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BACKGROUND: Focused ultrasound (FUS-T) and stereotactic radiosurgery thalamotomy (SRS-T) targeting the ventral
intermediate nucleus are effective incisionless surgeries for essential tremor (ET). However, their efficacy for tremor
reduction and, importantly, adverse event incidence have not been directly compared.

OBJECTIVE: To present a comprehensive systematic review with network meta-analysis examining both efficacy and
adverse events (AEs) of FUS-T vs SRS-T for treating medically refractory ET.

METHODS: We conducted a systematic review and network meta-analysis according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines, using the PubMed and Embase databases. We included all primary
FUS-T/SRS-T studies with approximately 1-year follow-up, with unilateral Fahn-Tolosa-Marin Tremor Rating Scale or
Clinical Rating Scale for Tremor scores prethalamotomy/post-thalamotomy and/or AEs. The primary efficacy outcome
was Fahn-Tolosa-Marin Tremor Rating Scale A+B score reduction. AEs were reported as an estimated incidence.
RESULTS: Fifteen studies of 464 patients and 3 studies of 62 patients met inclusion criteria for FUS-T/SRS-T efficacy
comparison, respectively. Network meta-analysis demonstrated similar tremor reduction between modalities (absolute
tremor reduction: FUS-T: —11.6 (95% Cl: —13.3, —9.9); SRS-T: —10.3 (95% Cl: —14.2, —6.0). FUS-T had a greater 1-year
adverse event rate, particularly imbalance and gait disturbances (10.5%) and sensory disturbances (8.3%). Contralateral
hemiparesis (2.7%) often accompanied by speech impairment (2.4%) were most common after SRS-T. There was no
correlation between efficacy and lesion volume.

CONCLUSION: Our systematic review found similar efficacy between FUS-T and SRS-T for ET, with trend toward higher
efficacy yet greater adverse event incidence with FUS-T. Smaller lesion volumes could mitigate FUS-T off-target effects

for greater safety.
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disorder, with a prevalence of 0.5% to 5%." Although
neuromodulation surgery such as deep brain stimulation
(DBS) of the thalamus can be highly effective to reduce symptoms
of medically refractory ET,” incisionless lesion-based approaches
may be needed in cases where patients have contraindications to
DBS. Circumstances include medical comorbidities that increase

Essential tremor (ET) is the most common movement

ABBREVIATIONS: AEs, adverse events; CRST, Clinical Rating Scale for
Tremor; ET, essential tremor; FTM-TRS, Fahn-Tolosa-Marin Tremor Rat-
ing Scale; FUS-T, focused ultrasound thalamotomy; PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses; SDR, skull
density ratio; SRS-T, stereotactic radiosurgery thalamotomy.

Supplemental digital content is available for this article at neurosurgery-online.com.

524 | VOLUME 93 | NUMBER 3 | SEPTEMBER 2023

complication risks for implantation surgery, limited access to DBS
programming, and patient preference.®” Two common incisionless
thalamotomy surgeries are stereotactic radiosurgery thalamotomy
(SRS-T), also known as Gamma Khnife thalamotomy, and more
recently, focused ultrasound thalamotomy (FUS-T).

SRS-T and FUS-T are both permanently ablative surgeries, most
commonly targeting the ventral intermediate nucleus (Vim) of the
thalamus. In SRS-T, multiple radiation beams are delivered to
create the lesion,'” although real-time monitoring of symptom
improvement is precluded because of delay of symptom im-
provement by up to 6 months.!" By contrast, for FUS-T, ultra-
sound waves are delivered to heat and ablate tissue with real-time
monitoring of tissue temperature using MR thermometry and

clinical assessment for tremor improvement.'*!?
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HIFU VS SRS THALAMOTOMY FOR ESSENTIAL TREMOR

Given these methodological differences, it is important to  have reported percent tremor reduction' and composite effi-
compare the relative efficacy of these incisionless modalities. Prior ~ cacy.!! However, neither of these measures directly compares
systematic reviews and meta-analyses comparing the 2 modalities ~ tremor reduction using the same rating scale, limiting conclusions.

Identification of studies via databases and registers
5
= Records identified from: Records excluded (n =255)
5E Pubmed: 274 Animal study (n=1)
';:'; Embase: 327 Article in non-English language (n=4)
© Unique: 356 Article not available (n=2)
B Bilateral thalamotomy (n=6)
Case report/series with n<5 (n=49)
Comment (n=26)
Corrigendum/Erratum (n=2)
n y Duplicate article (n=1)
Lecture/Seminar (n=2)
Records meeting inclusion criteria via Letter (n=6)
abstract screen (n =101) Literature review (n=81)
Meta-analysis (n=7)
Not essential tremor (n=25)
Not FUS or SRS (n=4)
Response (n=2)
Systematic review (n=13)
Technical analysis (n=25)
=
5
2
& A4
Reports assessgd for eligibility per Reports exdluded (n=42)
Batcone mstrics {'=39) Duplicate patient population (n=16)
Follow-up < 1 year (n=8)
No validated rating scale (n=16)
Selective population with tremor relapse (n=1)
Unclear if adverse events followed for 1 year (n=1)
___ v
Studies included in pre/post review Studies excluded because of incompatible data formats (n=16)
(n=43) > No baseline data (n=1)
Raw CRST or FTM score not reported (n=12)
Total CRST reported, not contralateral score (n=3)
==
S
3
o
=
Studies included in efficacy analyses
(n=18)
Studies included in adverse effects
analyses (n=25)
FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart of study identification, screening, and inclusion. CRST,
Clinical Rating Scale for Tremor; FTM, Fahn-Tolosa-Marin; FUS, focused ultrasound; SRS, stereotactic radiosurgery.
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TABLE 1. Pooled Demographics for Prethalamotomy vs Post-Thalamotomy Studies with ~12 Month Follow-up

