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Abstract: BackgroundBackground: Magnetic resonance-guided focused ultrasound (MRgFUS) targeting the thalamic
ventral intermediate nucleus (VIM) is an innovative treatment for drug-refractory essential tremor (ET). The
relationship between lesion characteristics, dentate-rubro-thalamic-tract (DRTT) involvement and clinical benefit
remains unclear.
ObjectivesObjectives: To investigate whether clinical outcome is related to lesion volume and/or its overlap with the DRTT.
To compare the reliability of probabilistic versus deterministic tractography in reconstructing the DRTT and
improving VIM targeting.
MethodsMethods: Forty ET patients who underwent MRgFUS thalamotomy between 2019 and 2022 were retrospectively
analyzed. Clinical outcomes and adverse effects were recorded at 1/6/12 months after the procedure. The DRTT
was generated using deterministic and probabilistic tractography on preoperative diffusion-tensor 3 T-images
and location and volume of the lesion were calculated.
ResultsResults: Probabilistic tractography identified both decussating (d-DRTT) and non-decussating (nd-DRTT)
components of the DRTT, whereas the deterministic approach only identified one component
overlapping with the nd-DRTT. Despite the lesions predominantly intersecting the medial portion of the
d-DRTT, with a significantly greater overlap in responder patients, we observed only a non-significant
correlation between tremor improvement and increased d-DRTT-lesion overlap (r = 0.22, P = 0.20).
The lesion volume demonstrated a significant positive correlation with clinical improvement at 1-day
MRI (r = 0.42, P < 0.01).
ConclusionConclusion: Variability in the reconstructed DRTT position relative to the lesion center of mass, even among
good responders, suggests that this fiber bundle is unlikely to be considered the sole target for a successful
MRgFUS thalamotomy in ET. Indirect individualized targeting allows for more precise and reproducible
identification of actual treatment coordinates than the direct method.
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Tremor, characterized by involuntary oscillatory movements in
one or more parts of the body, is the primary symptom of essen-
tial tremor (ET).1 While pharmacological therapy is the initial
line of treatment for tremor, neurosurgical options such as deep
brain stimulation (DBS), radiofrequency (RF) thalamotomy, and
stereotactic radiosurgery (SRS) are considered for medication-
resistant cases.2,3 The most recent advancement in interventional
therapy is magnetic resonance-guided focused ultrasound
(MRgFUS), which presents an effective and generally safe multi-
disciplinary approach in neurology, neuroradiology, and neurosur-
gery.4,5 This technology has gained approval for the symptomatic
treatment of drug-refractory tremor in patients with ET and
tremor-dominant Parkinson’s disease (Td-PD).6–9

The Ventral Intermediate Nucleus (VIM) is considered the
optimal target for tremor control in both ET and Td-PD, as its
ablation disrupts the dysfunctional cerebello-thalamic-cortical
circuit implicated in tremor pathophysiology.3,10–13 The current
approach involves indirect targeting of the VIM, utilizing stereo-
tactic atlas coordinates, with individual-specific adjustments on
preoperative MRI images. However, these measurements are not
entirely patient-specific, prompting the need for a more direct
approach, with the aim to reduce the procedure duration,
enhance clinical benefits, and mitigate adverse effects.14

Recent evidence suggests direct targeting of the VIM by visualiz-
ing the Dentate-Rubro-Thalamic Tract (DRTT) using both
deterministic and probabilistic tractography.15–25 As the princi-
pal cerebellar anatomical and functional input to the VIM, the
DRTT assumes a pivotal role in the tremor-related cerebello-
thalamic-cortical dysfunctional network. Various studies have
indicated that larger DRTT lesioning is associated with
improved tremor control and long-term successful clinical
outcomes,3,20,21,26–31 however the relationship between
clinical outcomes and DRTT involvement remains uncertain.32

Given that MRgFUS thalamotomy is rapidly gaining traction
worldwide in the treatment of ET, before incorporating DRTT les-
ioning into routine MRgFUS targeting guidelines, several aspects
need clarification: (1) the effects of lesion size on clinical outcomes
and adverse effects; (2) the relationship between long-term tremor
improvement and DRTT lesioning, which has not been consis-
tently replicated in all cohorts; (3) the limitations of tractography
techniques in reconstructing and visualizing the DRTT.

In this context, the primary objective of the present study was
to investigate the relationship between lesion size, lesion-DRTT
overlap and clinical outcome. The secondary objectives included
assessing the reliability of tractography techniques and the ideal
target position, comparing indirect and direct targeting methods.

