinal tract, frontopontine tract, medial lemniscus,
M1-Vim projection, superior cerebellar peduncle (SCP), middle cerebellar peduncle
(MCP), and inferior cerebellar peduncle (ICP). Tractography and extraction of scalar
indices were performed using DSI Studio (2024, Chen edition; PC platform). For all
ROIs except the M1-Vim projection, scalar values were extracted based on atlas-derived or

manually edited ROI masks.

For the M1-Vim projections, tractography was performed using atlas-defined M1 (primary
motor cortex) and Vim (ventral intermediate nucleus of the thalamus) as the seed and target
regions. The tracking parameters were set as follows: tracking index = FA; angular
threshold = 30°; step length = 0 mm; minimum/maximum length = 30200 mm,;
termination after 3000 tracts; topology-informed pruning = 16; autotrack tolerance = 24

mm.

3.2.3 Voxel-Based Morphometry (VBM)

VBM analysis was performed using CAT12.9 (r2577). ROIs included the pre-
supplementary motor area (preSMA), supplementary motor area (SMA), primary
motor cortex (M1), ventral intermediate (Vim), ventral anterior (VA), ventral lateral
posterior (VLp) thalamic nuclei, SCP, MCP, ICP, dorsal dentate nucleus, and red
nucleus. ROI-based analyses were conducted using both standard atlas-defined masks in

MNI space and subject-specific masks derived from manual editing and tractography.

30
doi:10.6342/NTU202504209



4. Statistical Analysis

4.1 Longitudinal Change in Tremor Severity After MRgFUS Vim

Thalamotomy

To evaluate longitudinal changes in tremor severity following MRgFUS Vim thalamotomy
across all patients—and to define postoperative MRI follow-up as either early (ET-early) or
late (ET-late) based on the timing of clinical tremor recurrence—we employed Generalized
Estimating Equations (GEE) to model the change in total tremor score (FTM-TRS Part A)
relative to baseline. This approach allowed us to integrate discrete timepoint assessments

into a population-averaged trend model.

To account for the potentially non-linear evolution of tremor severity over time,
postoperative follow-up periods were categorized into the following intervals:

Category 0 (Baseline), 1 (1 day post-treatment), 2 (1 month), 3 (2—3 months), 4 (4-6
months), 5 (7-14 months), and 6 (>15 months). These categories were included as
predictors alongside a continuous time variable and its squared term to capture linear and
non-linear trends. Interaction terms were used to examine whether the rate of change varied

across follow-up intervals.

In addition to the total tremor score, we constructed separate GEE models for the total score
of selected items for the treated hand (sel Rt) and its change from baseline. To control for
overall tremor burden, the untreated hand tremor score (sel Lt) was included as a covariate

after mean-centering (sel Lt c). This allowed us to model the treated-hand trajectory
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assuming average untreated-hand severity, thereby facilitating interpretation of treatment-

specific effects.

Based on statistical analyses (described in detail in Sections 4.1.1-4.1.3 and Section 4.2)
and the prediction curve derived from the GEE model of the change in FTM-TRS Part A
total score, we defined the early post-treatment (ET-early) period as 0—14 months after

treatment and the late post-treatment (ET-late) period as 15-61 months after treatment.

In the early post-treatment phase (n = 13), total TRS scores were significantly reduced from
baseline (Mean = 48.31, SD = 18.37) to early post-treatment (Mean = 25.15, SD = 12.19), p
<.001, with a mean reduction of 23.15 points (95% CI: 17.04 to 29.27), indicating a
statistically significant improvement in overall tremor severity. Tremor scores for the
treated hand improved significantly from baseline (Mean = 14.08, SD = 3.86) to early post-
treatment (Mean = 6.23, SD =2.92), p <.001, with a mean reduction of 7.85 points (95%
CI: 5.83 to0 9.86), reflecting a robust treatment effect. In contrast, tremor scores for the non-
treated hand showed no significant difference between baseline (Mean = 11.54, SD = 5.46)
and early post-treatment (Mean = 10.62, SD = 5.36), p = .213, with a mean reduction of

0.92 points (95% CI: —0.61 to 2.45).

In the late post-treatment phase (n = 7), total TRS scores remained significantly improved
compared with baseline, decreasing from a baseline mean of 52.14 (SD = 15.16) to 34.29
(SD =9.25), p =.006, with a mean reduction of 17.86 points (95% CI: 7.43 to 28.29),
suggesting a sustained treatment effect over time. Tremor scores for the treated hand also
showed a significant reduction from baseline (Mean = 14.57, SD = 2.57) to late post-

treatment (Mean = 8.29, SD = 2.36), p = .003, with a mean reduction of 6.29 points (95%
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CI: 3.01 to 9.56), indicating a lasting benefit on the treated side. However, tremor scores for
the non-treated hand did not differ significantly between baseline (Mean = 12.71, SD =
4.89) and late post-treatment (Mean = 14.57, SD = 4.86), p = .258, with a mean increase of
1.86 points (95% CI: —5.50 to 1.78), suggesting a possible slight worsening of tremor
severity on the non-treated side, although the change did not reach statistical significance

compared with baseline.

4.1.1 Longitudinal Analysis of Change in FTM-TRS Part A Total Score

GEE models were used to analyze changes in total FTM-TRS Part A scores over time. Key

predictors included:

Timeintervalm_ad: a continuous variable representing months since treatment;

e TRS category num: a categorical variable representing the follow-up time interval;

e TRS category num#Timeintervalm_ad: an interaction term assessing time trends
within each category;

e time_sq: the squared term of time to model non-linear changes in symptom

trajectory.

Initial models included all terms, and model reduction was performed based on statistical
significance (Wald test, p > 0.05). An exchangeable working correlation structure was
specified for GEE estimation. Predicted values and 95% confidence intervals were
generated using predictnl, based on empirically observed combinations of Timeintervalm_ad

and TRS category num. Implausible or unobserved combinations were excluded. Curves
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were annotated with predicted values at representative timepoints. The origin (0,0) was

optionally added to graphs to reflect change from baseline.

4.1.2 Longitudinal Analysis of FTM-TRS Selected Item Scores for the Treated Hand

A similar GEE framework was used to analyze total scores of selected FTM items for the
treated hand (sel_Rt). In addition to time variables (Timeintervalm_ad, TRS category num,
time_sq, and interaction terms), this model included the centered untreated-hand score
(sel Lt c)and its interaction terms with time variables to account for baseline tremor

severity.

Predicted values and confidence intervals were computed using predictnl, with sel Lt ¢
fixed at zero (i.e., average untreated-hand score). Predicted population-level trends were

plotted and annotated at empirically observed timepoints.

4.1.3 Longitudinal Analysis of Change in FTM-TRS Selected Item Scores for the Treated

Hand

GEE models were also used to analyze the change in sel Rt score from baseline (Asel Rt=

Post-treatment — Baseline), following the same modeling procedure as in section 4.1.2.
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4.2 Sensitivity Analysis

In the original dataset, each of the two patients undergoing bilateral thalamotomy
contributed two sets of observations (corresponding to their first and second procedures),
which were treated as independent cases. This approach violated the assumption of
independence between subjects. Given the relatively small sample size, the inclusion of
these duplicated observations—each representing a second-side procedure—may have
introduced bias and unduly influenced the model estimates by violating the assumption of
subject-level independence. To assess the robustness and reliability of the findings, a
sensitivity analysis was conducted. Compared to the original model, the sensitivity model
excluded data from the second-side procedures of these two patients (ETO01L and

ETO10R).

Beta coefficients (f) and standard errors (SE) from both the main and sensitivity models
were compared. The difference in coefficients (AP = 1 — B2), along with the corresponding
95% confidence intervals (Cls), was calculated under the assumption of independence.
Variables with CIs that did not include zero were considered significantly affected by case

duplication.

The differences in coefficients (Beta Diff) between the sensitivity models (Tables 9.1-9.3)
and the original generalized estimating equation (GEE) models (Tables 8.1-8.3) across all

examined variables were subsequently compared and visualized (Figure 6).
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Note: To maintain balanced group sizes across time intervals, ETO10R’s follow-up MRI—
conducted at 7 months post-treatment—was categorized under 7RS category num = 4

(i.e., the 4-6 month interval) in both the original and sensitivity GEE models.

5. Cross-Sectional Comparison (ET vs. HC)

Following the temporal classification determined by the GEE models described above,
postoperative MRI data from essential tremor (ET) patients were stratified into early (ET-
early) and late (ET-late) phases. Cross-sectional comparisons were then conducted between
ET patients at three time points (baseline/preoperative, early postoperative, and late
postoperative) and healthy controls (HC) to assess group-level differences in voxel-based
morphometry (VBM) and diffusion tensor imaging (DTI) metrics across predefined regions

of interest (ROIs).

Multiple linear regression models were employed to evaluate group effects, controlling for
age, sex, and total Fahn—Tolosa—Marin tremor rating scale (FTM-TRS) score, which served
as a proxy for overall disease severity. Separate analyses were conducted for ROIs
corresponding to the treated hemisphere, non-treated hemisphere, and corpus callosum. To
account for multiple comparisons, false discovery rate (FDR) correction was applied using
the Benjamini—-Hochberg procedure across all ROI sets, except for those within the corpus
callosum. All statistical analyses were performed using Stata/BE 17.0 (StataCorp, College
Station, TX, USA).
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6. Longitudinal Comparison (ET After vs. Before MRgFUS)

Based on the temporal boundaries identified through GEE analysis, postoperative MRI data
from ET patients were categorized into ET-early and ET-late groups. Two longitudinal
comparisons were performed: (1) ET-early versus ET-baseline (preoperative), and (2) ET-
late versus ET-baseline. These analyses aimed to examine intra-individual changes in brain
structure following MRgFUS treatment, focusing on VBM and DTI metrics across selected

ROlIs.

Paired linear regression models were used to assess longitudinal differences, adjusting for

age, sex, total FTM-TRS score to account for disease severity. As with cross-sectional

comparisons, analyses were stratified by ROI location (treated hemisphere, non-treated
hemisphere, and corpus callosum). FDR correction using the Benjamini—-Hochberg method
was applied to all ROI comparisons except those involving the corpus callosum. All

analyses were conducted using Stata/BE 17.0 (StataCorp, College Station, TX, USA).

7. Clinical Correlation

7.1 Association Between Tremor Severity and Clinical Characteristics
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To explore the relationship between preoperative clinical and neuroimaging variables and
tremor severity prior to MRgFUS thalamotomy, a series of statistical analyses were

conducted using Stata/BE 17.0 (StataCorp, College Station, TX, USA).

7.1.1 Demographic and Clinical Predictors

Multiple linear regression models were employed to examine the association between
tremor severity—measured using the total FTM-TRS score and selected item scores for the
treated (sel Rt) and non-treated (sel Lt) hands—and clinical predictors including age at
tremor onset, age at operation, disease duration, family history of tremor, and skull density

ratio (SDR). All models were adjusted for sex.

7.1.2 Association Between Baseline Regional Volume and Tremor Severity

To assess the structural correlates of tremor severity, region-wise multiple linear regression
analyses were performed using preoperative voxel-based morphometry (VBM) measures.
Each model included the volume of a single region of interest (ROI) as the independent
variable, with tremor severity scores (TRS, sel Rt, sel Lt) as outcomes. Age and sex were
included as covariates. Correction for multiple comparisons was performed using the

Benjamini—-Hochberg False Discovery Rate (FDR) method.
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7.1.3 Association Between Baseline DTI Metrics and Tremor Severity

Cross-sectional linear regression analyses were conducted to evaluate the relationship
between diffusion tensor imaging (DTI) scalar indices—fractional anisotropy (FA) and
mean diffusivity (MD)—and tremor severity scores. Each ROI’s DTI value was entered
into a separate model as the predictor, adjusting for age and sex. FDR correction was

applied across all models to account for multiple testing.

7.2 Predictors of Outcome Following MRgFUS Thalamotomy

To identify predictors of clinical response following MRgFUS Vim thalamotomy, we
evaluated the association between preoperative clinical variables, intraoperative treatment
parameters, and imaging measures with percentage improvement in tremor scores. All
statistical analyses were conducted using Stata/BE 17.0 (StataCorp, College Station, TX,

USA).

7.2.1 Clinical Predictors of Treatment Response

Linear mixed-effects models with restricted maximum likelihood (REML) estimation were
used to examine the association between clinical characteristics—including age at
operation, age at tremor onset, disease duration, family history, SDR, and follow-up

timepoint (early vs. late}—and percentage improvement in tremor outcomes
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(TRS_%improved, sel Rt%improved, sel Lt%improved). Random intercepts at the subject

level were included to account for repeated measures.

7.2.2 Intraoperative MRgFUS Parameters

To evaluate the relationship between treatment parameters and clinical improvement, linear
mixed-effects models were fitted using the following sonication metrics as predictors:
maximum energy delivered, peak power (maximum wattage), maximum focal temperature
achieved, and the total number of treatment sonications. The outcome variables were
percentage improvements in TRS, sel Rt, and sel Lt scores. Subject-specific random

intercepts were included to account for within-subject correlations.

7.2.3 Baseline ROI Volume and Treatment Response

Separate ROI-wise linear regression analyses were performed to assess whether baseline
gray matter volume in specific regions was predictive of percentage improvement in tremor
severity following MRgFUS. Each ROI was analyzed in an individual model with
adjustment for age and sex. To control for multiple testing, the Benjamini—-Hochberg FDR

method was applied across all ROI comparisons.
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=R EZFE Results

1. Longitudinal change in tremor severity after MRgFUS Vim

thalamotomy

This study demonstrated significant and sustained reductions in tremor severity following
unilateral MRgFUS, as reflected in both the FTM-TRS Part A total score change and
change in selected tremor items TRS score in the treated hand. Improvements were most
prominent within the first month post-treatment and remained stable through extended
follow-up. The baseline tremor score of the dominant hand (mean = 13.5) was significantly
higher than that of the non-dominant hand (mean = 11.0), with a mean difference of 2.52

points (p = 0.006).

1.1 Longitudinal Analysis of FTM-TRS Part A Total Score Change

The GEE model showed significant tremor improvement at Day 1 (f = —4.685, p <0.001),
Month 1 (f =-3.724, p <0.001), and beyond Month 15 (B =—7.48, p =0.001), compared
to baseline. The continuous time effect (Timeintervalm_ad) approached significance (p =
0.058), suggesting a mild trend of decreasing benefit over time. Interaction and quadratic
time terms were not significant, indicating no distinct rate differences or non-linear trends
across time intervals. The overall model fit was moderate (Chi-square = 55.706) (Table

8.1).
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The prediction curve derived from this model showed a rapid initial decrease in tremor
severity, followed by a plateau. Improvement was defined as the post-treatment total score
minus the baseline total score. This trend was supported by the significance of the quadratic
term and the dense clustering of follow-ups in the early phase. Based on the predicted curve
(Figure 2), clinical tremor recurrence was estimated to occur approximately 17 months
after treatment. Accordingly, postoperative MRI data were stratified into early
postoperative (ET-early, 0—14 months) and late postoperative (ET-late, >15 months) phases
based on the timing of each patient's follow-up MRI (Table 4, 5). The histogram
illustrating the percentage of tremor improvement in the early and late post-treatment stages
is presented in Figure 5.1 & 5.2, and the descriptive statistics (mean, maximum, minimum,

and standard deviation) for each group are provided in Table 6.