Age at baseline, Disease duration FTM-TRS FTM-TRS at Post-treatment
FUS mean, = SD (y), mean + SD Baseline, Follow-up follow-up, lesion size: ROBINS-I risk of
Authors Year orSRS n F/M (range) (range) mean + SD time (mo) mean = SD volume, mm?3 bias assessment
S Kato, et al?’” 2022  FUS 15 4/11 72.8 £ 5.39 27.6 + 20.9 (6-65) 19 £ 34 6 77 £54 ~ Confounding
(64-81)

C Pae, et al?® 2022 FUS 85 18/67 65.3 + 8.7 (45-86) 13.8 + 10.6 (1-40) 182 £53 6 5155 242 + 91 Confounding
Selection of
participants

V Purrer, 2022 FUS 37 12/25 694 + 12.2 19.1 £ 120 19.2 £ 4.2 12 6.2 £50 ~ Confounding

et al.??

K Yamamoto, 2022 FUS 53 31/69° 38.1 + 20.6° ~ 204 + 5.1 12 10.7 £ 6.5 1753 £ 934 Confounding

et al.?® Missing data

K Fukutome, 2021 FUS 15 4/11 629+ 11.3 21.5 + 140 18,5+ 5.8 12 46 + 5.7 68.0 + 29.8 Confounding

et al.>?

PWuy, etal®® 2021 FUS 48 17/31 59.14 + 135 192 + 136 147 + 49 12 70+ 55 ~ Confounding

G Zur, etal?’ 2020 FUS 22 8/14 72+6 138 192 +69 6 4+4 ~ Confounding
Selection of
participants

A Sinai, et al®® 2019  FUS 24 17/27° 70.5 (63-87)% 16.3 + 10.4° 19.5 + 7.2° 12 70+58 297.1 £ 1280 Confounding
Missing data

YS Park, et al>* 2019  FUS 15 2/10 61.7 £ 8.1 17.8 £ 13.03 174 £ 38 12 53+34 82.6 + 29.0 Confounding

C Gasca-Salas, 2019 FUS 23 6/17 ~ ~ 166 + 4.6 12 6.1 £ 4.1 ~ Confounding

et al® Selection of
participants

QTian, et al®® 2018 FUS 8 ~ ~ ~ 189 + 24 12 110 + 48 ~ Confounding

NY Jung, 2018 FUS 20 3/17 64.1 (47-77) 21.2 (5-54) 182 + 4.0 12 58 £45 ~ Confounding

et al®’ Selection of
participants

WJ Elias, 2016  FUS 76 24/52 708 =+ 8.7 164 + 13.1 18.1 £ 48 12 109 + 45 ~ Confounding

et al3®

WS Chang, 2015 FUS 8 1/7 66.1 + 5.25 32.1 £ 16.1 18.1 £3.2 6 40+ 35 979 + 419 Confounding

et al.>®

WJ Elias, 2013  FUS 15 5/10 66.6 + 8.0 320+ 213 204 +5.2 12 52+48 ~ Confounding

et al.*°

FUS aggregate 464 152 (29.2%)/ 63.3° 59.9° 183 + 5.2° 10.3 73+57 200.2°

368 (70.8%)"
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NEUROSURGERY

CRST, Clinical Rating Scale for Tremor; FTM-TRS, Fahn-Tolosa-Marin Tremor Rating Scale; FUS, focused ultrasound; SRS, stereotactic radiosurgery.

®From initial enrolment, exact demographics of specific sample not available.

°From data available. ~not reported.

CRST scores were relabeled as FTM-TRS scores.

HIFU VS SRS THALAMOTOMY FOR ESSENTIAL TREMOR

In addition, no study has complemented analysis of tremor re-
duction with direct comparison of adverse effect profiles of SRS-T
and FUS-T. Thus, we performed a systematic review and network
meta-analysis to directly compare SRS-T and FUS-T efficacy in
tremor reduction for patients with medically refractory ET, with
comprehensive characterization of adverse effects for each therapy.

METHODS

Retrospective Review
Literature Search

The systematic review was conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines.'>
This study answered the following questions: (1) What is the effect of
FUS-T vs SRS-T on tremor reduction in patients with ET? (2) What are
the long-term adverse effects of FUS-T vs SRS-T in patients with ET?
The PubMed database search was conducted on October 6th, 2022, from
inception of the database to October 2022 using the following search:
“(((ET OR essential tremor) AND thalamotomy) AND ((SRS OR
stereotactic radiosurgery OR GK OR gamma knife) OR (focused US OR
focused ultrasound))).” We repeated this query on the Embase database
on October 10th, 2022, with the same time period and search terms. In
accordance with guidelines for meta-analyses comprising publicly
available research reports, written informed consent from participants was
not required. The data sets supporting the current study are available
from the corresponding author upon reasonable request.

Study Selection

Two researchers (S.K. and A.B.S.) independently screened all titles and
abstracts based on the following inclusion and exclusion criteria.'® The
inclusion criteria were (1) the study population comprised patients with only
ET, (2) the patients received either unilateral SRS-T or FUS-T, and (3)
tremor severity in the study was scored using a validated tremor scoring scale.
Exclusion criteria were (1) all articles not available in English; (2) studies that
involved animals, without any human participants; (3) technical analyses; (4)
editorials; (5) literature or systematic reviews; (6) case reports or series
with <5 patients; and (7) follow-up <3 months (Figure 1). In the case of
studies with mixed patient populations (eg, patients with either ET or
Parkinson disease), studies were included only when ET patient data could
be reliably separated from the larger cohort. In the case where multiple
studies reported the same or overlapping patient data, the study with most
recent and comprehensive patient population was included.