Methods
Patient Population and Follow Up
Forty ET Caucasian patients who underwent MRgFUS
thalamotomy at Fondazione IRCCS Istituto Neurologico Carlo
Besta between January 2019 and December 2022 were included

in the study. ET diagnosis followed the Consensus Statement on
the Classification of Tremors.33

Inclusion criteria required clinically significant medication-
refractory tremor and functional disability, defined as the persis-
tence of disabling tremor after an adequate trial of at least two
different medications (including first-line agent like propranolol
or primidone).34 Detailed eligibility criteria are described in the
Supplementary Material. Individual eligibility was confirmed at a
consensus meeting including neurologists, neurosurgeons, neuro-
radiologists, and neuropsyhcologists. Patients were clinically eval-
uated at baseline (3 � 1 weeks pre-surgery) and at 1- and
6-month follow-ups using the tremor group essential tremor rat-
ing assessment scale (TETRAS).35,36 The total score, along with
a sub-score for the treated side (sum of sub-items 4a, 4b, 4c,
6, and 7 for dominant side, and 8), were computed. At the time
of writing this paper, 26 patients completed the 12-month
follow-up.

Additionally, patients were divided into three subgroups based
on clinical outcome. According to the literature,37 we considered
as responders patients with clinical improvements ≥40% from base-
line. Among responders, we defined “hyper-responders (HR)”
patients showing >60% improvement and “good responders
(GR)” 40%–60% improvement at both 1 and 6 months. Finally,
“poor responders (PR)” exhibited <40% improvement.

Adverse events related to thalamotomy were collected at 1-,
6- and 12-month post-procedure.

Radiological follow-up occurred 1 day after the procedure
and approximately 50 days later (average 51 days, median
40 days). An example of MRI follow-up showing the character-
istics of the lesion at 1 day and at 50 days is reported in Figure 1.

MRgFUS Treatment
All patients underwent treatment with MRgFUS utilizing a 1.5 T
GE Optima 750w scanner integrated with the ExAblate Neuro
4000 frame from Insightec. The VIM contralateral to the more
affected side was treated in all patients, and initial target coordinates
were calculated based on indirect but individualized stereotactic
coordinates as per previous literature on MRgFUS in ET.38–41 The
target was identified on MRI T2-weighted images, with coordinates
derived from the axial plane passing through the anterior
commissure-posterior commissure (AC-PC) bicommissural axis,
orthogonal to the midline sagittal plane: 11 mm lateral to the margin
of the 3rd ventricle (x); 6.5 mm posterior to the mid-commissural
point, or equivalently [(AC-PC)/2–6.5] mm anterior to the PC (y);
1.5 mm cranial to the AC-PC axial plane (z). Further details are in
the Supplementary Material.

A comprehensive description of the procedure has been
extensively described in the literature.42

Lesion Analysis
Thalamic lesions, typically ellipsoidal on MRI,43,44 were ana-
lyzed by determining qualitatively the coordinates of the centroid
in a reference system defined by the axial plane intersecting the
bicommissural axis and orthogonal to the midline sagittal plane,
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with origin in the PC of each patient. After generating multiplanar
images on the axial, coronal, and sagittal planes using the Radiant
software (https://www.radiantviewer.com/), we measured the
bicommissural (intercommisural) distance, the size of the third ven-
tricle, and the latero-lateral (x), antero-posterior (y), and cranio-
caudal (z) coordinates of the lesion, assimilated to an ellipsoid.

In addition, lesions were delineated in the axial plane using
TrackVis software (http://trackvis.org/) on post-contrast volumetric
T1-weighted sequences (isotropic voxel size: 0.9 mm) acquired at

1- and 50-days post-treatment. The lesions outline, defined consid-
ering the cytotoxic edema as the margin, were binarized and
exported in Nifti format for volume calculation by voxel count.

Tractography
For all patients, DTI sequences (TR/TE = 8100/75 ms,
b = 1000 s/mm2; 32 non-collinear directions, voxel size = 2
� 2 � 2 mm) were acquired 1 day before the procedure on a

Figure 1. MRI appearance of thalamotomy lesion. MRI appearance of the thalamotomy lesion at 1- and 50-days post-treatment.
Representative axial images include T1-weighted sequences with and without contrast, fluid attenuated inversion recovery (FLAIR),
T2-weighted sequences, diffusion-weighted imaging with apparent diffusion coefficient, and SWI-phase contrast enhancement imaging
(post-gadolinium).
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3 T scanner (Achieva TX, Philips Healthcare BV, Best, NL)
using a 32-channel head coil.