1.2 Longitudinal Analysis of FTM-TRS Selected Item Scores of the Treated

Hand

The GEE model revealed a significant overall reduction in selected tremor item scores over
time (Timeintervalm_ad: f = 0.739, p = 0.006), though this effect must be interpreted in the
context of time categorization and interaction terms. Significant improvements were found
at Day 1 (B =—8.709), Month 1 ( =—8.292), Months 7-14 (B = —9.128), and >15 months

(B=-17.454), all p <0.05, indicating robust short- and long-term efficacy.

A significant time interaction was noted at Months 4—6 (B = —3.898, p = 0.026). Baseline
tremor in the untreated hand (sel Lt c) was positively associated with treated-hand tremor

scores (B =0.477, p <0.001), suggesting that greater overall tremor burden was linked to
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worse treated-hand outcomes. However, its interaction with time was not significant. The
significant negative quadratic term (B = —0.01, p = 0.005) supports a nonlinear trajectory,
with initial rapid improvement followed by slower change. The model showed good fit

(Chi-square = 475.132, p < 0.001) (Table 8.2).

1.3 Longitudinal Analysis of Change in FTM-TRS Selected Item Scores of the

Treated Hand

The GEE model showed significant improvement in tremor scores at Day 1 (f = —8.424),
Month 1 (f =—7.626), and >15 months (f =—15.209), all p <0.01, as well as at Months 7—
14 (B =-10.063, p = 0.047). The continuous time variable approached significance (p =
0.06), suggesting a slight decrease in improvement over time. The quadratic term also
trended toward significance (B = —0.007, p = 0.074), indicating a possible nonlinear
trajectory. Interaction terms and sel Lt ¢ were not significant. Overall, early and late
effects were more stable, while mid-term effects were less consistent. Model fit was

moderate (Chi-square = 273.520) (Table 8.3).

This pattern mirrored that seen in Part A total score, with early gains tapering over time.
Improvement was defined as the post-treatment minus baseline sel Rt score. The model
adjusted for untreated-hand tremor (sel Lt c), fixed at the group mean in all predictions to

isolate the group-level trend.
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1.4 Sensitivity Analysis

A comparison between the original models (Table 6.1-6.3) and the sensitivity models
(Table 7.2-7.4) revealed largely consistent results across most variables (Table 7.1),
supporting the robustness of the main analysis. However, a notable discrepancy was
observed for the variable TRS category num_4, which corresponds to the 4-6 month
post-treatment interval. The differences in regression coefficients (Beta Diff) between the
original and sensitivity GEE models across all examined variables are illustrated in Figure

6.

It is important to note that in our study, the classification of post-MRgFUS MRI scans into
early (ET-early) and late (ET-late) stages was based on longitudinal changes in TRS-part A
scores, rather than fixed time intervals. Therefore, this discrepancy does not affect

subsequent analyses in this study.

Specifically:

o Inthe sel Rt model (total tremor score of the treated hand), the coefficient for
TRS category num 4 shifted from a positive value (+12.5) in the original model—
suggesting symptom worsening—to a negative value (—11.4) in the sensitivity
model, indicating symptom improvement.

e Inthe sel Rtimproved model (percentage tremor improvement, calculated as
(baseline—post—MRgFUS)/baselinex100(baseline — post-MRgFUS) / baseline x

100%(baseline—post—MRgFUS)/baselinex100), the coefficient also reversed
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direction, from —85.1 (implying substantial worsening) to +80.3 (suggesting marked

improvement).

This directional reversal indicates that inclusion of second-side procedure data in the
original model may have introduced bias, potentially inflating tremor severity or
underestimating clinical improvement in the 4-6 month post-treatment period. After
excluding these duplicated data points, the sensitivity model yielded a more consistent and

clinically plausible estimate, reflecting sustained therapeutic benefit during this interval.

These findings suggest that the sensitivity model offers a more conservative and reliable

estimation of treatment effects during the 4-6 month postoperative period.

2. Cross-Sectional Comparison (ET vs. HC)

2.1 DTI

In the comparison between ET patients and healthy controls, no significant DTI differences
were identified. In the early post-treatment phase, ET patients demonstrated increased FA
in the frontopontine tract associated with the non-treated hand. No significant changes were
observed in the ROIs associated with the treated hand. The corpus callosum as a whole
exhibited increased FA; regionally, increased FA was noted in the genu, body, and
splenium, with the splenium also showing decreased MD. In the late post-treatment phase,

no significant differences were detected in the ROIs corresponding to the non-treated hand,
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treated hand, or corpus callosum compared with healthy controls (Table 11.1-11.3, 13.1-

13.3, 15.1-15.3).

2.2 VBM

In the comparison between ET patients and healthy controls, voxel-based morphometry
revealed that the left inferior cerebellar peduncle (L_ICP, HCP482 atlas) associated with
the nondominant hand had significantly greater volume in ET patients (Coef = 0.105, p =
0.0244). For the dominant hand, greater volume was observed in the right middle cerebellar
peduncle (R MCP; Coef = 0.096, p = 0.0400) and the right inferior cerebellar peduncle
(R_ICP, HCP482 atlas; Coef = 0.082, p = 0.0256) in ET group. No significant differences

were found in the corpus callosum (Table 11.1-11.3).

In the early post-treatment phase, ET patients exhibited greater volume in the left dorsal
dentate nucleus associated with the non-treated hand (Coef = 0.041, p = 0.0159), whereas
the right dorsal dentate nucleus associated with the treated hand showed reduced volume
(Coef=-0.035, p = 0.0252) compared with healthy controls. No significant differences

were observed in the corpus callosum (Table 13.1-13.3).

In the late post-treatment phase, no significant volumetric differences were detected in the
ROIs corresponding to the non-treated hand, treated hand, or corpus callosum compared

with healthy controls (Table 15.1-15.3).
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3. Longitudinal Comparison (ET After vs. Before MRgFUS)

3.1 DTI

In the longitudinal comparison between ET patients and their baseline scans, no significant
DTI changes were observed in the early post-treatment phase for ROIs associated with the
non-treated hand, treated hand, or corpus callosum. In the late post-treatment phase, a
significant reduction in FA was detected in the right inferior cerebellar peduncle (R_ICP,
JHU atlas) associated with the treated hand (Coef =—-0.037, p = 0.0315), while no
significant changes were observed in the ROIs corresponding to the non-treated hand or

corpus callosum (Table 16.1-16.3, 18.1- 18.3).

3.2 VBM

In the longitudinal VBM analysis, the early post-treatment phase showed a significant
volume reduction in the right red nucleus associated with the non-treated hand compared
with baseline (Coef =—-0.004, p = 0.0271). No significant changes were observed in the
ROIs corresponding to the treated hand or corpus callosum. In the late post-treatment
phase, compared with baseline, the treated hand showed volume reductions in the right
middle cerebellar peduncle (R MCP; Coef =—-0.043, p = 0.256) and the right inferior
cerebellar peduncle (R_ICP, HCP482 atlas; Coef =—-0.049, p = 0.0240). No significant
differences were detected in the ROIs associated with the non-treated hand or corpus
callosum (Table 17.1-17.3, 19.1- 19.3).
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4. Summary of the cross-sectional and longitudinal analysis

Summary tables are available (Table 20.1 — 20.4).

5. Clinical correlation

5.1 Association Between Tremor Severity and Clinical Characteristics

5.1.1 Age at Onset, Family History, Disease Duration, age at operation, SDR

(skull density ratio)

Older onset age correlated positively with greater overall tremor severity (TRS) (Coef =
0.545, p < 0.05) and with greater tremor severity of the dominant hand (sel Rt) (Coef =
0.152, p <0.01). Disease duration was positively associated only with tremor severity of
the dominant hand (sel_Rt) (Coef = 0.209, p < 0.05) and showed no significant correlation
with tremor severity of the non-dominant hand (sel Lt) or overall tremor severity (TRS).
Both older onset age (Coef = 0.152, p < 0.01) and longer disease duration (Coef = 0.209, p

< 0.05) were positively correlated with greater dominant hand tremor severity. Family

history showed no significant correlation with tremor severity (Table 21.1).

5.1.2 Baseline volume of ROIs
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Bilateral VLp and the left Vim were positively correlated with tremor severity of the non-
dominant hand (sel Lt) (Coef=-1069.078, p = 0.044). Specifically, the left VLp (Coef =
24.148, p = 0.046), right VLp (Coef = 26.486, p = 0.038), and left Vim (Coef =22.712, p =
0.026) each showed significant positive correlations with sel Lt. Further analysis in the
healthy control group revealed that the right VLp had significantly greater gray matter
volume than the left VLp (mean difference = —0.023, 95% CI = [-0.035, —-0.011], p <
0.001). In contrast, no significant volumetric difference was observed between the left and
right Vim in healthy controls (left Vim mean = 0.533, right Vim mean = 0.536, mean

difference =—0.003, p = 0.5838) (Table 21.2- 21.4).

5.1.3 Baseline DTI scalar values of ROIs

At baseline, no ROI showed a significant association between DTI scalar values and tremor

severity (Table 21.5- 21.7).

5.2 Predictors of Outcome Following MRgFUS thalamotomy

5.2.1 Association Between Improvement of TRS score (In Percentage) and Clinical

Characteristics

Advanced age at the time of treatment was associated with greater improvement in overall
tremor severity (TRS) after treatment (Coef = 0.720, p < 0.05), with no significant benefit
observed for tremor improvement in either hand. Baseline disease burden (TRS) correlated

inversely with improvement in overall tremor severity (Coef =—0.612, p < 0.05) and
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showed no significant correlation with improvement in tremor of either hand. Baseline
tremor severity of the treated hand was not significantly correlated with its percentage of
improvement following treatment. Family history of tremor correlated positively with
improvement in overall tremor severity (TRS) (Coef =24.461, p < 0.05), whereas no
significant difference in the percentage of tremor reduction was observed in either hand.
Patients with a family history of tremor demonstrated greater improvement in overall
tremor severity and tremor severity of the non-treated hand compared with those without a
family history (n = 2), while improvement in tremor of the treated hand did not differ
between the two groups. A longer time interval between treatment and TRS evaluation
correlated inversely with the percentage of improvement in overall tremor severity (Coef =
—0.450, p <0.01) and in tremor of the non-treated hand (Coef =—-0.870, p < 0.001). No
significant correlation was found between time interval and tremor deterioration in the

treated hand. (Table 22.1)

5.2.2 Association Between Improvement of TRS score (In Percentage) and MRgFUS
Parameters
None of the MRgFUS treatment parameters analyzed showed a significant association with

tremor improvement after adjusting for timepoint as an independent covariate. (Table 22.2)

5.2.3 Association Between Improvement of TRS score (In Percentage) and ROI Volume
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No predictor was found for tremor severity (TRS total score, sel Rt, sel Lt) (Table 22.3-

22.5).

5.3 Summary of Predictors Associated with Tremor Improvement in Treated
and Non-Treated Hands

See Table 23.1 & 23.2.
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W ~ i3 Discussion

1. Longitudinal change in tremor severity after MRgFUS Vim

thalamotomy

MRgFUS provides rapid, durable, and unilateral tremor control in essential tremor.
Modeled predictions and graphical trajectories confirm that most therapeutic benefit occurs

within the first month and is maintained thereafter.

While tremor severity in the untreated hand (sel Lt) was significantly correlated with
absolute tremor scores in the treated hand (sel Rt), it was not predictive of change in
tremor score of the right hand after MRgFUS. That is to say, while baseline contralateral
tremor severity may reflect systemic burden, it does not predict treatment responsiveness
on the treated side, further supporting the localized, unilateral clinical effect of MRgFUS

thalamotomy.

2. DTI and VBM: Cross-sectional and Longitudinal Comparisons

The diagnosis of essential tremor (ET) is primarily based on clinical criteria. In contrast to
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, where the
distribution of pathological changes follows well-characterized patterns and diagnosis can
be confirmed post-mortem (Braak & Braak, 1991; Braak et al., 2003), there are currently no

definitive radiological or pathological markers for ET. Identifying structural characteristics
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of ET on MRI could enhance our understanding of the disease and move its diagnosis

beyond purely clinical grounds.

In this study, although no significant differences were observed in DTI indices between
essential tremor (ET) patients and healthy controls (HC) in cross-sectional comparisons,
longitudinal within-subject analyses (early vs. baseline) revealed significant microstructural
changes across multiple regions. This discrepancy may be attributable to differences in
statistical design. Longitudinal comparisons, being within-subject, control for inter-
individual variability and thus offer greater statistical power to detect subtle changes. In
contrast, cross-sectional comparisons are more susceptible to between-group heterogeneity
and reduced sensitivity. Moreover, baseline DTI indices in ET patients were likely
comparable to those of HC, making postoperative changes more detectable when compared

against each patient’s own pre-treatment status.

In the ET-early vs. HC comparison, all corpus callosum subregions (genu, body, splenium)
demonstrated increased FA, with the splenium additionally showing decreased MD. These
findings may reflect a microstructural compensatory adjustment in interhemispheric
connectivity during the early post-tremor onset phase, potentially aimed at improving motor
coordination. Following MRgFUS, the integration of motor and sensory information

between the two hemispheres may have been enhanced.

DTI changes were also observed in the right frontopontine tract (controlling the left hand),
which may indicate adaptive motor control reorganization for the non-dominant hand after
surgery. In the early postoperative period, patients might experience mild worsening of

tremor in the non-dominant (left) hand or an increased demand for compensatory
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modulation. The brain may recruit non-dominant hemisphere motor pathways to maintain

balanced bilateral motor output.

By the late postoperative stage (>14 months), no significant differences were found
between ET-late and HC, suggesting that the early microstructural remodeling is a
temporary and plastic process rather than a permanent injury or irreversible degeneration.
These DTI changes may represent a temporary regulatory mechanism that gradually
resolves as clinical symptoms stabilize and the nervous system re-establishes equilibrium,
indicating that the system has completed adaptation and integration without the need for

sustained recruitment of compensatory tracts.

In the longitudinal comparison of ET-late vs. baseline, a reduction in FA was observed in
pathways reliant on input from the inferior cerebellar peduncle (ICP) for tremor correction.
This may indicate a decreased demand for ICP-mediated sensory input over the long term.
Following treatment, the functional emphasis of cerebellar network activity may shift away
from an overreliance on external sensory input conveyed through the ICP. Such a
redistribution of network weighting could lead to structural weakening in previously

hyperactive pathways, as reflected by the observed DTI changes.

