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ABSTRACT
Background: Staged bilateral Magnetic Resonance–guided Focused Ultrasound (MRgFUS) thalamotomy is an incisionless 
option for medication-refractory essential tremor (ET). While the efficacy and safety of unilateral MRgFUS are established, evi-
dence for bilateral treatment remains limited.
Objective: To evaluate the efficacy and safety of staged bilateral MRgFUS in a prospective single-centre observational cohort 
and to perform a systematic review and meta-analysis of the literature.
Methods: Consecutive ET patients undergoing second-side MRgFUS were prospectively assessed. The primary efficacy end-
point was the longitudinal change in Clinical Rating Scale for Tremor (CRST) A + B scores for the treated hand after FUS2, while 
safety was evaluated by collecting and grading adverse events (AEs). A systematic review identified published bilateral MRgFUS 
series; efficacy data were meta-analysed, while AEs were reported descriptively.
Results: Fifteen patients (60% men; mean age 74.1 ± 8.9 years) underwent FUS2 28.9 ± 22.5 months after first-side treatment. At 
the 12-month evaluation, CRST A + B decreased from 21.0 to 8.8 (−58%), CRST C from 7.3 to 1.9 (−74.2%), and QUEST from 30.5 
to 9.5 (−68.7%). Head and voice tremor were reduced by 73.8% and 40.3%, respectively. AEs were predominantly mild (95.2%) 
and transient (88%). Cognition at 1 year was globally preserved, with a selective decline in verbal episodic memory. Meta-analysis 
confirmed significant improvement in tremor severity.
Conclusion: Staged bilateral MRgFUS thalamotomy was associated with sustained tremor reduction, including midline tremor, 
functional improvement and acceptability, with a manageable safety profile. Overall, consistent with literature, these findings 
support its potential role as a therapeutic option in selected ET patients.
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1   |   Introduction

Magnetic Resonance-guided Focused Ultrasound (MRgFUS) 
thalamotomy is an incisionless treatment for medication-
refractory tremor syndromes, including essential tremor (ET) 
and tremor-dominant Parkinson's disease. In ET, randomised 
and prospective studies have demonstrated significant and 
durable tremor reduction and quality-of-life (QoL) improve-
ment, with benefits sustained for up to five years [1, 2]. Despite 
these advances, unilateral thalamotomy often leaves residual 
tremor in the contralateral upper limb, head and voice, lead-
ing to persistent disability [3]. MRgFUS renewed interest in 
bilateral thalamotomy that traditionally was associated with 
a high risk of adverse events (AEs) (i.e., dysarthria and im-
balance) [4] and therefore was replaced by deep brain stim-
ulation (DBS) [5]. Prospective trials and multicentre studies 
have supported staged bilateral MRgFUS thalamotomy, which 
may offer additional functional improvement to single side 
treatment, with an overall favourable safety profile, with most 
AEs being mild and transient [6, 7]. These results supported 
FDA approval in late 2022 and CE mark certification in mid-
2023 [8].

Nevertheless, evidence for staged bilateral MRgFUS thalamot-
omy is currently based on a limited number of cohorts with het-
erogeneous design, follow-up duration, and outcome reporting. 
Additional prospective series and quantitative synthesis of avail-
able data are needed to further refine estimates of efficacy and 
safety, including midline tremor. To contribute additional pro-
spective data to the current evidence, we conducted a prospec-
tive single-centre observational study to evaluate the efficacy 
and safety of staged bilateral MRgFUS thalamotomy in patients 
with medication-refractory ET, with 12 months follow-up after 
FUS2. We also performed a systematic review and meta-analysis 
of the available literature to place the present findings within 
the context of published evidence.

2   |   Methods

2.1   |   Study Design and Population

This was a prospective, single-centre, observational study con-
ducted at the University Hospital of Verona within routine clin-
ical practice as standard-of-care. Consecutive patients with ET 
undergoing second side MRgFUS thalamotomy (FUS2) were 
included from November 2023 to March 2025. All patients had 
previously received first side MRgFUS thalamotomy (FUS1) 
from July 2018 to May 2024. Eligibility for FUS2 were (1) mini-
mum interval of 9 months since the first procedure, (2) Clinical 
Rating Scale for Tremor (CRST) [9] part A score ≥ 2 in the un-
treated upper limb, (3) CRST part C score ≥ 2 in at least one 
item, (4) Montreal Cognitive Assessment (MoCA) score ≥ 18, (5) 
no clinically significant persistent AEs related to FUS1. Access 
modalities to FUS2 and general exclusion criteria for MRgFUS 
thalamotomy are provided in the Supporting Information.