Given the difficulty in directly comparing across different tremor scales,
we then further subselected studies that used the unilateral tremor score
(parts A and B) from the Fahn-Tolosa-Marin Tremor Rating Scale (FTM-
TRS) or Clinical Rating Scale for Tremor (CRST), also noted as the tremor
score for the treated hand (TSTH). Although referred to with different
names, each of these scales record information about subcomponents of
tremor on the same numerical scale; the maximum possible unilateral
tremor score is 58. For inclusion in network meta-analysis, total score with
standard deviation for each group needed to be reported. If a study included
the median and interquartile range, the data were converted to mean and
standard deviation.!” Studies that did not meet criteria for inclusion in the
network meta-analysis of efficacy were still considered for analysis if there
was characterization of adverse events (AEs) after 1 year of follow-up. The
results of the full process for study selection are presented in Figure 1.
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Compared with Baseline

FUS
SRS

Baseline

Mean Difference (95% Crl)

—o— -11.6 (-13.3, -9.93)

[
FUs -20

-10.3 (-14.2, -5.96)
|
0

FIGURE 2. Network meta-analysis results comparing reduction in tremor score from baseline for FUS vs SRS
thalamotomy. Left, Network plot of FUS vs SRS thalamotomy. Right, Forest plot of frequentist model for
network meta-analysis. FUS, focused ultrasound; SRS, stereotactic radiosurgery.

Data Extraction

Two reviewers (S.K. and A.B.S.) independently extracted data for the
systematic review on study design, patient population (whether inclusion and
exclusion criteria were met, lesion area, and number of patients), and out-
comes (unilateral tremor scores). All reviewers (S.K., A.B.S., and D.D.W.)
vetified accuracy of study inclusion or exclusion, study metrics, and outcomes.

Data Bias

No study included in the network meta-analysis directly compared FUS-T
vs SRS-T with 2 groups of participants, precluding assessment of bias during
treatment allocation between the 2 modalities. There was also no bias due to
selective reporting because we only included studies reporting the total unilateral
FTM-TRS score. However, we have used the ROBINS-I risk of bias as-

sessment'® for each study to examine quality of outcome assessment (Table 1).

Data Ethics Characterization

We assessed each study for whether it met the criteria for ethical data
collection per the Declaration of Helsinki. Twenty one studies provided
explicit statements with institutional review board (IRB)/local ethics
committee (LEC) approval and written consent. Seven studies stated IRB/
LEC approval, and 5 studies stated informed consent for the procedure.
Four studies implied consent through statements such as “enrolled” and
“enrollment in dlinical trials.” Finally, 6 studies had no mention as to
whether the data were collected ethically or with patient consent.!*->4

Data Synthesis and Statistical Analysis

Meta-analysis

First, we conducted independent meta-analyses for FUS-T and SRS-T
tremor reduction. A pooled weighted mean distribution and 95% CI of
FTM-TRS A+B scores relative to preprocedure baseline were determined
for studies that had follow-up close to 12 months. We assessed hetero-
geneity using the I” statistic. For meta-analysis calculations and visual result

display, we used MetaXL (version 5.3, EpiGear).

Network meta-analysis

For comparing tremor reduction after FUS-T or SRS-T, a network
meta-analysis was conducted to compute a pooled weighted mean dis-
tribution and 95% CI of FTM-TRS A+B tremor reduction. This was also
compared with preprocedure baseline, using the same studies that were
included in the prior meta-analyses. We assessed transitivity by examining
age of cohorts at baseline, disease duration, difference in sex distributions,
and average follow-up times. Network meta-analysis calculations and
visual display of results were conducted using Metalnsight (version
3.1.14, NIHR CRSU), which uses frequentist models from the R package

“netmeta.”?’

Failure rate analysis

For each study that met inclusion criteria for either efficacy or adverse
event comparison, we characterized whether authors explicitly described a
subpopulation of treated patients where the outcome was below a prespecified
efficacy threshold. Descriptions included “failure,” “nonresponse,” “poor
response,” “relapse,” or “recurrence.” Cohorts were then descriptively pooled

across FUS-T and SRS-T treatment modalities.

Adverse events analysis

We compiled AEs reported in the literature for all studies that included
follow-up from FUS-T or SRS-T for at least 1 year. Incidences of AEs
were estimated by summing the count of AEs across all included studies
and dividing by the total number of patients summed over all studies. We
additionally compared the difference in AEs between FUS patient
populations with “classic” Vim targeting (ie, at the z-level of the inter-
commissural (AC-PC) plane) vs those with “modified” Vim targeting (ie,
noted in the respective Methods sections to be superior to the AC-PC
plane). In addition to each category of AEs, we included a “maximum AE
rate” category, defined by the maximum AE rate of the categories in-
cluded, for subanalyses given that multiple AEs could be present in a
single patient. Statistical analysis was performed using the 2-sample z-test
for proportions or linear regression where appropriate.