Bilateral enlargement of the inferior cerebellar peduncles (ICPs) may represent an
“amplification” or compensatory hypertrophy of sensory feedback pathways. The ICP
serves as a critical hub for integrating sensory inputs, receiving spinovestibular signals, and
contributing to postural control and error correction during movement by integrating

proprioceptive and vestibular information.
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Such volumetric increases may suggest that patients with ET rely excessively on sensory
input for movement correction during tremor. This finding supports the view that ET
represents a dysfunction of the broader sensorimotor network rather than an isolated motor
pathway abnormality. Chronic enlargement of the ICPs could reflect a sustained demand
for tremor-related motor adjustments, leading to long-term compensatory thickening of

these sensory feedback tracts.

Additionally, the increased volume of the middle cerebellar peduncle (MCP) on the
dominant-hand side may indicate greater involvement of cortical motor input pathways (via
the MCP) in tremor pathophysiology. This asymmetry could be related to the more frequent
use and greater symptom severity of the dominant hand, even when tremor is present in

both hands.

3. Clinical Correlation

3.1 Association Between Tremor Severity and Clinical Characteristics

In our study, we observed that patients with later onset of essential tremor (ET) exhibited
greater overall tremor severity (TRS) and more severe dominant-hand tremor (sel Rt)
compared with those with earlier onset, after controlling for disease duration. This finding
suggests that symptom progression is faster in late-onset ET, which is consistent with
previous reports. Notably, in our cohort, nearly all treated patients had an age at onset > 60

years, which aligns with the “late-onset” group definition in prior studies (Gironell et al.,
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2015; Louis et al., 2000). Although the correlation coefficient between age at onset and
dominant-hand tremor severity was higher than that for the non-dominant hand, the
difference did not reach statistical significance due to large inter-individual variability
(non-dominant hand: r=0.111, SE = 0.084; dominant hand: r = 0.152, SE = 0.048). To our
knowledge, prior studies examining the association between age at onset and tremor
severity have not separately analyzed dominant and non-dominant hands, and thus

comparative data in this regard are lacking.

We also found that longer disease duration was associated with more severe dominant-hand
tremor (sel_Rt), but not with overall tremor severity (TRS) or non-dominant hand tremor
(sel_Lt). This suggests that ET generally follows a slow disease course, and when
controlling for age at onset and family history, progression over time is less pronounced.
The observed dominant-hand—specific effect may reflect more frequent use of the dominant
hand, which, through neuroplastic changes, could strengthen tremor-related circuits and
amplify disease duration effects (coef = 0.209, p < 0.05). This same mechanism may also
explain why baseline tremor scores were slightly higher in the dominant hand compared

with the non-dominant hand (mean = 13.5 vs. 11.0; mean difference = 2.52, p = 0.006).

Finally, we did not identify a significant association between family history of ET and
tremor severity. However, interpretation is limited by sampling bias, as most patients in our

series reported a positive family history (only two patients without).
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In this study, we found that the volumes of both VLp and the left Vim were positively
correlated with non-dominant hand tremor severity (sel Lt) (L VLp: Coef=24.148,p =
0.046; R_VLp: Coef=26.486, p=0.038; L_Vim: Coef=22.712, p = 0.026). Further
analysis of the healthy control (HC) group revealed that the right VLp had significantly
greater gray matter volume than the left VLp (mean difference =—-0.023, 95% CI = [-0.035,
—0.011], p <0.001), whereas no significant volumetric difference was observed between
the left and right Vim (left Vim mean = 0.533; right Vim mean = 0.536; mean difference =

—0.003, p = 0.584).

Previous studies have shown that patients with dystonic tremor have larger VLp volumes
than HCs, with corresponding tremor-related activity detected in this region. The VLp is a
major recipient of output signals from the cerebellar dentate nucleus, and the Vim nucleus
constitutes part of the VLp. It remains unclear whether the enlarged VLp observed in
dystonic tremor is directly related to its abnormal pathophysiology, as the authors have not

provided a definitive explanation (Nieuwhof et al., 2022) .

In our comparison of ET baseline with HC, no significant VLp volumetric differences were
identified, making it uncertain whether similar enlargement to that reported in dystonic
tremor would emerge with a larger sample size and greater statistical power. Additionally,
in the ET baseline group, the left VLp exhibited significantly smaller VBM values than the
right VLp (mean difference = —0.023, p < 0.001), whereas no significant volumetric
asymmetry was found for the Vim (mean difference = —-0.0012, 95% CI =-0.0151 to
0.0127, p = 0.861). The reason for the observed left-right asymmetry in VLp volume

remains unclear. The lack of detectable volume differences in the Vim may be partly
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attributable to its relatively small anatomical size, which increases susceptibility to partial
volume effects and limits the sensitivity of voxel-based morphometry to detect subtle
structural changes. In contrast, the larger volume and broader anatomical extent of the VLp
may facilitate the detection of volumetric differences, potentially explaining why

significant associations were observed in the VLp but not in the Vim.

Regarding disease course and time-related factors, no significant association was found
between the time interval from treatment to TRS evaluation (months) and tremor
deterioration in the treated hand, suggesting that the therapeutic effect remained relatively
stable and, based on the present evidence, was not influenced by the length of the follow-up
interval. Patients with greater overall disease burden at baseline (higher baseline TRS total
scores) demonstrated less overall tremor improvement after treatment; however, baseline
TRS was not significantly associated with tremor improvement in either hand individually.
This may reflect that such patients experienced smaller improvements in functional
disability (TRS part C) or less improvement in tremor affecting non-hand body parts.
Regression analysis showed no significant correlation between improvement in TRS part C

and baseline TRS (coefficient =—0.230, p = 0.575) (Table 24.1).

Age at the time of treatment showed a certain association with symptom improvement.
When calculated using the TRS total score, older patients demonstrated greater
improvement, which may be related to a heightened perception of benefit or greater
satisfaction with tremor reduction in this age group, potentially introducing subjective bias

in scoring. To verify this hypothesis, TRS part C (patient self-reported assessment) was
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excluded, and regression was repeated using the sum of part A and part B scores only. The
results showed no significant association between the improvement in part A + part B total
scores and age at the time of treatment (Table 24.2). This suggests that the greater TRS
total score improvement observed in older patients was primarily attributable to subjective
improvements in daily functioning (part C), whereas objective motor performance did not
differ significantly from that of younger patients. Consistently, age at the time of treatment
was significantly positively correlated with improvement in TRS part C (coefficient =

1.790, p < 0.01) (Table 24.1), further supporting this interpretation.

Conversely, baseline TRS was not significantly correlated with improvement in part A +
part B total scores (Table 24.2), but was significantly negatively correlated with
improvement in TRS total scores (coefficient =—0.612, p = 0.037) (Table 22.1). This
suggests that patients with higher baseline TRS may have more limited improvement in
part C or less improvement in tremor affecting non-hand regions; however, this association

could not be definitively confirmed.

Neither SDR nor treatment parameters were significantly associated with clinical outcomes,

indicating that, in the present study, the patient group had SDR values within the

appropriate range and that the process of achieving lesioning was not a major determinant

of treatment efficacy.

With regard to family history, patients with a positive family history (the majority of our
cohort) demonstrated greater improvement in overall tremor severity and in tremor severity

of the non-treated hand compared with those without a family history (n = 2), while
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improvement in the treated hand did not differ between groups. Given the small number of

patients without a family history, the interpretability of this finding is limited.
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-~ ARG MRY Limitations

Several limitations in the present study should be acknowledged.

First, technical constraints in MRI data processing may have limited the sensitivity to
detect microstructural changes, particularly in regions with complex fiber
architecture. The cerebellar peduncles—especially the middle cerebellar peduncle (MCP)
and superior cerebellar peduncle (SCP)—are densely populated with crossing fibers from
multiple tracts, including the frontopontine, corticopontine, and pontocerebellar pathways
(in the MCP), and the dentatorubrothalamic tract (in the SCP). Traditional diffusion tensor
imaging (DTI), which relies on tensor-based models, often fails to accurately resolve fiber
orientations in such regions. As a result, microstructural changes may be averaged out or
underestimated in fractional anisotropy (FA) and mean diffusivity (MD) measurements.
The use of more advanced diffusion models such as neurite orientation dispersion and
density imaging (NODDI), constrained spherical deconvolution (CSD), or fixel-based

analysis (FBA) may provide better sensitivity in future investigations.

Second, structural changes at the voxel level may have been too subtle to be detected
by voxel-based morphometry (VBM). The neuropathological features of ET—such as
Purkinje cell loss or GABAergic dysfunction—are microscopic and may not translate into
detectable gray matter volume changes using standard VBM methods. Thus, while our
imaging findings provide insights at a macrostructural level, they may underestimate

underlying cellular or neurochemical alterations.
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Third, limitations in clinical assessment and study design may have introduced bias or
reduced statistical power. Tremor severity ratings (TRS scores) were not obtained through
blinded assessments, which may have introduced subjective bias. Additionally, the
relatively small sample size limited our ability to detect subtle volumetric differences or
group-level effects, particularly in the late follow-up group where attrition was high. The
time intervals for late follow-up assessments were also variable across participants,
introducing potential heterogeneity within the group. Moreover, cross-sectional
comparisons between ET and healthy controls may have been affected by within-group
variability and limited statistical power, making it difficult to detect subtle between-group

differences.

In future work, increasing the sample size, reducing variability in follow-up timing, and
applying more advanced diffusion modeling techniques may enhance the ability to detect
clinically and biologically meaningful changes in both microstructure and morphology.
Integrating other modalities, such as functional MRI or PET, may also provide
complementary information on network-level or metabolic alterations associated with ET

and its treatment.
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Fi sk

Figures
Figure 1. Schematic representation of the cerebello-thalamo-cortical network
involved in essential tremor.
Essential tremor (ET) is now widely considered a network disorder characterized by
abnormal oscillatory activity within a distributed cerebello-thalamo-cortical circuit. This
schematic illustrates key white matter tracts interconnecting major anatomical nodes
implicated in tremor generation. The blue line indicates the cortico-pontine tract, a key
component of the corticopontocerebellar pathway that connects the cerebral cortex to the
pontine nuclei and plays a crucial role in coordinating planned movements and motor
behavior. The purple line represents the pre-lemniscal radiation, which conveys
ascending sensory and motor signals by traversing the posterior subthalamic area and
connecting to motor-related regions including the primary and supplementary motor
cortices, orbitofrontal cortex, ventrolateral thalamus, globus pallidus, cerebellum, and
dorsal brainstem. The red line marks the Guillain—Mollaret triangle, a triangular circuit
linking the dentate nucleus, red nucleus, and inferior olivary nucleus, important for motor
coordination and control; abnormalities in this loop have been associated with various
neurological disorders. The green line depicts the spino-cerebellar tract, which relays
unconscious proprioceptive input from the spinal cord to the cerebellum, supporting
coordination and postural balance. The yellow line represents other interconnecting white

matter tracts that facilitate communication among motor-related brain regions. Together,
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these pathways form a network believed to underlie tremor generation in ET through

pathological entrainment among multiple interconnected nodes.
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Figure 2. GEE model-based prediction of longitudinal change in FTM-TRS Part A

total score (postoperative minus baseline) across timepoints
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Figure 3.1 Region mask editing with FSLeyes (Middle Cerebellar Peduncle)
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Figure 3.2.1 Region mask editing with FSLeyes (Superior Cerebellar Peduncle)
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Figure 3.2.2 Region mask editing with FSLeyes (Superior Cerebellar Peduncle)
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Figure 4. Contents of the TRS scale

Figure 4.1 TRS part A

Part A: Tremor Location/Severity Rating

Action/

1-10. Tremor: rate tremor

Rest Posture Intention Total

1. Face tremor XXXXXXXX
2. Tongue tremor XXXXXXXX
3. Voice tremor XXXX XXXXXXXX
4. Head tremor XXXXXXXX
5. RUE tremor
6. LUE tremor
7. Trunk tremor XXXXXXXX
8. RLE tremor
9. LLE tremor
10.Orthostaic

(trunk/legs when standing) XXXX XXXXXXXX

SUBTOTAL A:

1. Atrest (in repose), For head and trunk, when lying down.

2. With posture holding (UE-arms outstretched, wrists mildly extended, fingers spread apart;
LE-legs flexed at hips and knees), foot dorsiflexed; tongue-when protruded; head
and trunk when sitting or standing.

3. With action and intention (UE-finger to nose and other actions; LE-toe to finger in a flexed

posture).

0 = None

1 = Slight; barely perceivable.

May be intermittent.

2 = Moderate; amplitude <2 cm (extremities). May be intermittent.

3 = Marked; amplitude 2-4 cm (extremities).

4= Severe; amplitude > 4 cm (extremities).
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Figure 4.2 TRS part B

PART B: Specific Motor Tasks/Function Rating

Right Left Total

11. Handwriting (dominant only)

12. Drawing A:

13. Drawing B:

14. Drawing C:

15. Pouring

Subtotal Right : Subtotal Left : SUBTOTAL B:

1.

12-14.

15.

o) 0]
e (0]

|
(0]

|
(0]

|
(0]

|

Handwriting: Have a patient write the standard sentence “This is a sample of my best
handwriting,” sign his or her name, and write the date.

0 = Normal

1 = Mildly abnormal. Slightly untidy, tremulous

2 = Moderately abnormal. Legible but with considerable tremor.

3 = Markedly abnormal. lllegible.

4 = Severely abnormal. Unable to keep pencil or pen on paper without holding

hand down with the other hand

Drawings (See Figures A, B, and C below): Ask the patient to join both points of the
various drawings without crossing the lines. Test each hand, beginning with the lesser
involved without leaning the hand or arm on the table.

0 = normal

1 = Slightly tremulous. May cross lines occasionally.

2 = Moderately tremulous or crosses lines frequently.

3 = Accomplishes the task with great difficulty. Many errors.

4 = Unable to complete drawing.

Pouring: Use firm plastic cups (8 cm tall), filled with water to 1 cm from top. Ask patient
to pour water from one cup to another. Test each hand separately.

0 = Normal

1 = More careful than a person without tremor, but no water is spilled.

2 = Spills a small amount of water (up to 10% of total amount).

3 = Spills a considerable amount of water (10-50%).

4 = Unable to pour without spilling most of the water.

(O]
(O]
(0]
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Figure 4.3 TRS part C

Part C: Functional Disabilities Resulting from Tremor
Speaking

Eating

Drinking

Hygiene

Dressing

Writing
Working
Social activities

SUBTOTAL C:

TOTAL SCORE:

16. Speaking: This includes spastic dysphonia if present.
0 = Normal
1 = Mild voice tremulousness when nervous only.
2 = Mild voice tremor, constant.
3 = Moderate voice tremor.
4 = Severe voice tremor. Some words difficult to understand.

