1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2024 February 14.

-, HHS Public Access
«

Published in final edited form as:
J Neurol Neurosurg Psychiatry. ; 95(2): 180-183. doi:10.1136/jnnp-2022-330795.

Comparative neural correlates of DBS and MRgFUS lesioning for
tremor control in Essential Tremor

Jurgen Germann, PhD12.3* Brendan Santyr, MD1*, Alexandre Boutet, MD, PhD#, Can
Sarica, MD?, Clement T. Chow, MSc?, Gavin J. B. Elias, BAL, Artur Vetkas, MD, PhD?,

Andrew Yang, MAL, Mojgan Hodaie, MD12, Alfonso Fasano, MD, PhD%°6, Suneil K. Kalia,
MD, PhD12, Michael L Schwartz, MD, MSc’, Andres M. Lozano, MD, PhD*:2

1Division of Neurosurgery, University of Toronto, Toronto, Ontario, Canada.
2Krembil Brain Institute, Toronto, Ontario, Canada.

3Center for Advancing Neurotechnological Innovation to Application (CRANIA), Toronto, Ontario,
Canada.

4Joint Department of Medical Imaging, Toronto Western Hospital, Toronto, Ontario, Canada.

SEdmond J. Safra Program in Parkinson’s Disease, Morton and Gloria Shulman Movement
Disorders Clinic, Toronto WesternHospital, Toronto, Ontario, Canada.

5Division of Neurology, University of Toronto, Toronto, Ontario, Canada.

Division of Neurosurgery, Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada.

Abstract

Background: Given high rates of early complications and non-reversibility, refined targeting
is necessitated for magnetic resonance-guided focused-ultrasound (MRgFUS) thalamotomy for
essential tremor (ET). Selection of lesion location can be informed by considering optimal
stimulation area from deep brain stimulation (DBS).
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Methods: 118 patients with ET that received DBS (39) or MRgFUS (79) of the ventral
intermediate nucleus (VIM) underwent stimulation/lesion mapping, probabilistic mapping of
clinical efficacy, and normative structural connectivity analysis. The efficacy maps were
compared, which depict the relationship between stimulation/lesion location and clinical outcome.

Results: Efficacy maps overlap around the VIM ventral border and encompass the dentato-rubro-
thalamic tract. While the MRgFUS map extends inferiorly into the posterior subthalamic area, the
DBS map spreads inside the VIM antero-superiorly.

Conclusion: Comparing the efficacy maps of DBS and MRgFUS suggests a potential alternative
location for lesioning, more antero-superiorly. This may reduce complications, without sacrificing
efficacy, and individualize targeting.

Introduction

Methods

Essential tremor (ET) is the most common movement disorder, affecting approximately 1%
of the world’s population.! The pathophysiology of ET involves a network comprising

the cerebellum, thalamus, and motor cortex, which is interconnected by the Guillain-
Mollaret triangle, prelemniscal, and cortico-pontine tracts.? A lesion in any component

of this network diminishes tremor.3 In medically-refractory cases, interventions aimed at
modulating this network, namely deep brain stimulation (DBS) and magnetic resonance-
guided focused ultrasound (MRgFUS) thalamotomy, have been effective at achieving tremor
relief.

In the past decade, interest has shifted from targeting the ventral intermediate (VIM) nucleus
or posterior subthalamic area (PSA), to targeting white matter tracts of networks involved

in ET, such as the dentato-rubro-thalamic tract (DRTT).® Despite studies of the optimal
location of DBS stimulation®’ and MRgFUS lesioning®9, further refinement in targeting
methods for MRgFUS thalamotomy is necessitated given its non-negligible rates of early
complications as well as the lack of reversibility and titratability compared to DBS.?