Deterministic Tractography

Pre-processing and whole-brain deterministic fiber tractography
were conducted using ExploreDTI (https://www.exploredti.com/)
running on Matlab (The Mathworks, Natick MA, USA) (https://
it.mathworks.com/), with a Fractional Anisotropy (FA) threshold
of 0.1 and an angular threshold on streamlines of 30 degrees. The
DRTT was tracked using TrackVis, selecting on the axial plane
the fibers passing by two regions of interest delineated on the
color FA map, co-registered with the T1-weighted morphological
volumetric image: the red nucleus (RN) and the primary motor
cortex (M1).

Probabilistic Tractography

Previously pre-processed raw data (motion, distortions, signal
drift and eddy currents correction) were used for probabilistic
tractography analysis. The probability distribution function of
fiber directions was estimated in every brain voxel with FSL
BedpostX. The tract probability maps were generated using
Probrackx2 with default parameters (5000 samples, 0.5 mm
step length, 0.2 curvature threshold and 2000 steps). To vali-
date the results, two probability thresholds of 10% and 15%
were applied on tracts passing through three ROIs: M1, RN,
and dentate nucleus (DN) ipsi- or contralateral to the side of
the lesion.45,46 Supplementary Material contains further tech-
nical details.

Additionally, for both deterministic and probabilistic
tractography, the corticospinal tract (CST) passing through M1
and the cerebral peduncle were reconstructed.

All tracts, thresholded, binarized and exported in Nifti format,
along with the lesion, were co-registered in the same space as
the 1-day post-treatment volumetric T1 image. This processing
facilitated potential co-registration and fusion with MRI images,
imported in grayscale and DICOM format into the ExAblate sys-
tem for treatment planning.

Quantitative Evaluations on
Tracts and Lesions
After all tracts were reconstructed, a custom Matlab script was
employed to calculate the intersection between the DRTT
and the lesion at 1-day post-procedure. For each determinis-
tic and probabilistic tract, two key parameters were assessed:
the planar intersection index with the lesion (2D) and the dis-
tance between the center of mass of the tracts and the lesion.
Both these parameters were determined on the slice of maxi-
mum lesion extension. Additionally, the intersection index
was also calculated as normalized volume intersection (3D) (see
Supplementary Material for more details).

Statistical Analysis
Inferential statistics with student’s t-test, one-way ANOVA test,
Kruskal-Wallis test, correlation analysis with Spearman’s rank and
Pearson’s test, Mann–Whitney’s u-test and the Shapiro–Wilk’s test
for assessing the normality of sample distribution as well as Tukey’s
fence method for identifying outliers were conducted with the free-
ware software https://www.statskingdom.com/. Statistical signifi-
cance was set at P < 0.05. All correlation analyses were performed
using both the Spearman test and the Pearson test.

Results
Clinical Outcome
Patient demographics, including age at surgery and sex, along with
clinical data such as disease duration and postoperative tremor
improvement at 1-, 6-, and 12-month visits relative to baseline, are
presented in Table 1 and Figure S1. Overall, MRgFUS thalamotomy
resulted in tremor improvement >40% after 1 month in the upper
limb contralateral to the lesion in 32 of 40 patients (80%). The aver-
age improvements after 1 and 6 months were 67.3% and 63.1%,
respectively. Thirty patients maintained substantially unchanged the
clinical improvement at 6-month follow-up (responders) and among
them 15 were HR. At the 1-year follow-up, 20 responder patients
showed a slight decrease in average improvement from 64.1%
(at 6 months) to 60.7%. The distribution of clinical improvement
was normal based on the Shapiro–Wilk test.

Correlation analysis revealed a significant inverse relationship
between patient age at surgery and clinical outcome at 1-month visit
(r = �0.72, P < 0.001), observed also after 6 months (r = �0.62,
P < 0.001) (see also Fig. S2). Other variables considered did not
show significant correlations with tremor improvement.

Adverse Events
Most adverse events at 1 month were mild and transient. Mild
ataxia, including slight imbalance, mild cerebellar ataxia, or
gait instability, was the most common adverse event occurring
in 26% of patients, followed by contralateral hypoesthesia/
paresthesia (19%), mild dysarthria (13%), contralateral upper
limb mild weakness (7%) and contralateral upper limb ataxia
(3%). By the 6-month follow-up, contralateral limb weakness
and ataxia had fully recovered, along with most adverse
events. However, five patients (15%) still reported contralat-
eral paresthesias, three patients (9%) had mild dysarthria, and
two patients (6%) had persistent, albeit improved, imbalance.
At 12 months, residual adverse events included contralateral
paresthesias in 4 patients, dysarthria in 2 patients and imbal-
ance in 1 patient.