17. Feeding (other than liquids):
0 = Normal
1 = Mildly abnormal. Can bring all solids to mouth, spilling only rarely.
2 = Moderately abnormal. Frequent spills of peas and similar foods. May bring
head at least halfway to meet food.
3 = Marked abnormal. Unable to cut or uses two hands to feed.
4 = Severely abnormal. Needs help to feed.

18. Bringing liquids to mouth:
0 = Normal
1 = Mildly abnormal. Can still use a spoon, but not if it is completely full.
2 = Moderately abnormal. Unable to use a spoon. Uses cup or glass.
3 = Markedly abnormal. Can drink from cup or glass, but needs two hands.
4 = Severely abnormal. Must use a straw.
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Figure 5.1 Distribution of improvement rates in total tremor severity (TRS), treated hand
(sel_Rt), and untreated hand (sel Lt) during the early post-treatment phase. Percent
improvement was calculated as (pre — post)/pre x 100%. Positive values indicate symptom

improvement, while negative values indicate worsening.
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Figure 5.2 Distribution of improvement rates in total tremor severity (TRS), treated hand
(sel_Rt), and untreated hand (sel Lt) during the late post-treatment phase. Percent
improvement was calculated as (pre — post)/pre x 100%. Positive values indicate symptom

improvement, while negative values indicate worsening.
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Figure 6

Coefficient differences (Beta_Diff) between the sensitivity and original generalized
estimating equation (GEE) models across all examined variables, plotted against the
negative logarithm of the p-value (—logio(p_diff)). Two variables exhibited statistically
significant differences (p_diff <0.05) and are highlighted using distinct grayscale markers:
a black square for se/ Rt: TRS category num 4 and a dark gray diamond for

sel Rtimproved: TRS category num_4. These variables show substantial shifts in
coefficient direction between models, consistent with the impact of excluding repeated

second-side procedure data in the sensitivity analysis.

Note: In the sensitivity model, data from ET001L and ET010R were excluded. To maintain
balanced group sizes across time intervals, ETO10R's follow-up MRI at 7 months post-

treatment was categorized as part of TRS category num = 4 (i.e., the 4—6 month interval).
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Tables

Table 1. Main Cerebellar Input and Output Pathways

Table 1.1 Main Cerebellar Input Pathways

Deep Nuclei Cerebellar Peduncle Main Output Targets or Equivalent

Dentate Nucleus Superior Cerebellar Peduncle Ventrolateral nucleus of thalamus (VL), parvocellular red nucleus
Interposed Nuclei Superior Cerebellar Peduncle VL, magnocellular red nucleus

Fastigial Nuclei Superior Cerebellar Peduncle VL, tectum

Modified from (Lingford-Hughes & Kalk, 2012)
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Table 1.2 Main Cerebellar Output Pathways

Input Pathway Main Origin(s) of  Cells Projecting to Cerebellar Peduncle
Input Cerebellum
Pontocerebellar fibers Cortex Pontine nuclei Middle Cerebellar Peduncle

Spinocerebellar pathways
Dorsal spinocerebellar tract ~ Leg proprioceptors
Cuneocerebellar tract Arm proprioceptors
Ventral spinocerebellar tract Leg interneurons
Rostral spinocerebellar tract  Arm interneurons

Climbing fibers Red nucleus,
cortex, brainstem,
spinal cord

Nucleus dorsalis of Clark
External cuneate nucleus
Spinal cord neurons
Spinal cord neurons

Inferior olivary nucleus

Inferior Cerebellar Peduncle

Inferior Cerebellar Peduncle

Superior Cerebellar Peduncle

Superior & Inferior Cerebellar Peduncles

Inferior Cerebellar Peduncle

Modified from (Lingford-Hughes & Kalk, 2012)
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Table 2.1.1 The selection for each ROI (DTI)

ROI

Importance

“Long tracts”

Cerebellum

Corpus Callosum

Corticospinal tract

Frontopontine tract

Medial lemniscus
M1-Vim projection

Motion execution; possible implication in side-
effects

Tract lesion lead to ET tremor resolution
Possible implication in side-effects

Corpus callosum- Genu
Corpus callosum- Body
Corpus callosum- Splenium
Corpus callosum- Combined

Motion execution; possible implication in side-effects

Motion coordination; Tract lesion lead to ET tremor
resolution

Possible implication in side-effects

Motion execution; Vim as lesioning target

Cerebellum conduits

Tremor worsened in untreated hand after MRgFUS
thalamotomy
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Table 2.1.2 The selection rationale for each ROI (VBM)

ROI Importance
Cortex Pre-supplementary motor area
(preSMA) Cortical regions associated with motor planning, initiation,
Supplementary motor area (SMA) and execution
Primary motor cortex (M1)
Thalamus Lesion target; relay cerebellar output to motor cortical
Ventral intermediate nucleus (Vim) regions
Encompasses Vim; relay cerebellar output to motor cortical
Ventral lateral posterior (VLp) regions
Cerebellum Superior cerebellar peduncle (SCP) Cerebellar conduits
Middle cerebellar peduncle (MCP)
Inferior cerebellar peduncle (ICP)
Dorsal dentate nucleus Major cerebellar output nucleus
Red Nucleus Relay node within tremor network

Corpus Callosum

Corpus callosum- Genu
Corpus callosum- Body
Corpus callosum- Splenium
Corpus callosum- Combined

Tremor worsened in untreated hand after MRgFUS
thalamotomy
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Table 2.2.1 Summary of DTI Findings from Prior Cross-sectional Studies Comparing ET and HC

ROI Main Findings References
(Gallea et al., 2015)
TFA
Corticospinal tract
lFA, TMD (Pietracupa et al., 2019)
Corticospinal tract - L FA<—, TMD (Saini et al., 2012)
“Long tracts” s
Corticospinal tract - R TFA, MD < (e G all, AV12)
Frontopontine tract -
Medial lemniscus -
M1-Vim projection FA <, IMD (Revuelta et al., 2019)
) (Nicoletti et al., 2010; Pietracupa et al.,
Superior cerebellar peduncle (SCP) lFA, TMD 2019: Tikoo et al., 2020)
Cerebellum |FA (Klein et al., 2011)
Superior cerebellar peduncle - L
1FA, MD « (Saini et al., 2012)
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Superior cerebellar peduncle - R

Middle cerebellar peduncle (MCP)

Middle cerebellar peduncle - L

Middle cerebellar peduncle - R

Inferior cerebellar peduncle (ICP)

Inferior cerebellar peduncle (ICP)- L

Inferior cerebellar peduncle (ICP)- R
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FA <, MD <

FA <, MD <

|FA, 1MD

FA <, MD <

FA <, MD <

|FA, 1MD

FA <, 1MD

FA <, MD <

|FA, 1MD

FA <, MD «

(Klein et al., 2011; Nicoletti et al., 2010)

(Nicoletti et al., 2010; Saini et al., 2012)

Pietracupa et al., 2019; Tikoo et al., 2020)

(Klein et al., 2011)

(Klein et al., 2011)

(Tikoo et al., 2020)

(Klein et al., 2011)

(Saini et al., 2012)

(Klein et al., 2011);

(Nicoletti et al., 2010)

doi:10.6342/NTU202504209



(Saini et al., 2012; Tantik Pak et al.,

Corpus callosum- Genu FA <, MD < 2021)
Corpus Corpus callosum- Body IFA (Tantik Pak et al., 2021)
Callosum
Corpus callosum- Splenium FA & (Tantik Pak et al., 2021)
Corpus callosum- Combined IFA (Prasad et al., 2018)
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Table 2.2.2 Summary of VBM Findings from Prior Cross-sectional Studies Comparing ET and HC

ROI Main Findings References
Pre-supplementary motor area )
(preSMA)
Cortex Supplementary motor area (SMA) -
Primary motor cortex (M1) 1 (Lin et al., 2013)
Ventral intermediate nucleus (Vim) | bilateral thalamus (Pietracupa et al., 2019)
Thalamus
Ventral lateral posterior (VLp) -
Superior cerebellar peduncle (SCP) «>; | R-SCP (ET + cerebellar s/sx) (Prasad et al., 2019)
Middle cerebellar peduncle (MCP) ! (Prasad et al., 2019)
Cerebellum
Inferior cerebellar peduncle (ICP) ! (Prasad et al., 2019)
(Dorsal) dentate nucleus PN (Dyke et al., 2017)
Red nucleus !
93

doi:10.6342/NTU202504209



Corpus Callosum

Corpus callosum- Genu

Corpus callosum — Body

Corpus callosum - Splenium

Corpus callosum - Combined
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Table 2.3.1 Summary of Longitudinal DTI Changes in ET Patients Following MRgFUS Vim Thalamotomy: Evidence from Prior

Studies

ROI

Main Findings

References

“Long tracts”

Cerebellum

Corpus Callosum

Corticospinal tract

Frontopontine tract

Medial lemniscus

M1-Vim projection

Superior cerebellar peduncle (SCP)

Middle cerebellar peduncle (MCP)

Inferior cerebellar peduncle (ICP)

Corpus callosum- Genu

Corpus callosum- Body

Corpus callosum- Splenium

(non-tx side) no change at 3 months

(tx side) [FA, &~MD

(non-tx side) no change at 3 months

(tx side) «FA, -MD
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Corpus callosum- Combined
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Table 2.3.2 Summary of Longitudinal VBM Changes in ET Patients Following MRgFUS Vim Thalamotomy: Evidence from Prior

Studies
ROI Main Findings References
Pre-supplementary motor area )
(preSMA)
Cortex Supplementary motor area (SMA) -
Primary motor cortex (M1) -
) ) : | at 6m (Krauss et al., 2025)
Ventral intermediate nucleus (Vim) *No correlation with tremor reduction
Thalamus 1
) | at 6m (Krauss et al., 2025)
Ventral lateral posterior (VLp) *No correlation with tremor reduction
Superior cerebellar peduncle (SCP)
Cerebellum Middle cerebellar peduncle (MCP) -

Inferior cerebellar peduncle (ICP)
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Corpus Callosum

(Dorsal) dentate nucleus

Red nucleus

Corpus callosum- Genu

Corpus callosum — Body

Corpus callosum - Splenium

Corpus callosum - Combined
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Table 3.1 Basic clinical information

Onset Age Disease Age at Family N
(year) Duration surgery History of

(year) (year) tremor
Min 13.2 Min 0.4 Min 202+ 17
Max 773  Max 40 Max 789 - 3
Mean 477 Mean 146 Mean 62.3
SD 19.01 SD 12.41 SD 14.46
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Table 3.2 Comorbidities

N N N
Nil 5 Psychiatric disease 1 Asthma 1
Hypertension 5 Anemia 1 Hemorrhoids 1
Diabetes 2 Tumors 4  Cataract 1
Dyslipidemia 4  Fatty liver 1 Urticaria 1
Renal impairment 1 Inguinal hernia 1 Thyroid disease (thyroidectomy) 1
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Table 4 The distribution of baseline, early, and late MRI data and their corresponding intervals from the nearest TRS assessment.

MRI-early (months

MRI-late (months after

Subject after surgery) MRI-TRS interval (days) surgery) TRS-MRI interval (days)
ETO001 6 0 17 0
ET002 6 3 61 0
ET003 6 20 NA NA
ET004 NA NA 55 0
ETO005 NA NA NA NA
ETO006 NA NA 17 0
ETO007 NA NA 42 0
ET008 7 17 NA NA
ETO009 NA NA NA NA
ETO010 7 0 28 40
ETO10R 7 0 NA NA
ETO11 NA NA NA NA
ETO012 NA NA NA NA
ETO13 NA NA 28 0
ETO15 8 0 19 0
ETO17R 7 0 NA NA
ETO018 6 0 NA NA
ETO019 9 0 NA NA
ET020 7 0 NA NA
PDET003 9 0 NA NA
PDET004 10 0 NA NA
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ETO010R: After undergoing left Vim thalamotomy, patient ET010 received a subsequent right Vim thalamotomy and was re-
designated as ETO10R.

ETO017R: A left-handed patient who underwent right Vim thalamotomy.

ET004: MRgFUS treatment failed (unable to reach the therapeutic temperature); the patient subsequently underwent

radiofrequency ablation thalamotomy, with follow-up MRI performed 55 months postoperatively.
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Table S Number of MRI datasets for ET at baseline, early, and late postoperative phases.

Baseline Early Late

N 21 13 (12) 8

e After undergoing left Vim thalamotomy, ET010 subsequently received right Vim
thalamotomy. This was counted as a separate case, resulting in a total of 21 baseline
(preoperative) datasets. However, this particular dataset was excluded from the ET
baseline vs. HC comparison.

e The MRI performed for ETO15 during the ET-early phase was used exclusively for

VBM analysis, as it did not contain the necessary data for DTI analysis.
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Table 6. Descriptive Statistics of Tremor Improvement: Early vs. Late Post-Treatment

Stages
TRS %improved  sel Rt%improved  sel Lt%improved
Early post-
treatement mean 46.9 55.0 2.6
n=13 median 49 .4 58.3 0.0
SD 18.66 17.30 29.88
Late post-
treatement mean 32.8 41.6 -21.1
n=7 median 40.3 46.7 -5.0
SD 15.22 19.98 38.99

*Improvement of TRS/ sel Rt/ sel Lt in percentage: (pre-post)/pre *100)
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Table 7 Healthy Control Demographics

ALL HC  Mean Age SD Male Female

n=23 59.7 18.1 13 10

e Two-sample T test with equal variances: p= 0.5238 (p >0.005); failed to reject HO

There was no significant difference of age when HC and ET groups are compared

(p=0.5238)
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Table 8.1: GEE Model Results — FTM-TRS Part A Change (Post-MRgFUS — Baseline) vs.

Time
TRSA change Coef. St.Err. t- p- [95%  Interval] Sig
value  value Conf
Timeintervalm .108 057 1.90 058 -.004 219 *
ad
TRS category 0
num
1 -4.685 725 -6.46 0 -6.107 -3.264  ***
2 -3.724 923 -4.04 0 -5.533 -1.915  ***
3 3.937 8.443  0.47 641 -12.61 20.485
4 -10.14 11.599 -0.87 382 -32.873 12.594
5 -6.214 6.736  -0.92 356 -19.416 6.988
6 -7.48 2.154 347 .001 -11.701 -3.258  k**
TRS category 0
num#Timeinter
valm ad
1" 0
27 0
3 -2.686 2.867 -0.94 349 -8.306 2.934
4 .92 1.928  0.48 .633 -2.859 4.7
5 .007 556 0.01 99 -1.083 1.096
6" 0
time sq -.007 005 -1.21 228 -.017 .004
Constant 0 707 0.00 1 -1.385 1.385
Mean dependent var -3.000 SD dependent var 3.852
Number of obs 92 Chi-square 55.706

®E% p< (01, ** p<.05, * p<.1 Tomitted due to collinearity
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Timeintervalm _ad= Time since MRgFUS (month)

TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#Timeintervalm_ad: interaction term between the categorical variable

TRS category num and the continuous variable Timeintervalm_ ad
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Table 8.2 GEE Model Results — Treated Hand FTM-TRS (Selected Items) vs. Time

sel Rt Coef. St.Err. t- p- [95% - Interval] Sig
value  value Conf

Timeintervalm 739 268 2.76 .006 214 1.265 ***

ad

TRS category n 0

um

1 -8.709 446 -19.52 0 -9.583 -7.834  kxx

2 -8.292 638 -12.99 0 -9.543 -7.041  Fx*

3 -7.343 5277  -1.39 164 -17.686 3.001

4 12.532 10.277 1.22 223 -7.611 32.676

5 -9.128 4191 -2.18 .029 -17.343 -914  **

6 -17.454 4285 -4.07 0 -25.853 -9.056  Hx*

TRS category n 0

um#Timeinterva

Im_ad

1" 0

2t 0 . . . . .