TABLE 2. Comparison of All Treatments for FTM-TRS A+B Tremor Reduction

Condition Baseline FUS SRS

Baseline Baseline —11.57 (-13.3, —9.93) —10.26 (—14.21, —5.96)
FUS 11.57 (9.93, 13.3) FUS 1.31 (—2.96, 5.99)
SRS 10.26 (5.96, 14.21) —1.31 (—5.99, 2.96) SRS

FTM-TRS, Fahn-Tolosa-Marin Tremor Rating Scale; FUS, focused ultrasound; SRS, stereotactic radiosurgery.
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TABLE 3. Ranking Table for All Studies, With Probability for Each
Treatment to be the Best

Condition Rank 1 Rank 2 Rank 3
Baseline 0 7.5E-05 0.9999
FUS 0.7281 0.2719 0

SRS 0.2719 0.7280 7.5E-05

FUS, focused ultrasound; SRS, stereotactic radiosurgery.

Data Availability

The data sets supporting the current study are available from the
corresponding author on reasonable request.

RESULTS

Patient Demographics of Included Studies for
Efficacy Comparison

The full study selection process for inclusion in this analysis is
detailed in the PRISMA flow diagram (Figure 1). Fifteen studies
(n = 464) with FUS-T?%% and 3 studies (n = 62) with SRS-T%143

HIFU VS SRS THALAMOTOMY FOR ESSENTIAL TREMOR

met inclusion criteria for pre-thalamotomy vs post-thalamotomy
efficacy analyses. The weighted average follow-up times were
10.3 months and 14.1 months for FUS-T and SRS-T groups,
respectively. Full pooled patient demographics by paper are detailed
in Table 1.

Assessment of Risk of Bias

Sixteen of 18 of the studies did not explicitly address con-
founding factors, such as age, duration of symptoms, or lesion
volume, that could have compromised the results. Four of 18
studies had risk of bias in selection of participants in the study
because they did not explicitly detail both inclusion and exclusion
criteria. Two studies across all analyses demonstrated attrition bias
from initial enrollment baseline statistics; these are marked by
superscript a in Table 1. In addition, low skull density ratio (SDR)
was an exclusion criterion for the FUS cohorts, whereas this was
not the case for the SRS cohorts. As we subselected those studies
that reported the contralateral FTM-TRS A+B raw scores at
baseline and follow-up, there was no risk of bias arising from
measurement of exposure or outcome or in selection of the re-
ported result. Finally, as only studies that had FUS-T or SRS-T
without additional intervention were included, there was no risk
of bias due to postexposure intervention.

TABLE 4. Reported Failure Rates for Prethalamotomy vs Post-Thalamotomy Studies Included in Either Efficacy or Adverse Outcome Analyses
Authors Year FUS or SRS n Failure definition Failure rate
C Pae et al.® 2022 FUS 72 <50% contralateral CRST improvement at 6 mo 0.18

J Torii et al.** 2021 FUS 61 <50% contralateral CRST improvement at 3 mo 0.51

K Yamamoto et al.”’ 2019 FUS 6 Recurrence at 3 mo 033

Y Meng et al>? 2018 FUS 35 <50% tremor improvement at 1y 0.54

FUS aggregate 174 037°

C Tuleasca et al.*? 2017 SRS 17 <50% improvement in TSTH 0.35

A Niranjan et al.® 2017 SRS 91 No improvement in any FTM scores 0.12

C Ohye et al.*®® 2012 SRS 53° <50% improvement in tremor 0.15°

SY Lim et al.*? 2010 SRS 17 Lack of tremor suppression 0.12

D Kondziolka et al.’ 2008 SRS 27 Lack of tremor improvement 0.11

C Ohye et al®! 2002 SRS 1 <75% tremor reduction 0.22

RF Young et al?? 2000 SRS 51 Criteria not described, “treatment failure” 0.079

A Niranjan et al.”® 2000 SRS 8 <50% tremor improvement 0.00

RF Young et al? 1998 SRS 27 Little or no reduction in tremor 0.11

SRS aggregate 302 0.13°

CRST, Clinical Rating Scale for Tremor; FTM, Fahn-Tolosa-Marin; FUS, focused ultrasound; SRS, stereotactic radiosurgery; TSTH, tremor score for the treated hand.

?Includes both essential tremor and Parkinson disease patient populations.

bFrom studies that explicitly reported failure rates, poor responses, or nonresponder cohort.

NEUROSURGERY
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TABLE 5. Pooled AEs for Thalamotomy Studies with ~12 Month Follow-up

Post-
Follow-up Targeting method treatment
length (classic or modified lesion size: Imbalance/
Authors maximum Vim, or other volume Adverse gait Sensory Motor
Year FUS or SRS (mo) [coords: x, y, z])® (mm?) n effects  disturbance disturbance Dysmetria Dysgeusia weakness Dysarthria Others
K Yamamoto®® 24° Modified x: 11 mm 1753 + 56 8 6 n/a n/a 3 0 n/a
2022 y: 1/4 AC-PC distance 93.4¢
FUS z:2 mm
V Purrer”® 12 Classic n/a 37 4 8 n/a 10 1 n/a 6 (dyskinesia/
2022 dystonia)
FUS
J Torii** 24° Modified x: 11.5 to 12.0 mm n/a 64 n/a n/a n/a n/a n/a n/a None
2022 y: 1/3 AC-PC distance minus 1.5 mm
FUS z: 1.5 to 20 mm
K Abe*® 12 Classic n/a 35 0 0 n/a n/a 0 0 None
2021
FUS
DJ Segar™® 12 Modified x: 11 mm 28898 £ 100 15¢ 17¢ 7 3¢ 3¢ 6° N/A
2021 y: 1/4 AC-PC distance 137.72¢
FUS minus 1.5 mm
z:1.5t0 20 mm
P wu° 24° Classic n/a 48 0 3 n/a n/a 2 0 3 (not detailed)
2021
FUS
E Tommasino®’ 12 Modified x: 11 mm n/a 30 n/a n/a n/a n/a n/a n/a None
2021 y: 1/4 to 3/10 AC-PC distance
FUS z:0to 2 mm
H Ito"® 24° Classic n/a 10 n/a n/a n/a n/a n/a n/a None
2020
FUS
K Fukutome®? 12 Classic 680 +298 15 0 1 n/a n/a n/a n/a n/a
2020
FUS
MN GaIIay49 12 Other: cerebellothalamic n/a 10 3 1 n/a n/a 1 0 n/a
2020 tract between red nucleus
FUS and subthalamic nucleus at
the level of the AC-PC plane
AN Kapadia50 12 n/a 1808 £ 915 94 27¢ 8¢ 9° n/a“ 9° 9° n/a
2020
FUS
A Sinai>® 60° n/a 297.1 + 24 2 2 n/a 2 n/a n/a n/a
2019 128.0°
FUS
YS Park® 48° Classic 826 + 15 n/a n/a n/a n/a n/a n/a None
2019 29.023
FUS