Before FUS2, patients underwent neurological and neuropsy-
chological evaluations, CT scan for SDR calculation, and struc-
tural brain MRI to rule out contraindications to MRgFUS. 
Follow-up visits were scheduled at 1, 6, and 12 months after 

FUS2, including a full neuropsychological battery at 12 months. 
Pre-FUS1 and pre-FUS2 refer to the clinical assessments before 
FUS1 and FUS2, respectively.

2.2   |   Outcomes

The primary efficacy outcome was defined as the longitudinal 
change in tremor severity after FUS2, assessed using the CRST 
at available follow-up timepoints. Parts A (tremor amplitude) 
and B (motor task performance) were administered, and com-
posite CRST A + B scores were calculated for the hand treated by 
FUS2. Secondary outcomes for efficacy included midline tremor 
(head and voice), assessed using CRST part A subscores, func-
tional disability and QoL, assessed using CRST part C and the 
Quality of Life in Essential Tremor (QUEST) questionnaire [10], 
administered pre-FUS2 and at follow-up visits. Retrospective 
pre-FUS1 data were extracted when available. Moreover, pa-
tients were asked at every follow-up visit whether they would 
choose to undergo FUS2 again (yes/no) to support the interpre-
tation of functional benefit and patients' preferences.

Safety was evaluated by assessing AEs at 1, 6, and 12 months 
after FUS2, categorised by domain (i.e., motor, sensory, cere-
bellar), graded according to the Common Terminology Criteria 
for Adverse Events, version 5 (CTCAEv5) [11] (Table  S1), and 
classified by severity and persistence over time. Safety on axial 
function and balance was also evaluated with items 1–4 of the 
Scale for the Assessment and Rating of Ataxia (SARA) [12], ad-
ministered pre-FUS2 and at follow-up visits. Safety on cognition 
was assessed with a standardised neuropsychological battery 
administered by experienced neuropsychologists pre-FUS2 and 
at 12 months post-FUS2.

2.3   |   MRgFUS Procedure

All procedures were performed using the Exablate Neuro system 
4000 (Insightec, Haifa, Israel) integrated with a 3 T MRI scanner 
(Signa Architect; GE Healthcare, Milwaukee). Premedication 
and patient preparation followed our standard protocols that 
were reported in detail elsewhere [13, 14] and are reported in the 
Supporting Information, as well as standard targeting strategy. 
For FUS2, the initial target was generally set as the mirror image 
of the first side lesion, using the final stereotactic coordinates 
of FUS1 as reference. Final targeting was subsequently refined 
based on clinical response after each low power sonication. 
When test sonications confirmed effective tremor suppression, 
the definitive lesion was intentionally placed slightly dorsal to 
the mirrored FUS1 target—typically within the submillimetric 
range—to minimize the risk of AEs [6].

Treatment parameters for FUS1 and FUS2 were selected intra-
procedurally based on real-time thermal and clinical feedback.

2.4   |   Statistics

Analyses were conducted using R software (version 4.5.0; R 
Foundation for Statistical Computing, Vienna, Austria) [15]. 
Longitudinal changes in tremor severity, functional disability, 
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and quality of life after FUS2 were analysed using linear mixed-
effects models, with timepoint as a fixed effect and subject as 
a random intercept, to account for unbalanced follow-up and 
missing observations under a missing-at-random assumption. 
Model assumptions were checked and found to be satisfactory. 
Estimated marginal means with 95% confidence intervals were 
derived, and post hoc pairwise comparisons were Bonferroni-
adjusted. Unless otherwise specified, results are reported as 
model-based estimates. Observed values (mean ± SD) were 
used only for descriptive and graphical purposes. Axial SARA 
subscores were summarised descriptively. Neuropsychological 
outcomes were compared between baseline and 12 months 
using paired parametric or non-parametric tests, as appropri-
ate. Statistical significance was set at p < 0.05 (two-tailed). Full 
description of statistical methods is provided in the Supporting 
Information.

2.5   |   Systematic Review and Meta-Analysis

We conducted a systematic review and meta-analysis of staged 
bilateral MRgFUS thalamotomy for medically refractory 
essential tremor in accordance with PRISMA 2020 guide-
lines [16]. PubMed, Web of Science Core Collection, and the 
Cochrane Library were searched up to 15th July 2025, with 
citation tracking through 15th January 2026. Studies report-
ing clinical outcomes after bilateral MRgFUS with pre- and 
post-FUS2 assessment were included. Random-effects meta-
analyses were performed for pre-specified efficacy outcomes 
(CRST A + B, CRST C, and CRST A head and voice subscores) 
focusing on 6- and/or 12-month follow-up. Secondary explor-
atory analyses extended follow-up windows to 3–6 months 
and ≥ 12 months. AEs were summarised descriptively. Full 
methodological details are provided in the Supporting 
Information.