3 -.578 1.812  -0.32 75 -4.129 2.974

4 -3.898 1.755 -2.22 026 -7.338 -458  **

5 -468 396 -1.18 238 -1.245 309

67 0 . . . . .

sel Lt ¢ 477 102 4.68 0 277 676 HEx

sel Lt c# -.002 005  -0.36 72 -.013 .009

Timeintervalm

ad

TRS category n 0

um#c.sel Lt ¢

1 -324 091  -3.57 0 -.502 - 146 ***

2 -.144 A17 0 -1.23 22 -373 .086

3 -.174 105 -1.67 .095 -.379 031 *

4 -278 A2 =232 .02 -513 -.043  **

5 -.337 A7 0 -1.98 047 -.671 -.004  **

6 026 24 0.11 915 -444 495

time sq -.01 004  -2.81 .005 -.017 -.003  Hkx

Constant 13.717 623 22.01 0 12.495 14.938  ***

Mean dependent var 7.789 SD dependent var 4.531

Number of obs 90 Chi-square 475.132

®E% p< (0, ** p<.05, * p<.1 Tomitted due to collinearity
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sel Rt = Summation of specific items (rest, posture and action/intention tremor from TRS
part A item 5, TRS part B item 12~14 of the treated hand) addressing tremor severity of
the treated hand

Timeintervalm_ad= Time since MRgFUS (month)

TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#Timeintervalm_ad: interaction term between the categorical variable
TRS category num and the continuous variable Timeintervalm_ad

sel Lt c: the mean-centered version of sel Lt, the summation of specific items (rest,
posture and action/intention tremor from TRS part A item 6, TRS part B item 12~14 of
the non-treated hand) addressing tremor severity of the non-treated hand

sel Lt c# Timeintervalm_ad: interaction term between the categorical variable

TRS category num and the continuous, centered variable sel Lt c

TRS category num#tc.sel Lt c: interaction term between the categorical variable

TRS category num and the continuous, centered variable sel Lt ¢

time_sq: the squared term of the variable Timeintervalm_ad
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Table 8.3: GEE Model Results — FTM-TRS (Selected Items) Change in the Treated Hand
vs. Time

Change = Post-MRgFUS — Baseline

sel Rt num_cha Coef. St.Err. t- p- [95%  Interval] Sig
nge value  value Conf

Timeintervalm 587 312 1.88 .06 -.024 1.198 *
ad

TRS category n 0

um

1 -8.424 562 -14.99 0 -9.525 -7.323  Hkx
2 -7.626 772 -9.88 0 -9.139 -6.114  ***
3 -8.368 6.251 -1.34 181 -20.619 3.882

4 11.386 12.458 091 361 -13.032 35.804

5 -10.063 5.066 -1.99 .047 -19.993 -134  **
6 -15.209 4.966 -3.06 .002 -24.943 -5.476  H**
TRS category n 0

um#Timeinterva

Im_ad

1" 0

2t 0 . . . . .

3 .058 2.143 0.03 978 -4.142 4.258

4 -3.582 2,127  -1.68 092 -7.75 .586 *
5 -.302 475 -0.64 525 -1.233 .629

67 0 . . . . .

sel Lt ¢ -.036 067  -0.53 594 -.168 .096

time sq -.007 004  -1.78 074 -.015 .001 *
Constant -018 S501 -0.04 971 -1 .964
Mean dependent var -5.444 SD dependent var 3.955
Number of obs 90 Chi-square 273.520

®E% p< (01, ** p<.05, * p<.1 Tomitted due to collinearity

sel Rt num_change = Change (post-MRgFUS — baseline) in total score from the specific
items in FTM (rest, posture and action/intention tremor from TRS part A item 5, TRS
part B item 12~14 of the treated hand)

Timeintervalm _ad= Time since MRgFUS (month)

110
doi:10.6342/NTU202504209



TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#Timeintervalm_ad: interaction term between the categorical variable
TRS category num and the continuous variable Timeintervalm_ad

sel Lt c: the mean-centered version of sel Lt, the summation of specific items (rest,
posture and action/intention tremor from TRS part A item 6, TRS part B item 12~14 of
the non-treated hand) addressing tremor severity of the non-treated hand

time_sq: the squared term of the variable Timeintervalm_ad
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Table 9.1 Sensitivity Analysis — FTM-TRS Part A Change (Post-MRgFUS — Baseline) vs.

Time (Excluding Second-Side Procedures)

GEE model result- sensitivity analysis (full, includes time sq)

TRSA change Coef. St.Err. t- p- [95%  Interval] Sig
value  value Conf

Timeintervalm_a .61 415 1.47 141 -.203 1.423

d

TRS category n 0

um

1 -4.268 759 -5.63 0 -5.755 -2.7781 A

2 -4.086 1.031  -3.96 0 -6.106 -2.066

3 3.779 8.387  0.45 652 -12.661 20.218

4 -7.26 255 -2.85 .004 -12.258 -2.262  Fx*

5 -6.902 6.723  -1.03 305 -20.079 6.274

6 -14.982 6.608  -2.27 023 -27.933 -2.031  **

TRS category n 0

um#

Timeintervalm_a

d

1" 0

27 0 . . . . .

3 -3.025 2.879 -1.05 294 -8.668 2.619

4t 0 . . . . .

5 -.353 .63 -0.56 576 -1.589 .883

67 0 . . . . .

time sq -.007 005 -1.22 222 -.017 .004

Constant 0 719 -0.00 1 -1.409 1.409

Mean dependent var -2.812 SD dependent var 3.740

Number of obs 85 Chi-square 46.391

®E% p< (01, ** p<.05, * p<.1 Tomitted due to collinearity

Timeintervalm_ad= Time since MRgFUS (month)

TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#tTimeintervalm_ad: interaction term between the categorical variable

TRS category num and the continuous variable Timeintervalm_ ad
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time_sq: the squared term of the variable Timeintervalm_ad
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Table 9.2 Sensitivity Analysis — Treated Hand FTM-TRS (Selected Items) vs. Time

(Excluding Second-Side Procedures)

GEE model result-sensitivity analysis

sel Rt Coef. St.Err. t- p- [95%  Interval] Sig
value  value Conf

Timeintervalm_a 753 237 3.17 .002 287 1.218  ***

d

TRS category n 0

um

1 -8.678 419 -20.72 0 -9.499 -7.857 A

2 -8.322 S75  -14.48 0 -9.448 -7.195 A

3 -6.904 4.648 -1.49 137 -16.014 2.206

4 -11.351 1.444  -7.86 0 -14.181 -8.521  ***

5 -8.897 3.705 -2.40 016 -16.158 -1.636  **

6 -17.515 3.792 -4.62 0 -24.946 -10.084  ***

TRS category n 0

um#

Timeintervalm_a

d

1" 0

27 0 . . . . .

3 -.799 1.598  -0.50 617 -3.932 2.334

4t 0 . . . . .

5 -.499 351 -1.42 155 -1.186 188

67 0 . . . . .

sel Lt ¢ 5 086  5.80 0 331 669 ok

sel Lt c# -.002 005 -0.33 743 -.011 .008

Timeintervalm_a

d

TRS category n 0

um# c.sel Lt ¢

1 -.345 082 -4.23 0 -.505 - 185 Hwx

2 -.16 104 -1.54 125 -.364 .044

3 -.176 094 -1.88 .06 -.359 .008 *

4 -.245 108 -2.27 023 -457 -.034  k*

5 -.359 JA51 -2.38 017 -.655 -.063  **

6 -.005 213 -0.02 981 -422 412

time sq -.01 003 -3.25 .001 -.016 -.004  Hkx

Constant 13.25 508 26.07 0 12.254 14.247 ***

Mean dependent var 7.253 SD dependent var 4.126

Number of obs 83 Chi-square 553.478

®E% p< (01, ** p<.05, * p<.1 Tomitted due to collinearity
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sel Rt = Summation of specific items (rest, posture and action/intention tremor from TRS
part A item 5, TRS part B item 12~14 of the treated hand) addressing tremor severity of
the treated hand

Timeintervalm_ad= Time since MRgFUS (month)

TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#tTimeintervalm_ad: interaction term between the categorical variable
TRS category num and the continuous variable Timeintervalm_ ad

sel Lt c: the mean-centered version of sel Lt, the summation of specific items (rest,
posture and action/intention tremor from TRS part A item 6, TRS part B item 12~14 of
the non-treated hand) addressing tremor severity of the non-treated hand

sel Lt c# Timeintervalm_ad: interaction term between the categorical variable

TRS category num and the continuous, centered variable sel Lt ¢

TRS category num#tc.sel Lt c: interaction term between the categorical variable

TRS category num and the continuous, centered variable sel Lt c

time_sq: the squared term of the variable Timeintervalm_ad
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Table 9.3 Sensitivity Analysis — FTM-TRS (Selected Items) Change in the Treated Hand
vs. Time (Excluding Second-Side Procedures)

Change = Post-MRgFUS — Baseline

GEE model result-sensitivity analysis

Coef. St.Err. t- p- [95%  Interval] Sig
sel Rt num_chan value  value Conf
ge
Timeintervalm_a .592 319 1.86 .063 -.033 1.218 *
d
TRS category n 0
um
1 -8.307 .605 -13.73 0 -9.494 -7.121  Fx*
2 -7.655 799 -9.59 0 -9.22 -6.089  ***
3 -8.097 6.417 -1.26 207 -20.674 4.48
4 -10.469 1.963  -5.33 0 -14.316 -6.623  H**
5 -9.885 5191  -1.90 057 -20.06 .289 *
6 -15.279 5.087 -3.00 .003 -25.25 -5.308  H**
TRS category n 0
um#
Timeintervalm_a
d
1" 0
2t 0 . . . . .
3 -.07 2203 -0.03 975 -4.388 4.249
47 0 . . . . .
5 -.322 486  -0.66 508 -1.275 .632
67 0 . . . . .
sel Lt ¢ -.031 071  -0.44 .66 - 17 .108
time sq -.007 004 -1.76 078 -.015 .001 *
Constant -.019 544 -0.03 972 -1.086 1.048
Mean dependent var -5.506 SD dependent var 3.974
Number of obs 83 Chi-square 237.298

®E% p< (01, ** p<.05, * p<.1 Tomitted due to collinearity

sel Rt num_change = Change (post-MRgFUS — baseline) in total score from the specific

items in FTM (rest, posture and action/intention tremor from TRS part A item 5, TRS
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part B item 12~14 of the treated hand)

Timeintervalm_ad= Time since MRgFUS (month)

TRS category num= Category of time interval since MRgFUS (0: baseline, 1: 1 day, 2: 1
month, 3: 2-3 months, 4: 4-6 months, 5: 7-14 months, 6: 15 months and up)

TRS category num#tTimeintervalm_ad: interaction term between the categorical variable
TRS category num and the continuous variable Timeintervalm_ad

sel Lt c: the mean-centered version of sel Lt, the summation of specific items (rest,
posture and action/intention tremor from TRS part A item 6, TRS part B item 12~14 of
the non-treated hand) addressing tremor severity of the non-treated hand

time_sq: the squared term of the variable Timeintervalm_ad
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Table 10.1 DTI Regression summary: ET vs. HC by Region (Dominant hand)
Adjusted for age, sex and TRS total score

Regression summary: ET vs. HC by Region (Dominant hand)

Region
FAC FAp FAp FAp MDC MDp MDp MDp
oef val raw FDR oef val raw FDR
- 0.222 0.678 1
L Corticospin  0.014 4 0.222 0445 0.015 9 0.679
al Tract
- 0.131 0.210
L Frontopont  0.019 4 0.131 0350 0.053 9 0211  0.562
ine Tract
0.392 - 0.860
L Medial Le  0.016 9 0393 0.524 0.005 5 0.860  0.983
mniscus
L M1Vim - 0313 - 0.792 1
0.019 6 0314 0.502 0.008 9 0.793
R _SCP 0.660 0.947
0.008 0 0.660 0.754 0.004 4 0.947  0.947
R_MCP 0.018 0.564 1
0.030 7* 0.019 0.075 0.010 3 0.564
0.017 - 0.144
R ICP HCP4 0.037 O* 0.017 0.136 0.058 3 0.144  0.577
82
R _ICP JHU 0.692 - 0.056
0.008 4 0.692 0.692 0.107 9 0.057  0.455

5% < 0,001, ** p < 0.01, * p < 0.05
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Table 10.2 DTI Regression summary: ET vs. HC by Region (Non-dominant hand)

Adjusted for age, sex and TRS total score

Regression summary: ET vs. HC by Region (Non-dominant hand)

Region
FAC FAp FAp FAp MDC MDp MDp MDp
oef val raw FDR oef val raw FDR
- 0.087 0.271
R_Corticospi 0.020 8 0.088 0.702 0.033 0 0.271  0.723
nal_Tract
- 0.205 0.334
R Frontopont  0.014 0 0.205 0.820 0.052 O 0.334  0.668
ine Tract
0.383 - 0572
R Medial Le  0.016 6 0384 0.767 0.022 7 0.573  0.655
mniscus
R M1Vim - 0.537 0.382
0.011 0 0.537 0.716 0.026 2 0.382 0.612
L SCP 0.401 - 0212
0.017 5 0.401 0.642 0.061 9 0.213  0.852
L MCP 0.780 0.827
0.004 5 0.780  0.780  0.004 7 0.828  0.828
0.237 - 0.110
L ICP HCP4  0.020 8 0.238 0.634 0.054 1 0.110  0.881
82
L ICP JHU 0.774 - 0472
0.006 2 0.774 0.885 0.034 3 0.472  0.630

5% < 0,001, ** p < 0.01, * p < 0.05

119
doi:10.6342/NTU202504209



Table 10.3 DTI Regression summary: ET-late vs. HC by Region (Corpus Callosum)

Adjusted for age, sex and TRS total score

Regression summary: ET vs. HC by Region (Corpus Callosum)

Region FA Coef FA pval MD Coef MD pval
Corpus_Callosum_Genu 0.012 0.6665 0.021 0.8399
Corpus_Callosum Body -0.002 0.9535 -0.067 0.3549
Corpus_Callosum_Splenium 0.003 0.9054 -0.039 0.6496

0.002 0.9322 -0.026 0.7287

Corpus Callosum Combined

5% < 0,001, ** p < 0.01, * p < 0.05
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Table 11.1 VBM ET vs. HC (Dominant Hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined
L preSMA 0.063 0.1007
L SMA -0.054 0.2265
L Ml 0.039 0.2357
L VIM -0.067 0.2754
L VLp -0.053 0.3754
R Dorsal Dentate Nucleus -0.005 0.7424
L Red Nucleus -0.002 0.6518
TRS -0.000 .