To identify alternative locations for lesioning, we compare DBS and MRgFUS efficacy maps
that depict the relationship between target location and clinical outcome. We hypothesize
that the overlap between these efficacy maps indicates the most relevant area for lesioning.
Also potentially relevant is the area of the DBS efficacy map that does not overlap with

the MRgFUS efficacy map, a region thought to represent careful maximization of motor
benefits while minimizing unwanted side effects through DBS titration. It may therefore be
considered that modification of MRgFUS target to more align with the efficacious region in
DBS may improve motor outcomes and reduce side effects. These potential areas may help
individualize MRgFUS lesion targeting.

Patient Population

This study was approved by our institutional research ethics board (University
Health Network 1D: #15-9777, #NCT02252380) using patient populations previously
published.:8:10 Baseline and postoperative Clinical Rating Scale for Tremor (CRST)
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scores were collected for each patient to measure clinical improvement as a percentage
improvement from baseline.1! Included patients had dominant hand tremor medically
refractory to two trials of full-dose therapeutic medication and experienced substantial
disability in the performance of at least two daily activities.

Surgical Targeting

See Supplemental Materials.

Image Acquisition, Lead Localization and Lesion Segmentation

The method used for image acquisition, lead localization, and lesion segmentation have been
previously described by our group and others (Supplemental Materials).5:8

Statistical analysis

Probabilistic voxel-wise efficacy maps providing insight into spatial patterns of response
to treatment were generated as previously described.12 Briefly, each transformed volume
of activated tissue (VTA) or lesion was weighted by clinical improvement (percent
improvement from baseline) and voxel-wise mean improvement computed by averaging
the weighted values. Using unweighted frequency maps (n-map), denoting the number of
V/TAs or lesions overlapping at a given voxel, the raw average maps were thresholded to
include only voxels with a minimum of 10% VTA/lesion overlap. These maps were further
thresholded using a Wilcoxon signed-rank test (P<0.05, at each voxel). In a similar fashion,
to identify voxels that, within each group, were associated with above/below average
outcomes, the clinical improvement scores were z transformed for both groups of patients,
and average voxel efficacy maps were calculated as described above.

Structural connectivity analysis was performed as previously described (Supplemental
Materials).612 All streamlines touched by each lesion or VTA were identified. Next,
unweighted frequency maps were generated to identify shared streamlines implicated in
each treatment group, denoting the number of VTAS or lesions touching a given streamline.
Group tractograms of shared streamlines were thresholded at 75%. Lastly, the streamlines
common to both treatment groups were identified.

Results

Included for analysis were 118 patients with ET: 39 treated with unilateral DBS and 79

with unilateral MRgFUS. Demographics, summary improvement metrics, and side effects
are detailed in Table 1. Side effects from our VIM-MRgFUS cohort are reported and
compared to VIM-DBS side effects reported in the literature.13 Overall side-effect rates are
similar except in gait impairment, in which 50.6% of MRgFUS subjects report permanent or
transient impairment compared to 8.2% in DBS (Table 1).

Simulation and Lesion Location

Figure 1A depicts the location of the VIM target region and surrounding structures of
interest. DBS stimulation location at the time of follow-up is shown thresholded at a
minimum of 10% voxel overlap between subjects (Figure 1B). It is apparent that stimulation
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remains mainly restricted to the VIM, with extension antero-superiorly towards the ventro-
oralis posterior (VOp) nucleus of the thalamus, and frequent involvement of the non-
decussating DRTT (ndDRTT) based on DTI analysis (Figure 1F). There is little infiltration
of the VTAs inferiorly towards the prelemniscal radiations (Raprl) or zona incerta (ZI) of the
posterior subthalamic area (PSA). Conversely, in MRgFUS lesioning (Figure 1C), lesions
also encompass the bulk of the VIM, however, more frequently extend inferolateral into the
region of the PSA, ZI, and both the decussating DRTT (dDRTT) and ndDRTT (Figure 1F).