3   |   Results

3.1   |   Study Population

Fifteen right-handed patients (60% men; mean age at FUS2 
74.1 ± 8.9) underwent FUS2 (Table 1). One patient lacked base-
line data from FUS1, which was performed at another site. The 
mean interval between FUS1 and FUS2 was 28.9 ± 22.5 months. 
At 12 months, data were available for 10 out of 15 patients; no 
patients were lost to follow-up.

The limb treated by FUS1 showed a mean improvement of 81% 
at the last assessment before FUS2 (i.e., CRST A + B scores de-
creased from 22.6 ± 3.4 at pre-FUS1 to 4.2 ± 2.6) remaining sta-
ble throughout follow-up (Table S3). Head tremor was present 
in 14 patients pre-FUS2 while voice tremor was present in all 
patients.

Full estimates of mean differences and observed data are re-
ported in Table 2.

Overall CRST scores across treatments are detailed in the 
Supporting Information.

Final stereotactic coordinates and treatment parameters are re-
ported in Table S2.

3.2   |   Tremor Outcomes for the Treated Hand

Following FUS2, model-estimated CRST A + B composite scores 
for the treated hand (100% left-sided) decreased from 21.0 to 
7.1 at 1 month (−13.9 [95% CI –15.4, −12.5]; p < 0.001 vs. base-
line), corresponding to a 66.3% improvement. This effect was 
sustained at 6 months (8.5, −12.5 [−14.0, −11.0]; p < 0.001) and 
12 months (8.8, −12.2 [−13.9, −10.5]; p < 0.001), reflecting 59.4% 
and 58% reductions, respectively, with no significant differences 
between post-treatment timepoints (Figure 1A).

3.3   |   Midline Tremor

Head tremor showed minimal change after the FUS1 but improved 
significantly after FUS2. CRST part A scores decreased from 1.7 at 
baseline pre-FUS2 to 0.3 at 1 month (−1.47 [95% CI –1.76, −1.17]; 
p < 0.001 vs. baseline), corresponding to an 84.6% improvement, 
and remained significantly lower at 6 and 12 months (0.3, 80.8% 
reduction; 0.5, 73.8% reduction; p < 0.001; Figure 1B).

Voice tremor followed a similar course, with CRST part A scores 
improving from 1.6 to 0.9 at 1 month (−0.73 [−0.94, −0.53]; 
p < 0.001), reflecting a 45.8% reduction. Score remained stable 
at 6 and 12 months (0.9, 41.7% reduction; 1.0, 40.3% reduction; 
p < 0.001; Figure 1C).

3.4   |   Functional Outcome and Acceptability

Functional disability improved significantly after FUS2. CRST 
part C scores decreased from 7.3 at baseline pre-FUS2 to 1.3 at 

TABLE 1    |    Baseline demographic and clinical features of the study 
population.

Baseline

Gender (men/women) 9/6 (60/40%)

Dominant hand (right/left) 15/0 (100/0%)

Age at onset (years) 31.1 ± 18.8, 10–60

Disease duration (years) 40.7 ± 18.3, 10–67

Age at FUS1 (years) 71.8 ± 8.6, 51–84

Age at FUS2 (years) 74.1 ± 8.9, 52–89

Interval between FUS1 and FUS2 
(months)

28.9 ± 22.5, 10–69

SDR at FUS1 0.53 ± 0.07, 0.46–0.69

SDR at FUS2 0.53 ± 0.07, 0.43–0.68

Note: Data are presented as mean ± standard deviation, range or number (%).
Abbreviations: CRST, Clinical Rating Scale for Tremor; n, number of patients; 
pre-FUS1 and pre-FUS2, baseline assessment before first and second side 
procedure, respectively; SDR, skull density ratio.
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1 month (−6.1 [95% CI –7.3, −4.9]; p < 0.001 vs. baseline), cor-
responding to an 82.7% reduction and remained low at 6 and 
12 months (1.7 and 1.9, corresponding to 76.4% and 74.2% reduc-
tions; both p < 0.001; Figure 1D).