Region Coef Pval combined

R SCP 0.097 0.0766
R MCP 0.096 0.0400*

0.105 0.0256*
R_ICP_HCP
482
R ICP_JHU 0.082 0.1319
TRS -0.000 .
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Table 11.2 VBM ET vs. HC (Non-dominant Hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined
R _preSMA 0.060 0.1258
R SMA 0.053 0.4201
R Ml -0.002 0.9341
R VIM -0.060 0.2756
R VLp -0.067 0.2167
L Dorsal Dentate Nucleus 0.021 0.1174
R Red Nucleus 0.004 0.1983
TRS -0.000 .

Region Coef Pval combined

L SCP 0.096 0.0849
L MCP 0.090 0.0583

0.105 0.0244*
L ICP_HCP
482
L ICP JHU 0.091 0.0968
TRS -0.000 .
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Table 11.3 VBM ET vs. HC (Corpus callosum)

Adjusted for age, sex and TRS total score

Region Coef Pval combined
Corpus_Callosum_Genu 0.068 0.2335
Corpus_Callosum Body 0.059 0.2606
Corpus_Callosum_Splenium 0.077 0.2130

0.068 0.2189
Corpus_Callosum_ Combined
TRS -0.000
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Table 12.1 DTI Regression summary: ET-early vs. HC by Region (Treated hand)

Adjusted for age, sex and TRS total score

Region
FAC FAp FAp FAp MDC MDp MDp MDp
oef val raw  FDR oef val raw  FDR
- 0.055 0.282
L Corticospin  0.054 9 0.056 0.126  0.085 7 0.283  0.509
al Tract
- 0.130 0.079
L Frontopont  0.062 6 0.131  0.168 0.150 5 0.079  0.715
ine Tract
0.036 0.116
L Medial Le  0.096 9* 0.037 0.111 0.147 4 0.116  0.524
mniscus
L M1Vim - 0.090 0.172
0.089 9 0.091 0.164 0.117 2 0.172  0.517
R _SCP 0.033 - 0.383
0.122 7* 0.034 0.152 0.131 4 0.383  0.575
R_MCP 0.178 0.831
0.045 0 0.178 0.200 0.013 1 0.831 0.935
0.021 - 0.235
R ICP HCP4 0.095 7* 0.022 0.195 0.112 6 0.236  0.530
82
R _ICP JHU 0.444 - 0.754
0.045 7 0.445 0.445 0.049 1 0.754  0.970
MRI time 0.122 . . 1
(covariate) 0.005 4 0.122 0.184

6% p< 0,001, ** p < 0.01, * p < 0.05
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Table 12.2 DTI Regression summary: ET-early vs. HC by Region (Non-treated hand)

Adjusted for age, sex and TRS total score

Region
FAC FApv FAp FAp MDC MDp MDp MDp
oef al raw  FDR oef val raw  FDR
0.5239 0.057
R Corticospi 0.019 0.524 0.674 0.119 8 0.058  0.260
nal_Tract
0.4852 0.055
R Frontopont  0.029 0.485 0.728 0.226 8 0.056  0.502
ine Tract
0.0031 - 0.665 1
R Medial Le  0.131 ** 0.003 0.028*  0.049 8 0.666
mniscus
R M1Vim 0.3512 - 0.833 1
0.058 0351 0.632 0.017 1 0.833
L SCP 0.0243 - 0.253
0.125 * 0.024 0.109 0.158 2 0.253  0.760
L MCP 0.0480 0.865
0.065 * 0.048 0.144 0.010 © 0.865 0.973
0.2501 - 0.732 1
L ICP_ HCP4  0.051 0250 0.563 0.033 8 0.733
82
L ICP_JHU - 0.8309 0.792 1
0.013 0.831 0.831 0.037 2 0.792
MRI time - 0.6010 : : 1
(covariate) 0.002 0.601  0.676

6% p< 0,001, ** p < 0.01, * p < 0.05
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Table 12.3 DTI Regression summary: ET-early vs. HC by Region (Corpus Callosum)

Adjusted for age, sex and TRS total score

Region MD_pval
FA Coef FA pval MD Coef

Corpus_Callosum_Genu 0.154 0.0330%* -0.145 0.6263
Corpus_Callosum Body 0.125 0.0495%* -0.177 0.2069
Corpus_Callosum_Splenium 0.178 0.0243* -0.560 0.0211*

0.152 0.0197* -0.316 0.1280
Corpus_Callosum_ Combined
MRI time (covariate) -0.016 0.0306* 0.028 0.2387

% 5< 0,001, ** p < 0.01, * p < 0.05
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Table 13.1 VBM ET-early vs. HC (Treated Hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

L preSMA 0.068 0.0592

L SMA -0.036 0.4070

L Ml 0.022 0.5486

L VIM -0.013 0.7710

L VLp 0.009 0.8462

R Dorsal Dentate Nucleus -0.035 0.0252*

L Red Nucleus 0.001 0.8003

TRS -0.000 .

% < 0,001, ** p < 0.01, * p < 0.05

Region Coef  Pval combined
R SCP 0.040 0.4525
R MCP 0.037 0.4254
0.028 0.5587
R_ICP_HCP
482
R ICP_JHU 0.024 0.6678
TRS -0.000

w65 p< 0,001, ** p < 0.01, * p < 0.05
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Table 13.2 VBM ET-early vs. HC (Non-treated Hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

R _preSMA 0.078 0.0588

R SMA 0.047 0.5002

R Ml -0.014 0.7166

R VIM 0.071 0.2078

R VLp 0.051 0.3223

L Dorsal Dentate Nucleus 0.041 0.0159*

R Red Nucleus -0.001 0.7006

TRS -0.000 .

% < 0,001, ** p < 0.01, * p < 0.05

Region Coef Pval combined

L SCP 0.020 0.7215

L MCP 0.022 0.6396

0.001 0.9878

L ICP_HCP
482

L ICP_JHU 0.021 0.7104

TRS -0.000

6% < 0,001, ** p < 0.01, * p < 0.05
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Table 13.3 VBM ET-early vs. HC (Corpus callosum)

Adjusted for age, sex and TRS total score

Region Coef  Pval combined
Corpus_Callosum_Genu 0.045 0.3096
Corpus_Callosum Body 0.046 0.3074
Corpus_Callosum_Splenium 0.069 0.2454

0.054 0.2677
Corpus_Callosum_ Combined
TRS -0.000
**% p<0.001 , ** p<0.01, * p<0.05
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Table 14.1 DTI Regression summary: ET-late vs. HC by Region (Treated hand)

Adjusted for age, sex and TRS total score

Region
FAC FAp FAp FAp MDC MDp MDp MDp
oef val raw  FDR oef val raw  FDR
- 0.188 1 0.343 1
L Corticospin ~ 0.030 8 0.189 0.054 0 0.343
al Tract
- 0.572 1 0.599 1
L Frontopont  0.015 1 0.572 0.034 6 0.600
ine Tract
0.576 1 - 0.226 1
L Medial Le  0.018 5 0.576 0.065 6 0.227
mniscus
L M1Vim - 0.737 0.877 1
0.013 6 0.738  0.902 0.009 4 0.877
0.963 - 0.772 1
L VApreSM 0.001 2 0963 0963 0.022 9 0.773
A _subject ma
sk
- 0.610 1 - 0951 1
L VASMA s 0.022 7 0.611 0.006 2 0.951
ubject _mask
R _SCP - 0.544 1 0.890 1
0.027 4 0.544 0.018 0 0.890
R_MCP - 0.721 - 0.987
0.008 2 0.721  0.992 0.001 5 0.988  0.988
- 0.718 1 - 0.708 1
R ICP HCP4 0.010 0 0.718 0.030 6 0.709
82
R _ICP JHU - 0.248 1 - 0.790 1
0.038 5 0.249 0.033 3 0.790
MRI time - 0.920 1 - 0.468 1
(covariate) 0.000 9 0.921 0.001 0 0.468

6% p< 0,001, ** p < 0.01, * p < 0.05
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Table 14.2 DTI Regression summary: ET-late vs. HC by Region (Non-treated hand)

Adjusted for age, sex and TRS total score

Region
FAC FAp FAp FAp MDC MDp MDp MDp
oef val raw  FDR oef val raw  FDR
0.926 0.988
R_Corticospi 0.002 4 0926 0926 0.001 5 0.988  0.988
nal_Tract
0.899 - 0.981 1
R Frontopont  0.003 0 0.899 0.989 0.002 3 0.981
ine Tract
0.600 1 - 0359 1
R Medial Le  0.019 4 0.600 0.071 6 0.360
mniscus
R M1Vim - 0.545 1 0.966 1
0.026 1 0.545 0.002 0 0.966
0.733 1 - 0915 1
R VApreSM 0.012 4 0.733 0.011 9 0.916
A _subject ma
sk
0.768 - 0.336 1
R VASMA s 0.011 1 0.768  0.939 0.083 7 0.337
ubject _mask
L SCP - 0514 1 - 0.638 1
0.032 9 0.515 0.053 3 0.638
L MCP - 0.291 1 - 0.936 1
0.027 9 0.292 0.003 4 0.936
- 0.572 1 - 0.781 1
L ICP HCP4 0.023 8 0.573 0.020 6 0.782
82
L ICP JHU 0.717 1 - 0.813 1
0.016 1 0.717 0.025 4 0.813
MRI time - 0.094 1 0.593 1
(covariate) 0.001 2 0.094 0.000 6 0.594

6% p< 0,001, ** p < 0.01, * p < 0.05
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Table 14.3 DTI Regression summary: ET-late vs. HC by Region (Corpus Callosum)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval
Corpus_Callosum_Genu 0.004 0.9218 -0.012  0.9389
Corpus_Callosum_ Body -0.053 0.1660 0.083 0.2629
Corpus_Callosum_Splenium -0.045 0.2155 0.078 0.4539
Corpus_Callosum_ Combined -0.035 0.3357 0.053 0.6049
MRI time (covariate) -0.001 0.2826 0.002 0.5074
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Table 15.1 VBM ET-late vs. HC (Treated Hand)

Adjusted for age, sex and TRS total score

Region Coef  Pval combined

L preSMA -0.021 0.6808
L SMA -0.046 0.4098
L Ml -0.016 0.7038
L VIM -0.016 0.7857
L VLp -0.027 0.6374
R Dorsal Dentate Nucleus -0.008 0.7020
L Red Nucleus -0.000 0.9421
TRS 0.000 .

Region Coef Pval combined
R SCP 0.066 0.3239
R MCP 0.047 0.4335
R ICP_HCP482 0.057 0.3214
R ICP_JHU 0.053 0.4483
TRS 0.000 .
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Table 15.2 VBM ET-late vs. HC (Non-treated Hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

R _preSMA -0.035 0.3553
R SMA -0.000 0.9979
R Ml 0.021 0.5749
R VIM -0.011 0.8516
R VLp -0.020 0.7113
L Dorsal Dentate Nucleus 0.000 0.9948
R Red Nucleus 0.000 0.9057
TRS 0.000

Region Coef Pval combined
L SCP 0.053 0.4526
L MCP 0.043 0.4898
0.039 0.5159
L ICP_HCP482
L ICP JHU 0.057 0.4215
TRS 0.000
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Table 15.3 VBM ET-late vs. HC (Corpus callosum)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

Corpus_Callosum_Genu 0.070 0.2213
Corpus_Callosum Body 0.049 0.3453
Corpus_Callosum_Splenium 0.078 0.2876

0.065 0.2630
Corpus_Callosum_ Combined
TRS 0.000
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Table 16.1 Paired regression: DTI early vs baseline, clustered by subject (Treated hand)

Adjusted for age, sex and TRS total score

Region FA Coef MD_pval
FA pval MD Coef
L Corticospinal Tract -0.001 1.0000 0.026 1.0000
L Frontopontine Tract 0.004 1.0000 0.008 1.0000
L M1Vim 0.023 1.0000 0.017 0.9517
L Medial Lemniscus -0.012 1.0000 0.034 1.0000
R _ICP_HCP482 -0.010 1.0000 0.032  1.0000
R ICP_JHU 0.003 1.0000 0.066 0.8317
R_MCP -0.007 0.9523 -0.001 0.9756
R _SCP 0.002 0.9812 0.034 1.0000
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Table 16.2 Paired regression: DTI early vs baseline, clustered by subject (Non-treated

hand)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval
R _Corticospinal Tract 0.006 0.9960 0.001 1.0000
R _Frontopontine Tract 0.006 0.9732 -0.014 1.0000
R Medial Lemniscus -0.001 1.0000 0.027 1.0000
R M1Vim -0.008 1.0000 0.027 1.0000
L SCP -0.018 1.0000 0.059 1.0000
L MCP -0.000 1.0000 0.006 1.0000
L ICP_HCP482 0.000 0.9781 0.019 0.9162
L ICP JHU 0.021 1.0000 -0.028 1.0000
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Table 16.3 Paired regression: DTI early vs baseline, clustered by subject (Corpus

Callosum)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval

Corpus_Callosum_ Body -0.023 0.1913 0.060 0.2520
Corpus_Callosum_ Combined -0.019 0.3272 0.075 0.2324
Corpus_Callosum_Genu -0.013 0.5328 0.083 0.3307
Corpus Callosum Splenium -0.015 0.5579 0.079 0.3556
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Table 17.1 VBM Paired regression: early vs baseline, clustered by subject (Treated hand)

Adjusted for age, sex and TRS total score

Region Coef  Pval combined
L preSMA -0.005 0.8187
L SMA -0.016 0.5899
L Ml -0.022  0.4650
L VIM -0.019 0.6062
L VLp -0.013  0.7182
R Dorsal Dentate Nucleus -0.005 0.5455
L Red Nucleus 0.002 0.2173
TRS 0.000 .

Region Coef Pval combined

R SCP -0.003 0.9174
R MCP -0.008 0.6838

-0.012  0.6092
R ICP_HCP482
R ICP_JHU -0.011 0.6858
TRS 0.000
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Table 17.2 VBM Paired regression: early vs baseline, clustered by subject (Non-treated
hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

R preSMA -0.006 0.8041
R SMA 0.019 0.6485
R Ml 0.007 0.8170
R VIM 0.030 0.4445
R VLp 0.022 0.5394
L Dorsal Dentate Nucleus -0.004 0.6967
R Red Nucleus -0.004 0.0271*
TRS 0.000 .