Probabilistic Efficacy Maps and Structural Connectivity

Figure 1D demonstrates voxels at which intervention tended to produce clinical
improvement greater than 35% or 45% (chosen for data visualization). For DBS, the best
improvement is seen antero-superiorly in the VIM encompassing the ndDRTT, whereas the
pattern of improvement for MRgFUS follows closely to the area of lesioning, extending
inferolateral into the PSA and ZI, and involving both the dDRTT and ndDRTT. Z-scores
were also computed to demonstrate voxels that produce above-mean (“hot spots™) and
below-mean (“cold spots™) clinical improvement for each intervention (Figure 1E). For
interventions with DBS, hot spots were located superolateral in the anterior portion of VIM
at the level of the ndDRTT and cold spots inferomedial and posterior in the ventral VIM. For
MRgFUS the hot spot was inferior compared to that for DBS and straddles both sides of the
border between the VIM and PSA, with a second area posterior in the VIM.

Discussion

In this study, we present a combined probabilistic efficacy map of ET patients treated

with either thalamic DBS or MRgFUS thalamotomy. 118 patients were assessed using
contemporary neuroimaging approaches and paired with clinical follow-up data at 1 year.
We identified that clusters of maximal improvement for both treatment modalities overlap
around the VIM ventral border. While the MRgFUS map extends inferiorly into the PSA, the
DBS map spreads inside the VIM antero-superiorly. Unsurprisingly these maps encompass
the DRTT considerably, confirming previous work, which suggests that the optimal tremor
target courses along the fibers of the DRTT.> Furthermore, we see here that engagement
of only the ndDRTT is sufficient for symptom benefit (Figure 1F). Whether lesioning of
the dDRTT in addition to ndDRTT contributes to side effects in MRgFUS remains to be
validated but serves as hypothesisgenerating for future studies.

It may be expected that the efficacy maps of the two modalities would substantially overlap
as all patients had a similar target coordinate regardless of intervention type (similar x and
y; z = 0 for DBS electrode tip, z = +2mm for MRgFUS). However, the efficacy maps only
overlap at the VIM ventral border to some degree and extend in opposite directions. This
may be interpreted in two ways: (1) The ET sweet spot is a dorso-ventrally traversing tract
rather than a specific region/nucleus/coordinate, and/or (2) a more anterior and dorsal DBS
stimulation site is chosen to avoid sensory side effects due to stimulation of the inferior/
posterior located sensory relay nucleus and its afferent fibers. It also cannot be ruled out that
the mechanism of action of DBS and MRgFUS may differ, resulting in different efficacy
maps.
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The DBS efficacy map can inform MRgFUS thalamotomy targeting as DBS programming is
titrated to achieve optimal clinical benefit and minimize adverse events.14 This principle was
validated at our center where more superior and slightly anterior MRgFUS lesions reduce
adverse effects and provide a greater midline and ipsilateral tremor improvement.8. This
modified targeting was also tested while treating the second side in patients by moving

the target 1 mm more dorsally and 0.2-0.3 mm more anteriorly compared to conventional
target coordinates. We achieved an adverse effect rate comparable to the first treated side
even though a higher rate was expected according to historical radiofrequency thalamotomy
experiences.® Of note, this was a pilot trial in a small cohort and was not aiming to

directly compare both targeting methods in terms of adverse effects. Our findings suggest
personalized thalamotomy targeting. where a modified targeting approach aiming antero-
superiorly in VIM could be utilized for at-risk patients. More personalized targeting should
await future trials which investigate closely the difference in efficacy and risk of side effects
between the two targeting approaches.

Limitations of this work include a retrospective cohort of patients treated with conventional
DBS systems, lacking new directional stimulation technology able to shape the field of
stimulation more precisely and better refine the optimal target location. Furthermore,

all procedures performed generally followed the same protocol and technique, limiting

the variation in lesion and stimulation location. Additionally, unrecognized confounders
between the different treatment populations may have introduced bias, such as selection bias
towards older individuals for MRgFUS treatment. Although the target was the nearly same
for both DBS implantation and MRgFUS lesioning, due to the radially expanding lesions
created in MRgFUS and linearly extending contact locations along the trajectory of the
DBS electrode, DBS stimulation could not be achieved to the same inferior extent as the
MRgFUS lesions. Therefore, due to lack of adequate coverage in our sample a comparison
of treatment efficacy in this region, the PSA, could not be made. Furthermore, without
further investigation it is unlikely that we’ll see direct targeting of the PSA with MRgFUS
due to the risk of irreversible side effects.