QoL, as measured by QUEST, followed a similar course, im-
proving from 30.5 to 9.5 (68.7% reduction) at 1 month (−21.0 
[−25.9, −16.1]; p < 0.001) and remaining stable thereafter (9.6 at 
6 months and 9.7 at 12 months, reflecting a 68.4% and 68.7% re-
duction, respectively; both p < 0.001) (Figure 1E).

Improvements in functional disability and QoL were paralleled 
by a high patient acceptability, with all participants reporting, 
at every timepoint, that they would choose to undergo the pro-
cedure again.

3.5   |   Safety Profile

3.5.1   |   Patient-Reported AEs

A total of 42 AEs were reported across 15 patients, mostly grade 
1 (95.2%) with two grade 2 events (4.8%) (Table 3), all managed 
conservatively, resolved or improved by the 6-month follow-up. 
Transient gait disturbance was the most frequent AEs, occurring 

in up to 12 out of 15 patients (80%) within the first few days and 
gradually resolving over the follow-up. At last follow-up, only 
five mild AEs persisted: two at 6 months (i.e., dysarthria and 
dysgeusia) and three at 12 months (i.e., dysarthria, dysgeusia, 
finger hypoesthesia).

3.5.2   |   Axial Function

SARA showed a transient worsening after FUS2 (Figure  1F). 
SARA total score for axial items (1–4) rose from 0.5 at baseline 
to 2.1 at 1 month, then decreased to 0.9 at 6 months and 0.7 at 
12 months. The mean gait subscore increased from 0.3 to 1.0 at 
1 month, then decreased to 0.4 at 6 and 12 months. Stance and 
speech showed similar patterns, while sitting balance remained 
unaffected.

3.5.3   |   Neuropsychological Testing

Cognitive performance was globally preserved at 12 months 
(n = 10). No significant changes were observed in global cogni-
tion, attention/working memory, visuospatial abilities, visual 
memory, executive functions, or language. In contrast, perfor-
mance on the Rey Auditory Verbal Learning Test documented 

TABLE 2    |    Observed and model-estimated CRST and QUEST mean scores across different timepoints.

Pre-FUS1 (n = 14) Pre-FUS2 (n = 15) 1 Month (n = 15) 6 Months (n = 15) 12 Months (n = 10)

CRST total score 65.3 ± 8.3 36.5 ± 9.0 14.4 ± 7.0 16.1 ± 7.4 15.8 ± 6.7

65.9 (61.5–70.3) 36.5 (32.1–40.9) 14.4 (10.0–18.8) 16.1 (11.8–20.8) 16.4 (11.8–20.9)

Hand treated by FUS2a

CRST A 7.6 ± 2.0 8.0 ± 2.1 1.6 ± 1.1 2.2 ± 1.2 1.7 ± 0.8

7.7 (6.9–8.6) 8.0 (7.2–8.8) 1.6 (0.8–2.4) 2.2 (1.4–3.0) 1.7 (0.8–2.7)

CRST B 12.5 ± 2.5 13.0 ± 2.4 5.5 ± 2.6 6.3 ± 3.3 6.6 ± 3.1

12.8 (11.3–14.3) 13.0 (11.5–14.5) 5.5 (4.0–7.0) 6.3 (4.8–7.8) 7.1 (5.5–8.7)

CRST A + B 20.1 ± 3.9 21.0 ± 4.1 7.1 ± 3.4 8.5 ± 4.2 8.3 ± 3.7

20.5 (18.3–22.6) 21.0 (18.9–23.1) 7.1 (5.0–9.2) 8.5 (6.4–10.6) 8.8 (6.6–11.1)

Head tremor
CRST A

1.9 ± 0.8 1.7 ± 0.8 0.3 ± 0.5 0.3 ± 0.5 0.4 ± 0.5

2.0 (1.6–2.3) 1.7 (1.4–2.1) 0.3 (0.07–0.6) 0.3 (0.0–0.7) 0.5 (0.1–0.9)

Voice tremor
CRST A

1.6 ± 0.5 1.6 ± 0.5 0.9 ± 0.4 0.9 ± 0.3 0.9 ± 0.3

1.7 (1.4–1.9) 1.6 (1.4–1.8) 0.9 (0.7–1.1) 0.9 (0.7–1.2) 1.0 (0.7–1.2)

Functional 
disability
CRST C

18.4 ± 2.5 7.3 ± 2.7 1.3 ± 1.3 1.7 ± 1.6 2.0 ± 1.7

18.5 (17.4–19.6) 7.3 (6.2–8.4) 1.3 (0.2–2.3) 1.7 (0.7–2.8) 1.9 (0.6–3.2)