IV 13 YNTNAVAVYANOX
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TABLE 5. Continued.

Post-
Follow-up Targeting method treatment
length (classic or modified lesion size: Imbalance/

Authors maximum Vim, or other volume Adverse gait Sensory Motor
Year FUS or SRS (mo) [coords: X, y, 2])° (mm?) n effects  disturbance disturbance Dysmetria Dysgeusia weakness Dysarthria Others
K Yamamoto®' 12 n/a n/a 6 2 n/a n/a n/a n/a n/a n/a
2019
FUS
Y Meng®? 24 n/a 2202 + 35 5¢ 2° 0 n/a 2¢ 0 1 (lethargy)*
2018 1123
FUS
M Harary>> 12 n/a 300 + 100 7 3 1 n/a n/a n/a n/a n/a
2018
FUS
NY Jung37 12 Classic n/a 20 0 n/a n/a n/a n/a n/a n/a
2018
FUS
DG lacopino®* 12 Modified x: 12 to 14 mm laterally n/a 13 1 0 n/a n/a n/a n/a n/a
2018 from the intercommissural plane
FUS y: 1/4 AC-PC distance

z.0to 2 mm
M Zaaroor'® 12 Classic n/a 18 0 0 n/a n/a n/a n/a n/a
2018
FUS
M Kim>® 12 Classic n/a 10 n/a 0 n/a n/a n/a 0 none
2017
FUS
WJ Elias®® 12 n/a n/a 56 5 8 2 2 1 0 1 (disequilibrium)
2016
FUS
MN Gallay*® 12 Other: Cerebellothalamic n/a 21 1 n/a n/a n/a n/a n/a n/a
2016 tract x: 8 mm lateral to the
FUS thalamo-ventricular border

y: 5 mm posterior to the

midcommissural line

z: 3 mm below the

intercommissural plane
DS Huss®’ 24P Classic n/a 15 0 3 n/a n/a 0 0 n/a
2015
FUS
FUS aggregate 724 76 (10.5%) 60 (8.3%) 18 (25%) 17 (2.3%) 22 (3.0%) 15 (2.1%) 11 (1.5%)
MH Khattab®® 12 Modified x: 11 mm n/a 33 n/a n/a n/a n/a n/a n/a 2 (headache)

2022
SRS

y: 1/4 AC-PC distance
z:2to 4 mm
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TABLE 5. Continued.
Post-
Follow-up Targeting method treatment
length (classic or modified lesion size: Imbalance/
Authors maximum Vim, or other volume Adverse gait Sensory Motor
Year FUS or SRS (mo) [coords: X, y, 2])° (mm?) n effects  disturbance disturbance Dysmetria Dysgeusia weakness Dysarthria Others
A Niranjan®® 152° Modified x: 11 mm n/a 73 n/a n/a n/a n/a n/a n/a n/a
2017 y: 1/4 AC-PC distance
SRS z:2 mm
T Witjas>® 12 Modified x: 11 mm n/a 39 n/a n/a n/a n/a n/a n/a None
2015 y: 3.9 to 9.9 mm
SRS z: 2.5 mm
C Ohye®° 24° Modified x: 15 to 17 mm n/a 13 n/a n/a n/a n/a n/a n/a None
2012 from midsagittal plane
SRS y: 7 mm
z:4 mm
RF Young®' 12 n/a n/a 172 n/a 2 n/a n/a 9° 9° n/a
2010
SRS
SY Lim®? 30° Modified x: 11 mm n/a 1 n/a 2 (18,19 mo) n/a n/a n/a n/a 1 (thalamic
2010 y: 1/4 AC-PC distance +1 mm hemorrhage with
SRS z:2to 3 mm speech difficulty
and right
hemiparesis at 14
months)
D Kondziolka’ 96° Modified x: 11 mm n/a 26 n/a n/a n/a n/a 1°(6mo-) 1°(6 mo-) n/a
2008 y: 1/4 AC-PC distance +1 mm
SRS z:2to 3 mm
C Ohye®’ 96° n/a (~125-750, 11 n/a n/a n/a n/a n/a n/a None
2002 1-10 mo)
SRS
RF Young®’ 96° n/a 166 (0-523,3 25 0 1 n/a n/a 1 n/a n/a
2000 mo)
SRS
A Niranjan? 1 Modified x: 11 mm n/a 12 n/a n/a n/a n/a 1° 1° n/a
2000 y: 1/4 AC-PC distance
SRS z:2 mm
RF Young24 50° n/a 245 (30-910, 27 n/a n/a n/a n/a n/a n/a None
1998 3 mo)®
SRS
SRS aggregate 449 0 (0.0%) 5(1.1%) 0 (0.0%) 0 (0.0%) 12 (27%) 11 (2.4%) 3 (0.7%)

AEs, adverse events; FUS, focused ultrasound; n/a, not discussed within the paper; none, paper explicitly stated no adverse effects with 1 year or greater follow-up; SRS, stereotactic radiosurgery.
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“Classic AC-PC = targeting at 0 mm in the z-direction relative to the AC-PC plane. Modified AC-PC = targeting at 1 to 2 mm above the AC-PC plane. Coordinates deviating from - x: 11 to 12 mm lateral to wall of third ventricle; y: 1/4 to 1/3 AC-PC distance anterior to the
front of the PC; z: 0 mm above the intercommissural plane are noted.