Lesion Position and Volume
Anatomical and lesion characteristics for each of the three
subgroups (HR, GR, PR) are summarized in Table 2.
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Except along the y-axis, where HR and PR differed signifi-
cantly, average deviations from theoretical coordinates were
not significantly different among the subgroups. Responders’
group showed deviations of approximately + �2 mm along
all three coordinates, with a maximum Euclidean distance
between the lesion and theoretical target of about 3 mm.
Considering all lesion shapes as spheroidal, volumes at 1-day
matched on average with a diameter of 6.8 mm. A reduction
in lesion volume of about 60% was observed 50 days after

treatment. The mean lesion volume increased from PR to the
HR subgroup. Statistical analysis using One-way ANOVA
and Tukey’s HSD test, confirmed by the Kruskal-Wallis test,
showed a significant difference between the lesions volume of
the HR and PR subgroups (P < 0.01).

Correlation analysis using Spearman’s rank test revealed a signifi-
cant positive relationship between tremor improvement at 6-month
follow-up and lesion volume 24 h after thalamotomy (r = 0.42,
P = 0.007) (see also Supplementary Material and Fig. S3).

TABLE 1 Demographic, clinical and MRgFUS procedure data of the study cohort

Demographic and clinical features

Number of patients 40

Age of patients (years) 68.9 � 10.4

Male sex, n (%) 31 (78%)

Disease duration 34.9 � 19.5

Patients with left thalamotomies (%) 37 (93%)

Baseline TETRAS total score (ADL + performance) 55.1 � 12.3

1-month TETRAS total score (ADL + performance) 27.7 � 11.4

6-months TETRAS total score (ADL + performance) 30.6 � 12.6

12-months TETRAS total score (ADL + performance) a 33.0 � 13.6

Baseline performance score treated side (Items 4 + 6 � 7 + 8) 14.1 � 3.2

1-month performance score treated side (Items 4 + 6 � 7 + 8) 5.8 � 3.5

6-months performance score treated side (Items 4 + 6 � 7 + 8) 6.4 � 4.0

12-months performance score treated side (Items 4 + 6 � 7 + 8)a 6.7 � 3.5

Improvement of performance score treated side at 1-m versus baseline 58.4 � 22.8

Improvement of performance score treated side at 6-m versus baseline 53.4 � 29.7

Improvement of performance score treated side at 12-m versus baselinea 50.9 � 22.7

Improvement versus baseline of Hyper Responders at 1 and 6 months 78.0; 74.7

Improvement versus baseline of Good Responders at 1 and 6 months 56.9; 53.8

Improvement versus baseline of Poor Responders at 1 and 6 months 31.3; 21.5

Procedural data

Skull Density Ratio 0.55 � 0.09

Sonications (n) 11.4 � 3.5

Sonications with maximum temperature >54�C (n) 4.2 � 2.0

Sonication duration (s)b 17.9 � 4.7

Mean temperature reached (�C)b 55.1 � 3.6

Maximum temperature reached (�C)b 57.2 � 3.6

Energy (Joules)b 15,378 � 7566

Power (Watts)b 719 � 179

Note: Data are presented as mean � SD or percentage of the total cohort, as appropriate. Number of patients included: screened N = 52; included N = 40 (see Fig. S1).
aThe averages are calculated only on 26 patients who had completed the clinical follow-up at 12 months at the time of the study.
bThese variables were calculated by averaging the specific parameters for each sonication with mean temperature ≥ 54�C.
Abbreviations: ADL, activities of daily living; MRgFUS, magnetic resonance-guided focused ultrasound; TETRAS, tremor research group essential tremor
rating scale.
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Deterministic Versus
Probabilistic Tractography
Using deterministic tractography with a two ROI method, we
successfully reconstructed the motor DRTT in all patients. The
tracts extended from M1 to the RN on the same side of
the lesion, passing through the thalamus. However, these tracts
did not decussate in the brainstem and more it was not possible
to reconstruct the tracts passing through all three ROIs (M1,
RN, and contralateral DN) due to limitations of deterministic
tractography in reconstructing crossing fibers. Conversely,
employing the probabilistic method, in 90% of patients (36 out
of 40) we reconstructed both components of the motor DRTT,
non-decussating (nd-DRTT) and decussating (d-DRTT), passing
through M1, RN, in the lesion side and DN (right or left)
(Fig. 2). In four cases tracts reconstruction was hindered, mainly
due to distortions and motion artifacts in DTI images. Table 3
presents the average relative distance (x, y coordinates) of the