QUEST 57.1 ± 16.2 30.5 ± 13.5 9.5 ± 8.5 9.6 ± 8.7 10.8 ± 11.4

56.9 (50.4–63.4) 30.5 (24.1–36.9) 9.5 (3.1–16.0) 9.6 (3.3–16.0) 9.7 (2.8–16.7)

Note: For each outcome, the first row reports observed means ± standard deviation (SD), while the second row reports model-estimated means with 95% confidence 
intervals (CIs) from linear mixed-effects models. Pairwise comparisons and statistical significance across timepoints, for the most clinically relevant variables, are 
illustrated in Figure 1. Pre-FUS1 = baseline data before first side thalamotomy; Pre-FUS2 = baseline data before second side thalamotomy; 1, 6, 12 months = follow-up 
visits after the second procedure.
Abbreviations: CRST, Clinical Rating Scale for Tremor; FUS2, second side thalamotomy; n, number of patients; QUEST, Quality of Life in Essential Tremor 
Questionnaire.
aAll second side procedures were performed on the right thalamus to treat left-hand tremor.
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FIGURE 1    |     Legend on next page.
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FIGURE 1    |    Efficacy outcomes and axial impairment after second side thalamotomy (FUS2). (A–E) display observed group data (mean ± SD) 
across study visits: Pre-FUS1 = baseline before first side thalamotomy; pre-FUS2 = baseline before second side thalamotomy; 1 month, 6 months, 
12 months = follow-up visits after second side thalamotomy. Statistical comparisons were obtained from linear mixed-effects models with Bonferroni-
adjusted post hoc contrasts. Panel F shows SARA axial sub-items mean values with 95% confidence intervals derived from group-level summary 
data. CRST, Clinical Rating Scale for Tremor; MRgFUS, Magnetic resonance-guided focused ultrasound; n, Number of patients; n.s., Not significant; 
QUEST, Quality of Life in Essential Tremor Questionnaire; SARA, Scale for the Assessment and Rating of Ataxia; SD, Standard deviation.

TABLE 3    |    Adverse events by frequency and severity after second side MRgFUS thalamotomy.

1 month (n = 15) 6 months (n = 15) 12 months (n = 10)

Gait disturbance

Grade 1 8 (53.3%) 3 (20%) 0

Grade 2 0 0 0

Grade 3 0 0 0

Dysarthria

Grade 1 3 (20%) 4 (26.7%) 1 (10%)

Grade 2 2 (13%) 0 0

Grade 3 0 0 0

Dysphagia

Grade 1 1 (6.7%) 1 (6.7%) 0

Grade 2 0 0 0

Grade 3 0 0 0

Grade 4 0 0 0

Grade 5 0 0 0

Dysesthesia

Grade 1 2 (13%) 1 (6.7%) 1 (10%)

Grade 2 0 0 0

Grade 3 0 0 0

Dysgeusia

Grade 1 2 (6.7%) 2 (13.3%) 1 (10%)

Grade 2 0 0 0

Muscle weakness

Grade 1 0 0 0

Grade 2 0 0 0

Grade 3 0 0 0

Other

Fatigue 4 (26.7%) 2 (13.3%) 0

Steroid-relateda 3 (20.0%) 0 0

Difficulty in word finding 1 (6.7%) 0 0

Abbreviation: n, number of patients.
aTachycardia (N = 1), mild hyperglycaemia (N = 1), oral candidiasis (N = 1). Values are reported as the number (%) of patients at each visit for each adverse event and 
severity grade, classified according to the Common Terminology Criteria for Adverse Events, version 5 (CTCAEv5) [11], across all follow-up assessments.
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a significant decline in verbal episodic memory, with a marked 
increase in recognition errors (+4.5 vs. baseline, p = 0.02). The 
results also showed a decline in both immediate and delayed 
recall (p = 0.01 and p = 0.03, respectively), although above the 
normality cut-off limit (Table S4).

3.6   |   Literature Review

The study selection process is summarised in the PRISMA flow 
diagram (Figure S1). The systematic review identified 12 studies 
with relevant outcomes of interest [6, 7, 17–26] (Table  4), 4 of 
which [7, 18, 22, 23] were eligible for the primary meta-analysis 
and 2 additional ones [6, 21] for the explorative analysis with 
extended follow-up; data from the present study were also 
included.