PIf follow-up length exceeded 12 months, the adverse effects at close to 12 months were included here for comparison.

“Multiple AEs within the same individual explicitly stated or deduced from total numbers.

dLesion volume of initially enrolled population, with adverse event population demonstrating attrition.
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FUS-T and SRS-T Tremor Reduction vs Prethalamotomy
Baseline

From the pairwise meta-analysis, FUS-T demonstrated significant
tremor reduction as measured by the unilateral FTM-TRS A+B
score reduction at follow-up closest to 12 months (Supplemental
Figure 1, htep:/links.Iww.com/NEU/D755, absolute tremor re-
duction: —11.13 [95% CI: —12.74, —9.52]; relative tremor re-
duction, 60.8%). SRS-T also demonstrated significant absolute
tremor reduction (Supplemental Figure 2, hetp://links.lww.com/
NEU/D756, absolute tremor reduction: —11.41 [95% CI:
—17.39, —5.44]; relative tremor reduction 56.5%).

Network meta-analysis demonstrated a trend toward greater
absolute tremor reduction with FUS-T (Figure 2). FUS-T dem-
onstrated 1.31 (95% CI: —2.96, 5.99) greater weighted mean
difference in FTM-TRS A+B reduction relative to SRS-T (Table 2,
FUS-T: —11.57 [95% CI: —13.3, —9.93]; SRS-T: —10.26 [95%
Cl: —14.21, —5.96]), resulting in a 72.8% probability that FUS-T
is the more efficacious treatment for tremor reduction (Table 3).

For FUS-T and SRS-T, I? was 79% and 84%, Q statistic was
62.29 and 12.40, and P < .01 and < .01, respectively, indicating
significant heterogeneity in study results among both therapies.
We also note that there are differences in the FUS-T and SRS-T
baseline demographics, with a greater proportion of men, younger
age, greater disease duration, shorter follow-up time, and greater
lesion volume in the FUS-T combined cohort, leading to de-
creased transitivity for comparison in the network meta-analysis.
We used descriptive comparison as none of the demographics
were reported across all studies for direct quantitative comparison.

Failure Rate

We assessed all papers meeting either efficacy or adverse event
inclusion criteria for whether failure rates were explicitly characterized
by the authors. Although 9 SRS-T papers explicitly did so, only
4 FUS-T papers did, possibly because of real-time feedback regarding
tremor reduction that is available with FUS-T (Table 4). In addition,
the definition of failure was most commonly <50% contralateral
FTM-TRS improvement with FUS-T, whereas with SRS-T it was
more commonly little or no reduction in tremor. Thus, although the
failure rate was numerically higher for FUS-T (37%) than SRS-T
(13%), this was confounded by differences in failure rate definitions,
as well as no reporting of 0 failure rate in the FUS-T studies.

HIFU VS SRS THALAMOTOMY FOR ESSENTIAL TREMOR

Adverse Events

Twenty three studies for FUS-T19-26:29,30,32-34,57,38,44-57 3nd 11
studies for SRS-T?20-2443:58-01 met inclusion criteria for comparison
of AE incidence (Table 4). Seven hundred and twenty four FUS-T and
449 SRS-T cases were available for AE analysis. Long-term AEs for
FUS-T in order of decreasing frequency were imbalance/gait distur-
bance (10.5%), sensory-related disturbance (8.3%), motor weakness
(3.0%), dysmetria (2.5%), dysgeusia (2.3%), dysarthria (2.1%), and
others (1.5%, including dyskinesia/dystonia, lethargy, and disequi-
librium), as seen in Table 4. For SRS-T,, adverse thalamotomy effects
in order of decreasing frequency were motor weakness/hemiparesis
(2.7%), dysarthria/speech impairment (2.5%), sensory disturbance
(1.1%), headache (0.4%), and thalamic edema/hemorrhage (0.2%).
Of note, many studies reported that different AEs could be present
for the same patieng studies which either explicidy or implicitly
(via frequency total) stated this are indicated in Table 5.

To address possible factors leading to high AE rate in the FUS
cohorts, we compared lesion characteristics to AE rates in each
study. First, we assessed contribution of initial lesion targeting
coordinates (ie, classic at the level of the AC-PC plane or modified
above the AC-PC plane). We found increased imbalance/gait
disturbance (9.1% vs 1.9%, P = .00054, Bonferroni-corrected
o = 0.0071) with modified coordinates (Table 6). We next as-
sessed whether lesion volume and AE rate were correlated for
imbalance/gait disturbance. Eight studies had both lesion volume
and AEs, demonstrating increased sensory disturbance with in-
creased lesion size (R? = 0.52, P = .045), as well as trends toward
increased imbalance/gait disturbance (R* = 0.36, P = .12) and
maximum AE rate (R? = 0.31, P = .15) with increased lesion size
(Figure 3). Subsequently, we found no correlation between rate of
AEs and efficacy (n = 8 studies, P = .63 for imbalance/gait dis-
turbance, P= .74 for sensory disturbance, P = .85 for maximum rate
of any AE). Finally, we found no correlation between efficacy and
lesion volume (n = 6 studies, P = .63).