deterministic and probabilistic tracts from the lesion’s center of
mass, computed on the slice of maximum lesion extension at
1 day. Notably, both coordinates exhibited considerable variation
(>6 mm), with non-significant differences among patient sub-
groups. The d-DRTT and nd-DRTT components seemed more
separated at the thalamic level compared to deterministic DRTT
and nd-DRTT, which were statistically indistinguishable. In
Figure 3, the standard deviations of these distances are represen-
ted as ellipsoids with major and minor axes corresponding to x
and y directions, superimposed on a T1w anatomical template.
Consistent with literature,47,48 the decussating component was
laterally and anteriorly positioned relative to nd-DRTT. As an
additional reference, Figure 3 displays the reconstructed
corticospinal tract (CST) for both methods. In ten patients, we
reconstructed also the supplementary motor area (SMA) compo-
nent of the DRTT with both techniques. As expected, this com-
ponent was localized anteriorly, in contact with the d-DRTT
and nd-DRTT (Fig. 4). However, like the more posterior

TABLE 2 Lesion analysis results

All patients (40)
Hyper

responders (15)
Good

responders (15)
Poor

responders (10)

BD (mm) 25.7 26.0 25.1 26

(23 30) (23.5 30.0) (23.0 27.5) (23.5 28.5)

Third Ventricle (mm) 6.6 5.8 7.2 7.2

(1.6 14.6) (1.6 12.6) (3.2 14.6) (5.0 12.0)

Lesion volumes (mm3) After 1 day 167 204* 165 113*

(34 327) (89 327) (100 326) (34 228)

After 50 days 66 88 56 50

(2 199) (21 199) (2 144) (12 78)

Lesion coordinates (mm) x 10.9 10.9 10.9 10.7

(8.0 12.4) (9.5 11.9) (9.7 12.4) (8.0 11.7)

y 6.7 7.1 6.4 6.6

(4.5 8.5) (4.5 8.5) (5.0 7.5) (5.0 7.5)

z 1.8 1.5 2.1 1.8

(�0.5 4.0) (�0.5 2.5) (0.5 3.5) (0.0 4.0)

Average deviation from
theoretical coordinates (mm)

x �0.13 �0.05 �0.11 �0.28

(�3.0 1.4) (�1.5 0.9) (�1.3 1.4) (�3.0 0.7)

y 0.41 0.68* 0.37 0.08*

(�1.5 2.3) (�1.0 2.3) (�1.0 2.0) (�1.5 0.75)

z 0.26 �0.03 0.57 0.25

(�2.0 2.5) (�2.0 1.0) (�1.0 2.0) (�1.5 2.5)

Euclidean 1.44 1.38 1.44 1.52

(0.4 3.2) (0.8 2.3) (0.4 3.0) (0.7 3.2)

Note: Descriptive statistics for bicommissural distance (BD), width of the third ventricle, thalamic lesion volumes, lesion centroid (x, y, z), and centroid deviations from the-
oretical coordinates after 1 day. Lesion coordinates are defined as: x, the distance from the nearest margin of the third ventricle; y, the distance from the PC; z, the distance
from the AC-PC plane.
*P < 0.05.
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sensory component linking dentate nuclei to the somatosensory
cortex, we believe it may play a secondary role in tremor patho-
genesis and control.49

DRTT-Lesion Overlap
Average DRTT-lesion intersection values at 1-day after treatment
are detailed in Table 4. Specifically for d-DRTT, we computed the
overlap index with the lesion by considering the slice of maximum
intersection (“2D m.i.” in Table 4). As expected, a robust linear
correlation (r = 0.78, P < 0.001) was observed between the 3D
lesion intersection values of deterministic DRTT and probabilistic
nd-DRTT, confirming their overlap. Similar results were obtained
for 2D tract-lesion intersection as well.

On average, the intersection between the lesion and d-DRTT
was higher than nd-DRTT, suggesting that the d-DRTT is more
involved in the lesioning process. The lesion-DRTT overlap
showed slightly higher values in the HR and GR subgroups com-
pared to PR, with significant differences observed in one-tailed
Student’s t-tests between HR versus PR and (HR + GR) versus
PR (P = 0.02 and 0.04, respectively).

Given substantial variability in overlap values, GR patients
couldn’t be distinguished from HR patients. Other indices showed
no significant differences between the three patients subgroups.