3.6.1   |   Meta-Analysis of Efficacy Outcomes

The primary meta-analysis demonstrated a significant and 
sustained reduction in treated-hand tremor severity (CRST 
A + B) at both 6 and 12 months after FUS2 (Figure  2A,B). 
Functional disability (CRST C) improved significantly at 
6 months but not at 12 months (Figure 2C,D). Head tremor did 
not reach statistical significance at either timepoint, whereas 
voice tremor showed a significant and persistent improvement 
(Figure  2E–H). Exploratory meta-analyses using extended 
follow-up windows confirmed a consistent reduction in hand 
tremor severity across timepoints (Figure  3A,B). Functional 
disability improved at earlier follow-up but not at the longest 
timepoint, while head tremor reached statistical significance 
only at ≥ 12 months. Voice tremor remained significantly re-
duced throughout (Figure 3C–H). Sensitivity analyses by set-
ting a lower correlation coefficient (i.e., r = 0.5) yielded similar 
estimates (Figures S2 and S3). Detailed results are provided in 
the Supporting Information.

3.6.2   |   Descriptive Analysis of Adverse Events

A total of 134 patients with the longest available follow-up were 
analysed (included studies, n = 124, Table  5; present cohort, 
n = 10). The most frequently reported persistent AEs were sen-
sory disturbances (n = 25), followed by gait disturbance (n = 18), 
dysarthria (n = 16), dysgeusia (n = 15), and dysphagia (n = 7). 
Overall, persistent AEs at last follow-up were 1.5%–18.6% of all 
treated patients and were mostly mild.

4   |   Discussion

In this prospective single-centre study, staged bilateral MRgFUS 
thalamotomy for medication-refractory ET was associated with 
additional and sustained improvements in tremor severity, 
functional disability, and QoL, persisting up to 12 months after 
FUS2. FUS2 was associated with a marked contralateral hand 
tremor reduction (58% of CRST A + B) and relevant functional 
gains vs. FUS1. In the context of the high acceptability observed 
in our cohort, all patients who underwent FUS2 experienced a 
marked and sustained clinical benefit after FUS1 and had not 

developed persistent severe AEs, likely contributing to their 
motivation. Notably, none of the patients in our cohort reported 
persistent disabling AEs or substantial decline in tremor control 
after FUS2. This may have contributed to the high acceptability 
in our series, in contrast with reports of declining satisfaction 
over longer follow-up [26]. Although the magnitude of improve-
ment observed for the treated hand after FUS2 was, on average, 
lower than that achieved after FUS1—as also reported by other 
studies [22, 26]–patient satisfaction remained consistently high. 
This suggests that perceived clinical benefit may not scale lin-
early with absolute tremor severity scores, particularly for the 
non-dominant hand, but may instead reflect functional rele-
vance in daily activities and individual patient expectations.

Reports on the effect of FUS2 on axial tremor are inconsistent, 
with some series describing benefit and others showing lim-
ited or no improvement [21, 23]. Consistent with prior reports 
[6, 7, 18, 20, 22], our cohort showed sustained improvements 
in head (~74%) and voice (~40%) tremor through 12-month 
follow-up.

According to the meta-analysis, FUS2 consistently reduced hand 
tremor severity, whereas heterogeneity was greater for tremor-
related disability and midline symptoms. This variability likely 
reflects differences in patient phenotype, outcome measures 
(i.e., CRST subscores), across studies [7, 18, 23], and, impor-
tantly, the limited sample size available for some outcomes. In 
particular, head tremor did not reach significance either at 6 or 
12 months in the primary meta-analysis, whereas a significant 
reduction emerged at 12 months only in the exploratory analysis. 
This difference is most likely driven by increased sample size 
rather than a true delayed clinical response.

In our cohort, AEs were common but mainly mild and self-
limiting. Transient gait disturbance was the most frequent, 
affecting up to 80% within the first days and gradually and com-
pletely resolving over the follow-up. Accordingly, axial function, 
captured by SARA, showed a predictable transient worsening at 
1 month with near-complete resolution by 6–12 months. Overall, 
at 12 months, only three mild (grade 1 CTCAE) AEs persisted 
(dysarthria, finger hypoesthesia, and dysgeusia).

Findings from the systematic review and descriptive aggregate 
analysis of staged bilateral MRgFUS treatment demonstrated 
similar trends. Sensory and gait/balance disturbances were the 
most frequently reported persistent AEs, followed by dysarthria 
and dysgeusia. Most AEs were transient, although heterogene-
ity in follow-up duration and AE grading across studies limits 
direct comparison.