DISCUSSION

Our study presents the first network meta-analysis of studies
directly comparing FUS-T and SRS-T as incisionless treatment
modalities for patients with ET. We found similar absolute
contralateral FTM-TRS tremor reduction between FUS-T and

TABLE 6. FUS AE Rate by Thalamotomy Initial Coordinate Location with z-Test for Difference in Proportions

Thalamotomy Imbalance/gait Sensory Motor

coordinate location disturbance disturbance Dysmetria Dysgeusia weakness Dysarthria Others
Modified (n = 263) 24 (9.1%) 23 (8.7%) 7 (2.7%) 3 (1.1%) 6 (2.3%) 6 (2.3%) 0 (0.0%)
Classic (n = 223) 4 (1.9%) 15 (6.7%) 0 (0.0%) 10 (4.4%) 3 (0.0028) 0 (0.00) 9 (4.0%)
P-value .00054 41 .014 .023 45 .023 .001

AE, adverse event; CRST, Clinical Rating Scale for Tremor; FUS, focused ultrasound.
Significance indicated in bold, with a Bonferroni-corrected o of 0.0071.
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SRS-T (FUS-T, —11.6; SRS-T, —10.3) and relative tremor re-
duction (FUS: 60.8%, SRS-T: 56.5%). In addition, we estimated
rates of AEs with both modalities. FUS-T demonstrated a greater
rate of AEs, in particular imbalance and gait disturbance (10.5%).
Importantly, we found that rate of AEs in FUS-T, such as sensory
disturbance, was correlated with lesion size, echoing observations
seen in individual studies.*>>%%> There was no relationship
between lesion size and efficacy nor AE rate and efficacy, high-
lighting the importance of smaller, well-targeted lesions.

When examining the tremor reduction results further, we note
that FUS-T trended toward greater efficacy than SRS-T, with
FUS-T having a 72.8% probability of being the best treatment.
The consistency of improvements with FUS-T was also greater, as
evidenced by (1) the lower 1% value, which is the fraction of
variance that is due to heterogeneity among studies and (2) a
smaller CI for tremor reduction, although we recognize more
studies with FUS-T met criteria for this analysis. Despite the low
number of SRS-T studies that met inclusion criteria, 1 of the
3 SRS-T studies (Lim 2010)*® did not report significant im-
provements in a patient population blinded to treatment,
demonstrating the greater variability with SRS-T in tremor re-
duction efficacy. Our result regarding SRS-T variability is
consistent with a meta-analysis that included further subscore
comparisons.'# The wider tremor response range could partially
be explained by the variability in lesion size seen with SRS-T
because there is no way to tailor or assess lesion size during
treatment. %4

Why might FUS-T have a higher rate of side effects com-
pared with SRS-T? SRS-T lesions evolve over time®>®% and
often can be quite small to undetectable on follow-up imag-
ing(’S thus limiting off-target effects. In addition, the lesion
shape created with SRS-T tends to be more spherical”?!:%¢
because radiation energy can be emitted linearly to lesion at a
precise target. By contrast, FUS-T lesions tend to be more
ellipsoi<i,46’33 with the long axis extending from the medial
superior direction to the inferior lateral position because of
convergence of ultrasound transducer elements off of the
midline of the transducer array.®” The resulting ellipsoid lesion
may encroach onto the internal capsule, comprising cortico-
spinal tract, resulting in off-target effects.® To mitigate these
off-target side effects, many treating physicians target above the
intercommissural plane. Interestingly, we found that superior
targeting with modified coordinates (1-2 mm above the in-
tercommissural plane) resulted in greater gait disturbance than
classical targeting (at the level of the intercommissural plane).
This is likely due to the fact that classically targeted lesions were
smaller in volume compared with modified targets (classic, n =
2.75.3 mm’; modified, n = 2, 248.2 mm?). Thus, we suspect
that the greater gait disturbance seen with superior targeting
both in our analysis and a recent cohort®® could be due to
greater lesion volume, extending below the AC-PC plane or
inferolateral to the thalamus.”*%%:%* Although FUS-T enables
real-time monitoring of both magnetic resonance-based ther-
mometry and treatment effect and during thalamotomy,'*>?

NEUROSURGERY
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further investigation into factors that could contribute to larger
lesion volume, such as increased acceleration in power per
sonication, higher skull density ratio, and increased distance
between targets in multiple sonications, would improve an
already efficacious incisionless thalamotomy option. Our
analysis motivates future studies that model lesion size and use
improved imaging techniques such as diffusion tractography
imalging69 to optimize lesion location, limit off-target side
effects, and improve efficacy with FUS-T.

Limitations

A main limitation of this network meta-analysis is that many
noteworthy studies from the literature search only reported
subscores or percentage change instead of total unilateral FTM-
TRS scores, and another small subset did not report standard
deviation of scores. In particular, many FUS-T studies reported
bilateral FTM-TRS scores or only A or B subscores, whereas SRS-
T studies focused on part A and B subcomponents, such as kinetic
tremor and handwriting. Thus, transparent and standardized
reporting of FTM-TRS total scores, in addition to the sub-
components, would improve the power of this and subsequent
comparative studies. Of note, although many studies were ex-
cluded in this analysis, tremor reduction from FUS matched
findings from a recent meta-analysis.””