Region Coef Pval combined
L SCP -0.015 0.5836
L MCP -0.012  0.5507
L ICP_HCP482  -0.024 0.2777
L ICP_JHU -0.010 0.6857
TRS 0.000 .
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Table 17.3 VBM Paired regression: early vs baseline, clustered by subject (Corpus

callosum)

Adjusted for age, sex and TRS total score

Region Coef  Pval combined
Corpus_Callosum_Genu 0.022  0.5299
Corpus_Callosum_ Body 0.017 0.5928
Corpus_Callosum_Splenium 0.022 0.5143
Corpus_Callosum Combined 0.020 0.5352
TRS 0.000
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Table 18.1 Paired regression: DTI late vs baseline, clustered by subject (Treated hand)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval
L Corticospinal Tract -0.004 0.8804 -0.035 1.0000
L Frontopontine Tract 0.002 0.8698 -0.054 1.0000
L Medial Lemniscus -0.022  0.2257 0.016 1.0000
L M1Vim 0.008 0.9573 -0.018 1.0000
L VApreSMA subject mask 0.006 1.0000 -0.027 1.0000
L VASMA subject mask -0.005 0.8284 0.024 1.0000
R _SCP 0.005 0.8448 -0.060 0.8522
R_MCP -0.022  0.2510 -0.004 0.8563
R _ICP_HCP482 -0.028 0.1674 0.004 0.9238
R ICP JHU -0.037 0.0315* 0.024 0.9263
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Table 18.2 Paired regression: DTT late vs baseline, clustered by subject (Non-treated hand)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval

L ICP_HCP482 0.002 1.0000 0.012- 0.9420
L ICP JHU -0.022  0.2876 0.020  1.0000
L MCP -0.012 1.0000 -0.001 0.9854
L SCP -0.023  1.0000 -0.023  0.9795
R _Corticospinal Tract 0.008 1.0000 -0.054 1.0000
R _Frontopontine Tract -0.000 0.9581 -0.049 1.0000
R M1Vim -0.010 1.0000 -0.011 0.9837
R Medial Lemniscus -0.016 1.0000 -0.004 1.0000
R _VASMA subject mask -0.005 1.0000 -0.020 0.9666

-0.017 1.0000 0.018 0.9082

R VApreSMA subject mask
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Table 18.3 Paired regression: DTI late vs baseline, clustered by subject (Corpus Callosum)

Adjusted for age, sex and TRS total score

Region FA Coef FA pval MD Coef MD pval

Corpus_Callosum_ Body 0.006 0.8009 -0.040 0.3799
Corpus_Callosum Combined 0.003 0.8733 -0.041 0.4298
Corpus_Callosum_Genu -0.002 0.9298 -0.034 0.6228
Corpus Callosum Splenium 0.004 0.8090 -0.049 0.3132
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Table 19.1 VBM Paired regression: late vs baseline, clustered by subject (Treated hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined

L preSMA -0.005 0.8729
L SMA 0.011 0.7015
L Ml -0.021 0.4768
L VIM 0.079 0.2096
L VLp 0.124 0.0610
R Dorsal Dentate Nucleus -0.007 0.3140
L Red Nucleus -0.002 0.6161
TRS 0

Region Coef Pval combined
R SCP -0.040 0.0911
R MCP -0.043 0.0256*
-0.049 0.0240%*
R_ICP_HCP
482
R ICP_JHU -0.020 0.3938
TRS 0
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Table 19.2 VBM Paired regression: late vs baseline, clustered by subject (Non-treated

hand)

Adjusted for age, sex and TRS total score

Region Coef Pval combined
R preSMA 0.006 0.8146
R SMA 0.016 0.6828
R Ml -0.040 0.1638
R VIM 0.088 0.1320
R VLp 0.098 0.0963
L Dorsal Dentate Nucleus -0.006 0.2653
R Red Nucleus 0.002 0.2636
TRS 0

Region Coef Pval combined

L SCP -0.031 0.1225
L MCP -0.036 0.0606

-0.039 0.0750
L ICP _HCP
482
L ICP_JHU -0.022  0.3231
TRS 0
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Table 19.3 VBM Paired regression: late vs baseline, clustered by subject (Corpus

callosum)

Adjusted for age, sex and TRS total score

Region Coef  Pval combined
Corpus_Callosum_Genu -0.012 0.4944
Corpus_Callosum_ Body 0.003 0.7549

-0.003 0.9337
Corpus_Callosum_Spleniu
m

-0.003 0.8474
Corpus_Callosum Combine
d
TRS 0
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Table 20.1 DTT ET vs. HC Summary

Non-treated hand Treated hand Corpus callosum

ET v.s. HC

ET-early v.s. R _Frontopontine Tract Genu (1FA)

HC (TFA)
Body (1FA)
Splenium (1FA,
|MD)
Combined (1FA)

ET-late vs. HC - -

Table 20.2 DTT ET Longitudinal Comparison Summary

Nontreated hand Treated hand Corpus callosum
ET-early vs. - - -
ET-baseline
ET-late vs. - R _ICP (JHU atlas) (| FA) (Coef=-0.037, -
ET-baseline p=0.0315%)
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Table 20.3 VBM ET vs. HC Summary

Nondominant hand Dominant hand Corpus
callosum
ET vs. HC L ICP (HCP482 atlas) R MCP -
(Coef=0.105, p = (Coef=0.096, p = 0.0400%)
0.0244%)
R _ICP (HCP482 atlas)
(Coef=0.082, p=0.0256%)
Non treated hand Treated hand Corpus
callosum
ET-early vs. L Dorsal Dentate Nucleu R Dorsal Dentate Nucleus -
HC s (Coef=0.041,p = (Coef=-0.035, p = 0.0252%)
0.0159)
ET-late vs. - - -
HC

Table 20.4 VBM ET Longitudinal Comparison Summary

Nontreated hand Treated hand Corpus
callosum

ET-early vs.
ET-baseline

ET-late vs.
ET-baseline

R Red Nucleus - -
(Coef=-0.004, p=0.0271%)

_ R_MCP _
(Coef=-0.043, p = 0.256*)
R_ICP_HCP482
(Coef=-0.049, p = 0.0240%)
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Table 21.1 Cross-sectional regression of tremor severity metrics on onset age, disease

duration, and family history, adjusting for sex (with FDR)

TRS sel Rt sel Lt
onset age 0.545" 0.152* 0.111
(0.237) (0.048) (0.084)
disease_durati 0.741 0.209" 0.206
on
(0.359) (0.073) (0.127)
family hx 5.489 1.184 1.598
(9.315) (1.884) (3.289)
female -11.454 -2.334 -3.189
(7.668) (1.551) (2.707)
N 21 21 21
Standard errors in parentheses
*p<0.05," p<0.01," p<0.001
150

doi:10.6342/NTU202504209



Table 21.2 Cross-Sectional Linear Regression of Baseline VBM on Total Tremor Rating

Scale

Adjusted for age, sex and TRS total score

Cross-Sectional Linear Regression of Baseline VBM on Total Tremor Rating Scale

(TRS)
ROI coef p pval fdr
R Red Nucleus -1069.078 0.044* 0.609
L VLp 37.067 0.078 0.544
R Ml 108.059 0.120 0.559
R VLp 38.251 0.137 0.481
L VIM 31.476 0.143 0.401
-359.843 0.216 0.505
R Dorsal Dentate Nucl
eus
R VIM 33.839 0.266 0.532
L SMA 72.884 0.299 0.523
R _preSMA -46.993 0.354 0.550
-214.286 0.527 0.737
L Dorsal Dentate Nucl
eus
L preSMA -34.843 0.617 0.785
L Ml 33.168 0.735 0.857
R SMA -5.616 0.875 0.943
L Red Nucleus 34.914 0.954 0.954

% < 0,001, ** p < 0.01, * p < 0.05

Cross-Sectional Linear Regression of Baseline VBM on Total Tremor Rating Scale

(TRS)
ROI coef p pval fdr
1.424 0.942 1
Corpus_Callosum Genu
3.954 0.867 1
Corpus_Callosum_Body
-5.117 0.871 1
Corpus_Callosum_Sple
nium
0.027 0.999 0.999

Corpus_Callosum_ Com
bined
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L SCP
R_SCP

L MCP
R_MCP

L ICP_HCP482
R_ICP HCP482
L ICP_JHU

R ICP JHU

-43.510
-21.399
-63.843
-44.050
-93.135
-50.168
-40.834
-18.203

0.477
0.684
0.298
0.506
0.178
0.430
0.506
0.753

— e e e ek e e
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Table 21.3 Cross-Sectional Linear Regression of Baseline VBM on Right-Hand Tremor
Severity
Adjusted for age, sex and TRS total score

Cross-Sectional Linear Regression of Baseline VBM on Right-Hand Tremor Severity
(sel_Rt)

ROI coef p pval fdr

R Red Nucleus - 0.053 0.743
172.539

L VLp 7.983 0.069 0.484

L SMA 15.844 0.120 0.562

R VLp 7.712 0.124 0.435

-69.034 0.126 0.354
R Dorsal Dentate Nucl
eus

-93.810 0.143 0.335
L Dorsal Dentate Nucl
eus

L VIM 5.577 0.231 0.463
R_VIM 4.773 0.424 0.741
L preSMA 6.919 0.579 0.900
R _preSMA -3.844 0.733 1
L Ml -3.285 0.819 1
R _SMA 1.461 0.851 0.992
R M1 -1.799 0.887 0.955
L Red Nucleus 12.911 0.911 0.911

Cross-Sectional Linear Regression of Baseline VBM on Right-Hand Tremor Severity
(sel Rt)

ROI coef p pval fdr
-4.850 0.329 0.438

Corpus_Callosum Genu

-2.599 0.556 0.607
Corpus_Callosum_Body

-0.686 0.895 0.895
Corpus_Callosum_Sple

nium

Corpus_Callosum_Com -2.884 0.552 0.662

bined

L SCP -14.629 0.179 0.307
R _SCP -14.895 0.161 0.386
L MCP -21.724 0.066 0.398
R MCP -22.998 0.092 0.369
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L ICP_HCP482 -25.630

R_ICP_HCP482 -19.863
L ICP JHU -17.147
R ICP JHU -13.314

0.047*
0.129
0.166
0.230

0.561

0.388
0.332
0.345

6% 5< 0,001, ** p < 0.01, * p < 0.05
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Table 21.4 Cross-Sectional Linear Regression of Baseline VBM on Left-Hand Tremor

Severity

Cross-Sectional Linear Regression of Baseline VBM on Left-Hand Tremor Severity

(sel Lt)
ROI coef p pval fdr
L VLp 24.148
0.003** 0.046*
R VLp 26.486
0.005%** 0.038*
L VIM 22.712
0.006** 0.026*
R VIM 26.064 0.059
0.017*
R Red Nucleus - 0.168 0.469
315.325
- 0.237 0.553
R Dorsal Dentate Nucl  111.102
eus
R Ml 30.086 0.299 0.598
L Ml 22.232 0.484 0.847
L Red Nucleus - 0.543 0.844
131.699
L SMA 17.054 0.568 0.796
-63.743 0.620 0.789
L Dorsal Dentate Nucl
eus
R preSMA -10.263 0.624 0.728
L preSMA 0.598 0.981 1
R SMA 0.083 0.996 0.996

Cross-Sectional Linear Regression of Baseline VBM on Left-Hand Tremor Severity

(sel Lt)
ROI coef p pval fdr
-6.136 0.416 0.625
Corpus_Callosum Genu
-3.807 0.666 0.727
Corpus_Callosum Body
-3.990 0.753 0.753
Corpus_Callosum_Sple
nium
Corpus_Callosum_Com -5.014 0.603 0.724
bined
L SCP -23.501 0.208 0.499

155

doi:10.6342/NTU202504209



R SCP
L MCP

R_MCP
L ICP_HCP482

R_ICP HCP482
L ICP_JHU
R ICP JHU

-16.099
-38.390

-30.553
-43.640

-23.004
-16.429
-12.286

0.318

0.039*
0.103

0.027*
0.133
0.383
0.535

0.636
0.231

0.414
0.320

0.399
0.657
0.713

156

doi:10.6342/NTU202504209



Table 21.5 Cross-Sectional Linear Regression of Baseline DTI Scalar Indices on TRS total

SCore

Adjusted for age, sex and TRS total score

outcom roi pval pval fdr
e scalar kin
d

TRS FA Corpus_Callosum_Gen 1
u 0.981

TRS FA Corpus_Callosum_Bod 1
y 0.845

TRS FA Corpus_Callosum_Sple 1
nium 0.962

TRS FA Corpus_Callosum_ Com 1
bined 0.969

TRS FA L Corticospinal Tract 0.811
0.092

TRS FA L Medial Lemniscus 1
0.884

TRS FA L Frontopontine Tract 1
0.303

TRS FA L M1 Vim 1

TRS FA R Corticospinal Tract 0.828
0.075

TRS FA R Medial Lemniscus 1
0.993

TRS FA R _Frontopontine Tract 0.849
0.174

TRS FA R M1 Vim 1

TRS FA L SCP 1
0.602

TRS FA L MCP 1
0.627

TRS FA L ICP_HCP482 1
0.859

TRS FA L ICP_JHU 1
0.559

TRS FA R SCP 1
0.537

TRS FA R MCP 1
0.365

TRS FA R ICP_HCP482 1
0.285

TRS FA R ICP_JHU 1
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TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS

TRS
TRS

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD
FA

Corpus_Callosum_Gen
1(liorpus_Callosum_Bod
}(lihorpus_Callosum_Sple
nium
Corpus_Callosum_Com
bined

L Corticospinal Tract
L Medial Lemniscus
L Frontopontine Tract
L M1 Vim

R Corticospinal Tract
R Medial Lemniscus
R _Frontopontine Tract
R M1 Vim

L SCP

L MCP

L ICP_HCP482

L ICP JHU

R SCP

R MCP

R ICP_HCP482

R ICP_JHU

R MI1Vim
L M1Vim
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0.443

0.880

0.194

0.334

0.372

0.901

0.851

0.482

0.842

0.475

0.347

0.393

0.840

0.099

0.722

0.146

0.815

0.605

0.795

0.117

0.008

kK

0.008

kK

0.854

0.724

0.801

0.733

0.344

0.179
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TRS MD L M1Vim . 1
TRS FA R MI1Vim 1
0.070

% 5< 0,001, ** p < 0.01, * p < 0.05
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Table 21.6 Cross-Sectional Linear Regression of Baseline DTI Scalar Indices on sum of

TRS selected items (Right Hand)