Historically, persistent dysarthria discouraged bilateral thalam-
otomy and contributed to the shift toward DBS [4, 27]. A large 
meta-analysis of lesioning procedures (i.e., radiofrequency, 
Gamma Knife radiosurgery) and DBS reported higher rates of 
persistent speech disturbance after bilateral than unilateral 
thalamotomy (40.6% vs. 15.0%), with a similar pattern for DBS 
(34.6% vs. 10.2%) [28]. Interestingly, the highest risk occurred 
in patients with Parkinson's disease in the lesioning group 
and for patients with ET in the DBS group. Against this back-
ground, both our cohort and the provided aggregate analysis of 
AEs suggest lower rates of persistent dysarthria (i.e., 9%–11.9%) 
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compared with bilateral thalamotomy using other lesioning 
techniques, and rates that are comparable—or in some recent 
series [22] even lower—than bilateral DBS. These observations 
are contextual rather than based on head-to-head comparisons 
and should be therefore interpreted with caution, particularly 
considering the potential reversibility of speech-related AEs 
with DBS. Nevertheless, compared with aggregate data from 
multiple unilateral MRgFUS cohort [29], bilateral staged pro-
cedures appear to carry a higher prevalence of persistent dys-
arthria consistent with meta-analytic estimates from a study 
on unilateral MRgFUS [30] in which dysarthria was usually 
transient (1–3 months), while persistent sensory (19%–18%) and 
cerebellar (13%–10%) disturbances at 6–12 months were broadly 
similar to those observed for bilateral procedures.

Although based on a limited subsample with 12-month fol-
low-up—redetermined to limit practice effects—global cogni-
tion in our cohort was preserved, with a highly selective decline 
in verbal episodic memory and no detectable impact on ecolog-
ical functioning. These preliminary findings partially diverge 
from preliminary investigations of cognitive outcomes follow-
ing both unilateral [31–36] and bilateral MRgFUS thalamotomy 
[7, 18, 21, 23, 25] which generally reported a normal cognitive 
profile, or isolated mild decline affecting a small proportion of 
cognitive measures at the individual level [25]. However, most 

unilateral studies [31, 33, 35] and all published bilateral series 
[7, 18, 21, 23, 25] assessed patients within a relatively short in-
terval after the procedure (typically 4–6 months), a timeframe 
susceptible to practice effects [37] and potentially insufficient 
to detect subtle and delayed changes. Nevertheless, our results 
are congruent with DBS literature, in which modest, later-
alised effects—often in verbal fluency or memory—may occur 
without global deterioration [38, 39] and are consistent with a 
network-level mechanism involving cerebello–thalamo–cortical 
circuits [40]. Overall, these findings support a favourable cogni-
tive safety profile while underscoring the need for systematic, 
longer-term monitoring to define trajectory, mechanisms (i.e., 
lesion location/extent), and clinical salience.

Taken together, literature data suggest that staged bilateral 
MRgFUS may offer tremor control comparable to DBS [22], with 
a broadly similar safety profile, while avoiding some of the mor-
bidity associated with older bilateral lesioning. However, as with 
all surgical approaches, bilateral treatment appears to carry a 
higher risk of AEs compared with unilateral procedures, partic-
ularly in axial domains. Importantly, some AEs observed after 
staged bilateral procedures can be attributed to lesion topogra-
phy, rather than bilaterality itself. By contrast, other AEs (i.e., 
axial symptoms, dysgeusia), may be more sensitive to procedural 
factors that systematically differ between first- and second-side 

FIGURE 2    |    Meta-analysis of efficacy outcomes at 6- and 12-month follow-up. Forest plots (A–H) depict pre- and post-treatment mean scores and 
standard deviations for the Clinical Rating Scale for Tremor (CRST) following second side MR-guided focused ultrasound (MRgFUS) thalamoto-
my. Pooled absolute mean differences, corresponding to 95% confidence intervals (CIs), and mean percentage changes (Δ%) were calculated using 
random-effects models, assuming a within-subject correlation coefficient of r = 0.7. Panels show changes in CRST composite scores for the treated 
hand (part A + B, panels A and B), functional disability (part C, panels C and D), and head and voice tremor subscores (part A, panels E–H) at 6 and 
12 months post-procedure. Heterogeneity across studies is expressed as I2. *Data from the present study. For the study by Sarica et al. [22], only par-
ticipants with a 12-month follow-up were included.
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treatments. In this context, targeting strategy represents a key 
variable warranting consideration.