Spearman’s rank correlation analysis revealed no significant
correlation between clinical improvement and the overlap
indices (r = 0.22, P = 0.198 for the 2D m.i. index), although

a weak positive correlation was found with the Pearson’s anal-
ysis (r = 0.14, P = 0.025) (refer to Supplementary Material
and Fig. S4).

Although the tracts cross-sections appeared slightly smaller,
even with a 15% probability threshold, the reconstruction of
both DRTT components was feasible, with intersection analysis
yielding comparable outcomes to those in Tables 3 and 4.

Focusing on the responder cohort (GR + HR), lesion positions
were consistently medial to the d-DRTT, medial-anterior to nd-
DRTT and, in the inferior VIM, close to the bicommissural plane.
Nevertheless, some patients with good treatment response exhibited
low tract-lesion overlap values and vice versa. Illustrative examples
of the d-DRTT and lesions overlap are presented in Figure 4.

Discussion
In this study, with a relatively large ET cohort, we reaffirm
MRgFUS thalamotomy’s efficacy and safety in treating
medication-refractory tremor.50,51

Our primary aim was to determine if a significant relationship
exists between medium to long-term improvement and DRTT
lesion. We meticulously measured lesion coordinates (x, y, z)
and volume, alongside different overlap indices with DRTT.
Additionally, patients were stratified into poor responders (PR),
good responders (GR), and hyper responders (HR) to aid result
interpretation.

Figure 2. 3D rendering of the deterministic and probabilistic dentate-rubro-thalamic-tract (DRTT). Example of 3D rendering of the DRTT
tract obtained with deterministic tractography (blue) and the nd-DRTT component (yellow) obtained from maps of probabilistic
tractography: panel a. Panel b also includes the probabilistic decussating (d-DRTT) component (orange). The software used for rendering
was TrackVis (http://trackvis.org/).
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The differences in lesion coordinates compared to the theoretical
target among the patient subgroups were non-significant, except for
the y-coordinate, which was approximately 0.5 mm more anterior
in HR than in PR. This suggests refining the individualized indirect
method by adopting a 6 mm y-shift, rather than of 6.5 mm, poste-
rior to the midcommissural point, which could improve treatment
efficiency and prevent excessive normal tissue heating. Since the
average intercommissural distance in the Caucasian population is
25.2 mm,52 the method we adopted for calculating the y-shift pro-
vides results very similar to the shift traditionally considered in the
literature, which is equal to 25% of the AC-PC distance anterior to
the PC. Overall, we observed variability in the final lesion position
of approximately + �2 mm in all directions around the theoretical
target, indicating individual functional and microstructural influ-
ences. For GR and HR, the z-coordinate is almost always positive,
suggesting the lesion is consistently above the bicommissural plane
and confirming the subthalamic nucleus’s marginal role in tremor
pathogenesis.41,53,54 Subsequent analysis on lesion volume and over-
lap with the DRTT aimed to elucidate whether and how these var-
iables were correlated with the treatment response and may explain
individual variation in the optimal target position.

The average lesion volume we measured aligns with findings
from other studies,9 ensuring safe tremor treatment without
resulting in permanent adverse events. However, the lesion vol-
ume measurement varies significantly based on criteria and type of
MRI sequence used.

Our analysis showed that HR patients tend to have larger
lesions than GR and PR, with significant differences in average
volumes among the groups, confirmed by correlation analysis with
clinical outcome. This result is fairly predictable since a larger
lesion is associated with a greater damage probability of dysfunc-
tional thalamic circuits, however, further investigation involving a
larger patient cohort is necessary to account for potential con-
founding variables related to lesion positioning. The brain’s self-
repair capacity, unpredictable and subjective in response to thermal
energy,55 did not correlate with clinical outcomes and we cannot
prove that a greater capacity of cerebral tissue repair corresponds
to a poor response to the treatment.

The DRTT, crucial in the tremor-related network as the major
cerebellar anatomical and functional input to the VIM,16,18–22,24

was analyzed using both deterministic and probabilistic tractography
techniques. Due to the challenge in tracking crossing fibers,

TABLE 3 Tract average distances (x, y coordinates in mm) from the center of mass of the lesion

Tract distances from the lesion center of mass

All patients (36)
Hyper

responders (13)
Good

responders (15)
Poor

responders (9)

Deterministic DRTT x 1.8 1.8 2.0 1.7

(�3.0 7.0) (�1.0 7.0) (�2.0 6.5) (�3.0 6.6)

y �2.9 �3.4 �2.5 �2.8

(�5.5 1.0) (�5.5–1.1) (�4.5 –0.5) (�5.0 1.0)