Adjusted for age, sex and TRS total score

outcom roi pval pval fdr
e scalar ki
nd

sel Rt FA Corpus_Callosum_Gen 0.159 0.412
u

sel Rt FA Corpus_Callosum_Bod 0.186 0.454
y

sel Rt FA Corpus_Callosum_Sple 0.259 0.569
nium

sel Rt FA Corpus_Callosum_Com 0.122 0.384
bined

sel Rt FA L Corticospinal Tract 0.019* 0.209

sel Rt FA L Medial Lemniscus 0.560 0.795

sel Rt FA L Frontopontine Tract 0.355 0.624

sel Rt FA L Ml Vim . 1

sel Rt FA R Corticospinal Tract 0.095 0.322

sel Rt FA R Medial Lemniscus 0.489 0.768

sel Rt FA R _Frontopontine Tract 0.013* 0.284

sel Rt FA R M1 Vim . 1

sel Rt FA L SCP 0.963 1

sel Rt FA L MCP 0.567 0.780

sel Rt FA L ICP_HCP482 0.532 0.808

sel Rt FA L ICP JHU 0.939 1

sel Rt FA R SCP 0.271 0.568

sel Rt FA R MCP 0.091 0.334

sel Rt FA R ICP_HCP482 0.663 0.858

sel Rt FA R ICP_JHU 0.316 0.604

sel Rt MD Corpus_Callosum_Gen 0.149 0.411
u

sel Rt MD Corpus_Callosum_Bod 0.777 0.976
y

sel Rt MD Corpus_Callosum_Sple 0.899 1
nium

sel Rt MD Corpus_Callosum_Com 0.550 0.807
bined

sel Rt MD L Corticospinal Tract 0.068 0.300

sel Rt MD L Medial Lemniscus 0.444 0.751

sel Rt MD L Frontopontine Tract 0.064 0.349

sel Rt MD L M1 Vim 0.063 0.398

sel Rt MD R Corticospinal Tract 0.031* 0.276
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sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt
sel Rt

sel Rt
sel Rt

MD
MD
MD
MD
MD
MD
MD
MD
MD
MD
MD
MD
FA

FA
MD

R Medial Lemniscus
R _Frontopontine Tract

R Ml Vim

L SCP

L MCP

L ICP _HCP482
L ICP JHU

R _SCP

R_MCP
R_ICP_HCP482
R_ICP JHU

R M1Vim

L MI1Vim

R MI1Vim
L M1Vim

0.309
0.015*
0.067
0.835
0.136
0.860
0.323
0.256
0.080
0.589
0.448

0.004**
0.052

0.619
0.219
0.327

0.398
0.592
0.592
0.321
0.786
0.730
0.155

0.382

6% p< 0,001, ** p < 0.01, * p < 0.05
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Table 21.7 Cross-Sectional Linear Regression of Baseline DTI Scalar Indices on sum of

TRS selected items (Left Hand)

outcom roi pval
e scalar pval fd
~kind r
sel Lt FA Corpus_Callosum Genu 1
0.478
sel Lt FA Corpus_Callosum Body
0.493 0.987
sel Lt FA Corpus_Callosum_Spleni 1
um 0.720
sel Lt FA Corpus_Callosum_ Combi 1
ned 0.550
sel Lt FA L Corticospinal Tract
0.044* 0.483
sel Lt FA L Medial Lemniscus
0.595 0.969
sel Lt FA L Frontopontine Tract
0332 0914
sel Lt FA L Ml Vim 1
sel Lt FA R Corticospinal Tract 1
0.207
sel Lt FA R Medial Lemniscus 1
0.735
sel Lt FA R _Frontopontine Tract
0.427  0.939
sel Lt FA R M1 Vim 1
sel Lt FA L SCP 1
0.844
sel Lt FA L MCP 1
0.803
sel Lt FA L ICP_HCP482 1
0.742
sel Lt FA L ICP JHU
0349  0.854
sel Lt FA R_SCP
0.595 0.935
sel Lt FA R_MCP 1
0.524
sel Lt FA R ICP_HCP482 1
0.169
sel Lt FA R _ICP JHU
0336  0.870
sel Lt MD Corpus_Callosum Genu
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sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt
sel Lt

sel Lt
sel Lt

sel Lt
sel Lt

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD

MD
FA

MD
FA

Corpus_Callosum Body

0.626

0.326

Corpus_Callosum_Spleni

um

0.280

Corpus_Callosum_ Combi

ned

L Corticospinal Tract
L Medial Lemniscus

L Frontopontine Tract

L M1 Vim

R Corticospinal Tract
R Medial Lemniscus

R _Frontopontine Tract

R Ml Vim

L SCP

L MCP

L ICP_HCP482
L ICP JHU

R _SCP

R_MCP

R_ICP HCP482
R _ICP JHU

R MI1Vim
L M1Vim

L M1Vim
R MI1Vim

0.317

0.572

0.919

0.266

0.874

0.303

0.384

0.202

0.848

0.327

0.837

0.291

0.556

0.836

0.849

0.158

0.016*

0.014*

0.026*

0.950

0.986

0.889

0.979

0.983

0.346

0.616

0.378
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Table 22.1 Multiple Linear Regression: Clinical Predictors of Improvement (TRS, sel Rt,

sel Lt) with FDR

TRS %improved sel Rt%improved sel Lt%improved

Age at time of treatment 0.720" 0.359 -0.295
(0.358) (0.552) (0.834)
Baseline TRS -0.612" -0.154 -0.062
(0.293) (0.443) (0.724)
Baseline sel Rt 0.988 -1.731 2.625
(1.825) (2.789) (4.483)
Skull density ratio 4.937 56.561 13.443
(SDR)
(37.501) (57.834) (88.257)
Family history (1=yes) 24.461" 24.274 45.750
(12.409) (19.252) (28.115)
Sex (Female=1) 8.350 20.344 18.526
(11.014) (17.015) (25.729)
Time interval between -0.450™ -0.379 -0.870"

treatment and TRS
evaluation (months)
(0.158) (0.256) (0.195)
Observations 20 20 20
All models use random intercept for subject; REML estimation.

*p<0.05" p<0.01,"" p<0.001
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Table 22.2 Multiple Linear Regression: Clinical Predictors of Improvement (TRS, sel Rt, sel Lt)

TRS %improved sel Rt%improved sel Lt%improved

Age at time of treatment 1.045™ 0.438 0.687
(0.372) (0.419) (0.804)
baseline TRS -0.306 -0.189 0.382
0.371) (0.412) (0.810)
Sex (Female=1) 9.402 11.023 11.834
(13.735) (15.534) (29.654)
Time interval between -0.450™ -0.482 -0.864""

treatment and TRS
evaluation (months)

(0.174) (0.262) (0.199)
Max Energy (J) -0.000 -0.001 0.000
(0.001) (0.001) (0.001)
Max Watt (W) 0.019 0.048 0.021
(0.041) (0.045) (0.090)
Max Temp (°C) 1.097 -3.290 -0.417
(3.315) (3.670) (7.269)
Sonications -3.928 -1.368 -10.040
(4.453) (5.151) (9.432)
>50°C Sonications 3.368 8.071 10.946
(9.496) (10.548) (20.766)
Observations 20 20 20

All models use random intercept for subject_id; REML estimation. " p < 0.05, ™ p < 0.01, ™ p < 0.001
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Table 22.3 Baseline VBM Predictors of TRS Improvement

FDR-corrected, adjusted for age, sex, time interval between treatment and TRS evaluation,

baseline TRS

ROI coef se pval pval fdr
Signif Significa
icance nce FD
R
L preSMA - 66.954 0.083 0.291
124.888
R preSMA - 56.066 0.070 0.327
109.983
L SMA 51.334 54.811 0.365 0.730
R SMA -2.515 42,948 0.954 1
L Ml -16.412 74.927 0.830 1
R Ml - 71.805 0.013 * 0.185
203.532
L VIM 1.057  43.667 0.981 0.981
R VIM 1.286 52.417 0.981 1
L VLp 8316  45.805 0.859 1
R VLp 17.791 56.493 0.757 1
65.092 0.846 1
L Dorsal Dentate Nucl 329.002
eus
- 0.299 0.699
R Dorsal Dentate Nucl 248.452  230.592
eus
L Red Nucleus - 0.039 * 0.271
1302.79  571.050
5
R Red Nucleus - 0.190 0.531
1180.89  856.779

1

*p<0.05," p<0.01,"" p<0.001
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ROI coef se pval pval fdr
Significa Significa
nce nce FD
R
-62.597 53.054 0.258 0.773
Corpus_Callosum Genu
-75.896 58.223 0.213 0.854
Corpus_Callosum Body
-71.090  49.614 0.174 1
Corpus_Callosum_Sple
nium
Corpus_Callosum Com  -78.402 56.023 0.183 1
bined
L SCP 11.969 64.536 0.856 1
R _SCP 7.705 66.147 0.909 0.992
L MCP -13.783 88.217 0.878 1
R_MCP -10.216 87.857 0.909 0.909
L _ICP_HCP482 15.701 76.565 0.840 1
R_ICP_HCP482 11.186 75.364 0.884 1
L ICP_JHU 19.132 67.266 0.780 1
R ICP JHU 24.740 60.259 0.688 1
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Table 22.4 Baseline VBM Predictors of Treated Hand Improvement

FDR-corrected, adjusted for age, sex, time interval between treatment and TRS evaluation,

baseline TRS

ROI coef se pval pval fdr
Significa Significa
nce nce FD
R
L preSMA -18.215 0.867 1
107.154
R preSMA -34.671 90.290 0.707 1
L SMA 2.650 81.009 0.974 1
R SMA -40.411 60.631 0.516 1
L Ml 97.741 0.107 0.498
168.475
R Ml - 0.099 0.691
206.557 116.767
L VIM 11.858 62.530 0.852 1
R VIM -30.479  74.713 0.689 1
L VLp 11.939  65.674 0.858 1
R VLp -21.582 81.079 0.794 1
0.066 0.926
L Dorsal Dentate Nucl 830.782 416.940
eus
37.596 0.915 1
R Dorsal Dentate Nucl 343.907
eus
L Red Nucleus -2.940 0.998 0.998
958.954
R Red Nucleus -50.725 0.970 1
1309.05
7
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ROI coef se pval pval fdr
Signif Significa
icance nce FD
R
-97.849 75.351 0.215 0.645
Corpus_Callosum Genu
- 82.583 0.175 0.700
Corpus_Callosum Body 118.011
- 61.488 0.016 * 0.193
Corpus_Callosum_Sple 168.230
nium
- 76.033 0.071 0.427
Corpus_Callosum Com  148.434
bined
L SCP -11.965 92.589 0.899 1
R _SCP -3.180 94.882 0.974 0.974
L MCP 49.385 0.701 1
125.903
R_MCP 12.428 0.923 1
125.984
L _ICP_HCP482 10.741 0.924 1
109.905
R ICP_HCP482 52.639 0.631 1
107.221
L ICP_JHU 6.672 96.707 0.946 1
R ICP JHU -3.570 86.911 0.968 1
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Table 22.5 Baseline VBM Predictors of Non-treated Hand Improvement

FDR-corrected, adjusted for age, sex, time interval between treatment and TRS evaluation,

baseline TRS

ROI coef se pval pval fdr
Signif Significa
icance nce FD
R
L preSMA - 0.423 0.986
128.756  155.884
R _preSMA - 0.212 1
166.699  127.521
L SMA -69.895 0.567 0.793
119.110
R SMA -80.843 89.072 0.379 1
L Ml - 0.387 1
139.237  155.772
R Ml - 0.605 0.652
100.684  190.328
L VIM 54220  92.046 0.565 0.879
R VIM 49.939 0.660 0.660
111.051
L VLp 52.899  96.828 0.593 0.755
R VLp 94.822 0.436 0.872
118.287
0.222 1
L Dorsal Dentate Nucl 850.812  665.222
eus
0.595 0.694
R Dorsal Dentate Nucl 275.852  506.702
eus
L Red Nucleus - 0.009 ** 0.124
3364.83 1108.18
6 2
R Red Nucleus - 0.488 0.854
1363.18 1913.93
0 9
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ROI coef se pval pval fdr
Significa Significa
nce nce FD
R
-38.469 0.750 1
Corpus_Callosum_Genu 118.257
-45.720 0.732 1
Corpus_Callosum_Body 130.993
30.119 0.794 1
Corpus_Callosum_Sple 113.078
nium
Corpus_Callosum Com  -14.101 0.914 0.914
bined 127.576
L SCP 49.705 0.723 1
137.236
R SCP 56.337 0.694 1
140.409
L MCP - 0.424 1
151.509  183.999
R MCP -22.800 0.905 0.987
187.462
L ICP_HCP482 -69.782 0.674 1
162.555
R _ICP_HCP482 -38.845 0.812 1
160.604
L ICP_JHU 26.548 0.856 1
143.773
R _ICP_JHU 55.194 0.674 1
128.509
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Table 23.1 Summary of Clinical Predictors of Improvement of Tremor in the treated hand (sel Rt)

Correlation with tremor improvement (%) Factors

Positive Older age at treatment

(B> 0, p <0.05)

Negative Older age of onset

(B <0, p <0.05)

Neutral Effect - Disease duration
(p=0.05) - Baseline TRS
- Baseline severity of right hand tremor (sel Rt)
- SDR
- Family history
- All treatment parameters examined

- VBM value of all ROIs (gray matter, white matter) examined
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Table 23.2 Summary of Clinical Predictors of Improvement of Tremor in the nontreated hand (sel Lt)

Correlation with tremor improvement (%) Factors
Positive - Older age at treatment
(B>0, p<0.05) - Family history of tremor
Negative - Older age of onset
(B<0,p<0.05) - Longer disease duration

- Longer time interval at the time of observation

Neutral Effect - Baseline TRS
(p=0.05) - Baseline severity of right hand tremor (sel Rt)
- SDR

- All treatment parameters examined

- VBM value of all ROIs (gray matter, white matter) examined
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Table 24.1 Mixed Model: Clinical Predictors of Improvement in TRS part C with FDR

TRS C % improved

Age at time of treatment 1.790"
(0.560)
Baseline TRS -0.230
(0.410)
Baseline sel Rt -1.092
(2.584)
Skull density ratio -79.326
(SDR)
(58.503)
Family history (1=yes) 35.841
(20.188)
Sex (Female=1) -16.333
(17.515)
Time interval between -0.345
treatment and TRS
evaluation (months)
(0.326)
Observations 20

All models use random intercept for subject; REML estimation. Raw p-values shown.
FDR-adjusted p-values exported separately.

*p<0.05," p<0.01,"" p<0.001
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Table 24.2 Mixed Model: Clinical Predictors of Improvement in TRS part A+B with FDR

TRS A+B % improved

Age at time of treatment 0.295
(0.452)
Baseline TRS -0.647
(0.394)
Baseline sel Rt 1.230
(2.435)
Skull density ratio 26.510
(SDR)
(47.866)
Family history (1=yes) 20.167
(15.222)
Sex (Female=1) 15.387
(13.951)
Time interval between -0.332™"
treatment and TRS
evaluation (months)
(0.100)
Observations 20

All models use random intercept for subject; REML estimation. Raw p-values shown.
FDR-adjusted p-values exported separately.

*p<0.05," p<0.01,"" p<0.001

175

doi:10.6342/NTU202504209