Available evidence indicates that staged bilateral MRgFUS is 
performed using heterogeneous targeting strategies, with sub-
stantial variability in both procedural details and reporting. 
Several series reported asymmetric targeting, whereas others 
used symmetric strategies or did not provide sufficient informa-
tion to determine lesion symmetry. This limitation applies also 
to the largest available cohort [7], which adopted a standardised 
targeting framework without specifying whether lesions were 
symmetric across sides. Although a tendency toward asymmet-
ric targeting emerges, current evidence remains insufficient to 
define an optimal strategy. Similarly, the interval between the 
two procedures varied widely across cohorts and was not sys-
tematically investigated as a determinant of outcome and safety. 
Longer inter-procedural intervals may allow partial functional 
compensation, particularly for axial domains, although this hy-
pothesis remains speculative and should be interpreted along-
side lesion topography and patient-related factors (e.g., age 
and baseline axial functioning). Overall, these observations 
underscore the exploratory nature of the current evidence and 
highlight the need for better reporting of targeting strategies, 

procedural timing, and lesion characteristics to understand if 
these variables may influence efficacy and safety of staged bi-
lateral MRgFUS.

4.1   |   Strengths and Limitations

This study benefits from a prospective design with systematic 
assessment of motor, functional, and quality-of-life domains, 
alongside longitudinal structured collection of AEs.

Nonetheless, several limitations warrant consideration. The 
study was conducted outside a formal clinical trial framework 
and was not prospectively registered; although outcomes and 
follow-up assessments were defined a priori within routine clin-
ical care, this may increase susceptibility to bias and should be 
considered when interpreting the results. The series was obser-
vational, single-centre, and lacked a control group or blinded 
tremor ratings, with a small sample size and relatively limited 
follow-up. Objective quantitative measures for voice tremor 
and gait analysis were not included, and no baseline neuropsy-
chological data were available before FUS1. Also, correlations 
with procedural or imaging parameters were not explored, as 

FIGURE 3    |    Exploratory meta-analysis of efficacy outcomes with extended follow-up windows. Forest plots (A–H) depict pre- and post-treatment 
mean scores and standard deviations for the Clinical Rating Scale for Tremor (CRST) following second side MR-guided focused ultrasound (MRgFUS) 
thalamotomy. Pooled absolute mean differences, corresponding to 95% confidence intervals (CIs), and mean percentage changes (Δ%) were calcu-
lated using random-effects models, assuming a within-subject correlation coefficient of r = 0.7. Panels show changes in CRST composite scores for 
the treated hand (part A + B, panels A and B), functional disability (part C, panels C and D), and head and voice tremor subscores (part A, panels 
E–H) at 3–6 months and ≥ 12 months post-procedure. Heterogeneity across studies is expressed as I2. *Data from the present study. For the study by 
Iorio-Morin et al. [6]. 2021, contralateral CRST A + B scores (including lower-limb items) were used as a proxy for upper-limb tremor severity in the 
exploratory analysis, as no hand-specific subscore was separately reported. For the study by Sarica et al. [22] only participants with follow-up ≥ 12 
months were included.
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the study was primarily designed to assess clinical, functional, 
and cognitive outcomes. In addition, the systematic review and 
meta-analysis was not pre-registered in a database. At the meta-
analytic level, inference was constrained by the small number of 
eligible studies contributing to substantial heterogeneity, the in-
clusion of our cohort, and the absence of randomised controlled 
trials in the literature.

Future research should address these gaps through larger mul-
ticentre collaborations, extended follow-up, and harmonised 
AEs reporting. Objective, instrumental measures for voice 
tremor and gait, combined with comprehensive cognitive bat-
teries, would better define outcome and safety trajectories. 
Future studies, integrating imaging-based analyses of lesion lo-
cation and volume, procedural parameters and patient-related 
features, may further clarify the relationship between target-
ing strategies (i.e., symmetrical vs. asymmetrical), thermal de-
livery, clinical outcomes and AEs. It will also be important to 
investigate staged bilateral MRgFUS in selected populations, 
including patients with Parkinson's disease evolving from long-
lasting ET, and in younger DBS-eligible individual with ET, to 
determine whether the favourable safety–efficacy profile ob-
served in older ET cohorts extends to individuals with greater 
neuroplastic potential, longer life expectancy, and higher func-
tional demands. Finally, prospective observational studies and 
prospective comparative head-to-head designs versus bilateral 
DBS could further clarify benefits, risks, and optimal patient 
selection.

5   |   Conclusion

In conclusion, findings from this prospective cohort and the sys-
tematic review and meta-analysis suggest that staged bilateral 
MRgFUS thalamotomy may provide additional clinical benefit 
beyond unilateral treatment in appropriately selected patients, 
with AEs that are mostly mild and transient.
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