CST x 7.0 7.3 7.2 6.2

(2.9 10) (4.0 10) (5.0 9.4) (2.9 8.5)

y 1.2 0.9 1.5 1.2

(�3.0 4.0) (�1.1 3.0) (�1.5 4.0) (�3.0 4.0)

Probabilistic (Threshold 10%) nd-DRTT x 1.7 1.8 2.2 0.6

(�2.1 6.6) (�2.1 5.0) (�3.5 6.6) (�6.0 6.6)

y �2.7 �3.6 �2.4 �2.2

(�7.0 1.0) (�7.0 0.0) (�5.6 1.0) (�5.0 1.0)

d-DRTT x 3.0 3.8 3.5 1.3

(�6.0 7.0) (0.6 7.0) (�0.5 7.0) (�6.0 5.4)

y �0.6 �1.1 �0.2 �0.6

(�5.5 3.0) (�5.5 1.2) (�2.8 3.0) (�3.0 3.0)

CST x 7.1 7.2 7.4 6.1

(4.0 11) (4.0 11) (5.0 10.1) (2.9 8.3)

y 2.5 2.6 2.3 2.7

(�5.0 6.0) (�1.0 5.6) (�5.0 6.0) (�0.2 4.1)

Abbreviations: DRTT, dentate-rubro-thalamic tract; CST, cortico-spinal tract (ranges in parentheses); d-DRTT, decussating; nd-DRTT, non-decussating.
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deterministic tractography was unable to reconstruct the decussating
component towards the contralateral dentate nucleus. In all
patients, the tract obtained passed through regions M1 and the
RN, descending ipsilaterally to the lesion. In contrast, proba-
bilistic tractography reconstructed both components in 90% of
cases, passing through M1, RN, and DN (both left and right).
The d-DRTT and the nd-DRTT exhibit distinct anatomical
distribution and may have different physiological effects.48 We
demonstrated that the tract reconstructed with deterministic
tractography, aligned with the probabilistic nd-DRTT. Addi-
tionally, we observed the anterior positioning of the decussat-
ing component towards the ventro-oralis posterior nucleus
(VOP) and the lateral separation from the non-decussating
component by approximately 2 mm, consistent with previous
studies47,48 and with microsurgical dissection.56 On the other
hand, probabilistic tractography faced limitations, yielding
unreliable results in 10% of cases due to the sensitivity to
image artifacts and magnetic susceptibility loss of signal.

Another noteworthy challenge is related to the technical com-
plexity of this technique, which requires significantly more
computational time compared to deterministic tractography.17

In this study, we rigorously and quantitatively evaluated
thalamic lesion-DRTT overlap, calculating analytically three
different intersection indices for a consistent patient cohort.
Our analysis revealed a greater overlap between the lesion
and the d-DRTT compared to the nd-DRTT, with a signifi-
cant difference of the 2D m.i. index between responder and
poor responder patients. However, despite a positive trend,
given the individual variability of the intersection indices, the
Spearman’s rank correlation test between tract-lesion overlap
and clinical response did not yield significant results. The rea-
son for this uncertain correlation is ambiguous, whether due
to tractography limitations (image artifacts and distortions,
threshold selection, operator influence), methodological fac-
tors, or other functional and microstructural poorly under-
stood aspects of tremor pathogenesis.

Figure 3. Relationship between average centroids of the deterministic and probabilistic tracts. Relationship between the average
centroids of deterministic and probabilistic tracts and the lesion center overlaid on a T1 (1 mm isotropic) template. The standard
deviations of the distances are represented as ellipsoids with major and minor axes corresponding to x and y directions. Lesion (white);
probabilistic d-dentate-rubro-thalamic-tract (DRTT) (red), non-decussating (nd-DRTT) (orange), corticospinal tract (CST) (green);
deterministic DRTT (blue), CST (violet).
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This result suggest that the DRTT impairment induced by
ultrasound lesioning may not exclusively drive tremor
improvement, consistent with recent studies32,54,57 describing
the involvement of other networks afferent to thalamic nuclei

adjacent to the VIM, such as the ventralis oralis anterior/
posterior (Voa/Vop), ventralis caudalis (Vc), the prelemniscal
region (Raprl), and the zona incerta (ZI). The importance of
these other regions in determining the improvement of the

Figure 4. Example of hyper-responder patients who underwent magnetic resonance-guided focused ultrasound (MRgFUS) left-
thalamotomy. Relationship from coronal and axial views between the lesion (yellow) and the decussating (d-DRTT) (red = d-DRTT M1,
cyan = d-DRTT supplementary motor area [SMA]) traced by probabilistic tractography after co-registration between pre-operative DTI
and 1-day T1 sequences. (A) Example featuring an HR patient who underwent MRgFUS left-thalamotomy showing a good clinical response
but a poor d-DRTT M1-lesion overlap (3D intersection index: 0,138). (B) Example of an HR patient exhibiting both a good clinical response
and a good d-DRTT M1-lesion overlap (3D intersection index: 0,429).
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different components of tremor should be the subject of
future studies.