CONCLUSION
Both SRS-T and FUS-T have been used as incisionless ste-

reotactic ablative surgeries for treatment of medically refractory
ET. Although there is significant heterogeneity between studies in
each modality, our network meta-analysis found that FUS-T and
SRS-T demonstrated similar efficacy in tremor reduction in ET,
with FUS-T having both a higher probability of being more
efficacious and a higher incidence of adverse effects, correlated
with increased lesion volume.
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Supplemental Figure 1. Meta-analysis results for difference in pre-FUS vs post-FUS
thalamotomy total unilateral FTM-TRS tremor scores at ~12 months of follow-up.
Supplemental Figure 2. Meta-analysis results for difference in pre-SRS vs post-SRS
thalamotomy total unilateral FTM-TRS tremor scores at ~12 months of follow-up.
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HIFU VS SRS THALAMOTOMY FOR ESSENTIAL TREMOR

COMMENTS

hat’s in a name? In the current days of DBS yet another systematic

review of ventrolateral thalamic lesions for tremors may seem
something of an anachronism. Is the same old Freiburg thalamotomy still
with us'*—made sweeter once again by the allure of focused ultrasound?**
Perhaps not. New names and nuanced targets do make a difference.

This detailed comparison of modern stereotactic radiosurgery (SRS)
and focused ultrasound (FUS) thalamotomy for ET asserts that there is a
trend towards great efficacy with FUS. A brief glance at Supplemental
Figures 1 and 2 (http://links.lww.com/NEU/D755 and http://links.Iww.
com/NEU/D756) shows that this may be a rosy claim. A well targeted
thalamotomy by any other name is an effective thalamotomy.

But where is the safe target? By aiming a single 4 mm shot above
the horizontal intercommissural plane—usually by about 4 mm-—and
contouring it to limit radiation exposure laterally towards the internal
capsule, radiosurgeons have learned to minimize both gait disturbance and
weakness. Although not mentioned by the authors, conforming a soni-
cation centroid is also possible. Indeed early in sonication alignment phases
an FUS case it is important to apply acoustic filters. These masks reshape
the so-called “ellipsoid lesion” that will otherwise approach the internal
capsule and cause weakness. Moving a focused ultrasound thalamotomy 2
to 4 mm above the horizontal plane, as with radiosurgery, will reduce (and
not increase) the risk of gait disturbance. Energy dose within the target, as
the authors note, is still something of an art for SRS and under ongoing
refinement for FUS. Finally, it’s worth remembering that the Vim is not
spherical. Preplanning either procedure with tractography overlay can
outline the nucleus as Krishna and others have elegantly shown.”***
Imaging the surrounding corticospinal and lemniscal fiber tracts may
further mitigate risks that still accompany a thalamotomy of any sort.

As this paper nicely shows, the side effect profiles of these surgeries are quite
different with SRS thalamotomy carrying less sensory and gait risk. Yet with
either surgery the thornier risks of hemorrhage, infection, implant migration
and failure are obviated. A rose by any other name... may yet be sweeter.

Travis Tierney

Nebraska City, Nebraska, USA

la. Hassler R, Riechert T. A special method of stereotactic brain operation. Proc R Soc
Med. 1955;48(6):469-470.

2a. Elias WJ, Huss D, Voss T, et al. A pilot study of focused ultrasound thalamotomy
for essential tremor. N Engl ] Med. 2013;369(7):640-648.

3a. Sammartino F, Krishna V, King NKK, et al. Tractography-based ventral inter-
mediate nucleus targeting: novel methodology and intraoperative validation. Mov
Disord. 2016;31(8):1217-1225.

4a. Krishna V, Sammartino F, Agrawal P, et al. Prospective tractography-based tar-
geting for improved safety of focused ultrasound thalamotomy. Neurosurgery. 2019;
84(1):160-168.

hese authors provide a meaningful contribution to the discussion of

treatment options for ET. SRS-T and focused ultrasound thala-
motomy (FUS-T) can both be used to perform incisionless ablations
within the ventral intermediate (VIM) nucleus of the thalamus to treat ET.
However, the relative efficacy and rate of AEs remain under investigation.
This article is well-written and thoughtfully discussed. Rigorous inclusion
and exclusion criteria allow for thorough characterization of efficacy and
AEs but limit the number of studies included, especially for SRS-T. It
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principally finds that the 2 techniques have comparable efficacy, albeit with
a trend towards greater tremor reduction with FUS-T, while FUS-T has a
higher rate of persistent AEs, particularly gait and sensory disturbances.
While the trend towards better tremor reduction found with FUS-T may
be influenced by the small number of included SRS-T studies, the authors
suggest that SRS-T is hampered by the inability to tailer lesion size and/or
location to beneficial or AEs during the procedure, leading to inconsistencies
between reported results. Furthermore, in characterizing the increased AE
rate with FUS-T they found a positive correlation between the rate of AEs in
FUS-T and lesion size, and no relationship between lesion size and efficacy.
Larger lesion size has been associated with degree and durability of symptoms
controllb; this would suggest that smaller, more precisely localized lesions
may minimize AEs while still suppressing tremor. Intriguingly, the authors
also find an almost 5-fold increase in the rate of gait disturbance with lesions
targeted above the AC-PC Plane, a modification suggested to reduce the
likelihood of these AEs.”**" The current study would suggest that this

modification may need to be revisited.
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Opverall, FUS-T is likely to continue gaining popularity as a nonin-
vasive alternative to open surgery that does not require radiation, provides
real-time feedback on target location, and offers instant benefit to pa-
tients. Determining the ideal target and lesion volume will become more
important, with increased attention on lesion size informing targeting to
optimize benefit while limiting AEs. Tractography and connectomics
may be useful in this process.

Jay Kumar
Yarema B. Bezchlibnyk
Tampa, Florida, USA
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