Conclusions

Treatment for ET with DBS or MRgFUS produces efficacy maps encompassing the DRTT
and depict the relationship between target location and clinical outcome. Comparing the
efficacy maps of both modalities suggests that MRgFUS targeting which is more antero-
superiorly to standard target location may show similar efficacy but possibly reduce the rate
of gait impairment seen with current VIM-MRgFUS targeting. Future prospective studies
should compare this method to conventional targeting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Stimulation/lesion localization and clinical response mapping.
Coronal images are presented from posterior to anterior and axial images from inferior to

superior (labelled in MNI coordinates). A) Depiction of the VIM target region surrounding
structures of interest. B) Localization of DBS stimulation on clinically optimal settings at
the time of follow-up and C) MRgFUS lesions identified on peri-postoperative imaging.
The VTAs and MRgFUS lesions for individual patients are represented as percent overlap
and thresholded at a minimum of 10% overlap. D) Probabilistic maps denoting areas of
stimulation/lesioning associated with clinical improvement are depicted and thresholded at
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a minimum of 35%/45% improvement for data visualization. E) Z-scores depicting voxels
that produce above-mean (hot spots, warm colors) and below-mean (cold spots, cold colors)
clinical improvement for each intervention. F and G) Tractography streamlines from >75%
of DBS VTAs (yellow) and MRgFUS lesions (blue) are visualized relative to the DRTT.
Localization, probabilistic maps, and tractography streamlines are projected on coronal
slices of a 100um resolution, single-echo multi-flip fast low-angle shot 7T brain in Montreal
Neurological Institute (MNI) 152 space.1® MNI coordinates for each slice are displayed.
Abbreviations: DBS, deep brain stimulation; DRTT, dentatorubrothalamic tract; ndDRTT,
non-decussating dentatorubrothalamic tract; dDRTT, decussating dentatorubrothalamic tract;
MRgFUS, magnetic resonance-guided focused ultrasound; STN, subthalamic nucleus; VIM,
ventral intermediate nucleus; VTA, volume of tissue activated.
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Demographics of the two cohorts of Essential Tremor patients treated with either DBS or MRgFUS

Cohort Number Age Sex Disease Pre - Follow Clinical Side-effects (procedure and programming related)
of in (percent duration operative upin  improvement ]
patients years female) inyears  CRST years  at follow up Any  Sensory  Gait Speech  DBS-
(mean (meant (meant (mean (mean x SD) impairment specific#
+SD) SD) SD) +SD)
VIM- 33 65.6 £ 33.3% 288 + 58.7 £ 12+ 39.7 £ 22.6% 78.8%* 6.5% * 8.2%* 8.3% * 15%*
DBS 9.4 18.1 11.3 1.1
VIM- 79 711+ 32.9% 354+ 57.7+ 11+ 36.5 £ 25% 47 10 40 (50.6%) 4 -
MRgFUS 9.0 18.4 15.8 0.2 (59.5%) (12.7%) (5.1%)

Abbreviations: CRST: Clinical rating scale for tremor; DBS: deep brain stimulation; MRgFUS: magnetic resonance guided focused ultrasound;
SD: standard deviation; VIM: ventral intermediate nucleus of the thalamus; # DBS specific side-effects: Lead problems, infection, intracranial
hemorrhage, seizures, edema, mental deficits, death;

*
as reported in the systematic review by Giordano et al. 2020 (doi:10.1136/jnnp-2020-323216)
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