Moreover, it is possible that analyzing a larger patient
cohort21 or considering density maps of streamlines instead of
binarized probabilistic tracts45 might reveal a stronger correla-
tion between lesion-DRTT overlap and clinical outcome.
However, the variability and modest reproducibility in tract
location, also reported in other studies,17,25 along with the
dependence of bundle caliber on thresholds and reconstruc-
tion methods, lead us to conclude that utilizing DRTT
tractography in “routine” MRgFUS treatment of essential
tremor does not result in a clear clinical benefit compared to
the indirect method. Recent studies have shown a clear corre-
lation between clinical outcome and DTI metric changes like
Fractional Anisotropy and Mean Diffusivity,58,59 confirming
DRTT involvement in tremor control, without, however,
providing a practical method for direct and precise identifica-
tion of the sonication target.

Finally, our data revealed a significant strong inverse correla-
tion between clinical outcomes and patient age at MRgFUS, as
recently reported.30,60,61 Age-related changes in brain tissue and
volume of cerebrospinal fluid may affect ultrasound propagation
and MRgFUS response,62,63 potentially influencing lesion size,
stability, and tremor improvement post-thalamotomy. However,
further investigations are needed to explore potential variations
in the pathophysiology of tremors at different stages of aging.

As a primary limitation of this study, probabilistic tractography
could have benefited from a sequence with more gradient

directions (64, 128) and a higher b-value (>1000). Nonetheless,
the sequence used was optimized to meet the clinical and organi-
zational needs of routine patient management.

As future perspectives, it may be interesting to conduct a simi-
lar study on a group of Parkinson’s disease patients.

Lesion volume correlated positively with clinical improve-
ment, while patient age at MRgFUS procedure showed an
inverse relationship with tremor improvement.

Probabilistic tractography reconstructed both decussating and
non-decussating DRTT components, whereas deterministic
approach identified only one component of this tract, matching
the probabilistic nd-DRTT.

Despite lesions mainly intersecting the medial d-DRTT, with
a significantly greater overlap in responder patients compared to
non-responders, confirming its involvement in the tremor con-
trol, no significant correlation was observed between tract-lesion
overlap and clinical outcome. The variability in DRTT position
relative to the lesion, even in patients with a positive response to
treatment, suggests that exclusively targeting this tract for success-
ful MRgFUS thalamotomy in ET may be limiting.

Contrary to common belief, our findings suggest that indirect
individualized targeting enables more precise and replicable treat-
ment coordinates than the direct DTI-based method. While
tractography might not offer immediate clinical advantages, it
could prove valuable in confirming target location in conditions
with anatomical alterations. Additionally, it might serve as an
additional reference for tremor control strategies lacking in vivo
imaging and patient response, such as radiosurgery.

TABLE 4 Average DRTT-lesion 2D and 3D overlap indices at 1-day from treatment

DRTT-lesion overlap

Hyper responders (13) Good responders (15) Poor responders (9)

Deterministic DRTT 2D 0.26 0.23 0.17

(0.0 0.8) (0.0 0.6) (0.0 0.5)

3D 0.12 0.14 0.09

(0.0 0.3) (0.0 0.4) (0.0 0.3)

Probabilistic
(Threshold 10%)

nd-DRTT 2D 0.22 0.22 0.20

(0.0 0.5) (0.0 0.5) (0.0 0.6)

3D 0.12 0.13 0.11

(0.0 0.3) (0.0 0.3) (0.0 0.25)

d-DRTT 2D 0.27 0.29 0.19

(0.0 0.8) (0.0 0.6) (0.0 0.4)

2D m.i. 0.41 0.38 0.25

(0.0 0.8) (0.0 0.6) (0.1 0.4)

3D 0.17 0.15 0.12

(0.0 0.4) (0.0 0.3) (0.0 0.2)

Note: The 2D overlap was calculated in the axial plane on the slice where the lesion was larger. For the d-DRTT only the intersection was calculated also on the slice of
maximum superposition with the lesion (2D m.i.). Ranges in parenthesis.
Abbreviations: DRTT, dentate-rubro-thalamic tract; d-DRTT, decussating; nd-DRTT, non-decussating.
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