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Summary:

The first three sections of this work are dedicated to the application of Magnetic Resonance-
guided focused ultrasound (MRgFUS) technology in stereotactic functional neurosurgery.
The impetus behind these developments is to provide patients suffering from chronic and
therapy-resistant neurological diseases, i.e., no longer, or insufficiently helped by drugs, with
safer, more accurate and efficient stereotactic neurosurgical interventions to control their
symptoms. The pathophysiological basis and choice of targets applied in the following
studies were introduced from the early nineties onward by the group led by Professor
Jeanmonod in Ziirich and later in Solothurn, who also introduced the MRgFUS in functional
neurosurgery in 2005'>. The author had the opportunity to assist Dr. Anne Morel between
2005 and 2008 in her huge endeavor mapping the human thalamus, the basal ganglia, and the
subthalamus in the stereotactic space. The latest version of her work was published as the

» 67 and is nowadays used by many

“Atlas of the human Thalamus and Basal Ganglia
functional neurosurgeons around the world. After residency training in different
neurosurgical clinics and national board examination, the author was recruited by the center
for ultrasound functional neurosurgery in Solothurn opened in 2010 by Daniel Jeanmonod to

develop and offer patients a better and broader access to the MRgFUS technology.

The accuracy and safety of the MRgFUS technique applied to Parkinson’s disease (PD),
essential tremor (ET), cerebellar tremor and neurogenic pain syndromes, all chronic and
therapy-resistant were analyzed in the first section of this work. A total of 253 targets in 180
treatments were retrospectively assessed for accuracy of realized lesions as well as side-
effects. This study was able to demonstrate a higher targeting accuracy thanks to the absence
of brain shift and a lower side-effect profile than techniques requiring actual mechanical
cerebral penetration. The absence of hemorrhagic events in this large series was particularly
reassuring after the report of an intracerebral bleeding in the first study using the MRgFUS in

functional neurosurgery?.

The second section is devoted to the neurosurgical treatment of chronic and therapy-resistant
Parkinson’s disease and was the subject of four papers between 2019 and 20215°!!, Our
contribution follows the first experience with the MRgFUS in PD reported by Magara et al. in
2014°. The authors of this study performed a unilateral pallidothalamic tractotomy (PTT)
with the help of the MRgFUS in 13 patients. The PTT is in fact an “old” surgical target

theorized and applied in the sixties by different international groups (mainly in the USA and



Germany'>!?) and “re-actualized” by the Jeanmonod group in the nineties!'*!>. Symptom
recurrences or only partial symptom control from this early experience with the MRgFUS led
us to develop a stereotactic protocol, after histological re-analysis of the anatomy of the
subthalamus and its interindividual variations. This optimized target coverage® was validated
in 31 interventions from a radiological point of view’ and subsequently in two further clinical
articles'®!!. This modified approach was applied without interruption since the beginning of
2017, the first 56 treatments of which were analyzed and published in 2020'°. PD is a disease
that in most cases involves both cerebral hemispheres. Nevertheless, there have been
longstanding caveats about bilateral approaches due to the inevitable risks of procedure.
However, our group’s demonstration of an improved lesioning accuracy, a reduced bleeding
risk and an absence of procedure-associated infections, set the basis for our investigation of
bilateral MRgFUS interventions. The results of bilateral PTT were analyzed in two of our
contributions'®!!. All interventions performed were monitored by the Federal Office of

Public Health of Switzerland in the context of a registry run by this office.

The third section is devoted to the surgery of ET using MRgFUS to perform
cerebellothalamic tractotomies (CTT), mostly unilaterally, but also bilaterally in a few cases.
There is sound histological evidence that the so-called posterior subthalamic area (PSA) also
named prelemniscal radiation by Hassler or posterior zona incerta includes in fact the
cerebellothalamic (or dentato-thalamic) fibre tract on its way to the posterior part of the
thalamic ventral lateral nucleus (VLp). Our first series of 2016 was the first to include
patients operated for chronic therapy-resistant ET with the MRgFUS CTT!®. This first series
was completed by a second work !7 in which refinements of the targeting technique were

described, leading to improved clinical results.

The results of a reappraisal of the cytoarchitecture of the insula of Reil, an anatomical
structure strongly involved in the pathophysiology of neurogenic pain, first in the monkey
(Macaca mulatta and fascicularis) using multiarchitectonic criteria and later in the human, are
presented in the fourth section. Our study of the human insula included correlations between

histological sections and high-resolution postmortem stereotactic MR images.



General introduction

Functional neurosurgery is a field of neurosurgery involved in the restoration of neurological
function. It is neuroanatomy and neurophysiology applied to the human being. Neurosurgeon
Russel Meyers demonstrated in the late thirties that basal ganglia surgery could be performed
without impairing consciousness '8. This first type of surgical of intervention on the basal
ganglia represented a major paradigm shift in the battle against chronic neurological diseases,
as for the first time, neurological improvements i.e., reduction of symptoms did not need to
come at the price of new neurological deficits as had obviously been the case with cortical
ablations, cordotomies or mensencephalotomies. At this stage, “open” surgical approaches,

i.e., via opening of the skull, were still mandatory.

The first apparatus conceived to perform human stereotactic neurosurgery published in the
literature was developed by Spiegel and Wycis !° as a direct modification of the Horsley-
Clarke animal apparatus described in the first decade of the twentieth century 2°. Surgical
stereotaxis is based on the calculation of precise spatial relationships between any structure
found deep within the brain and several points or landmarks that serve as intracerebral or
cranial reference structures. The first known “stereotaxic” device was developed by Zernov at
the University of Moscow in 1889 2122, The spelling “stereotaxic” (Greek stereo and taxis =
three dimensional arrangement) was changed to “stereotactic” (three dimensional/touch) in
1973 only 2*. Jean Talairach, a French neurosurgeon, is credited for the use of the anterior

and posterior commissures, as references for a brain coordinates system (1952).

The impetus for the development of functional neurosurgery is best understood must be
placed in the context preceding modern pharmacological discoveries. At that time, patients
with chronic neurological disorders could only resort to neurosurgical interventions. The
catastrophic breakout of Encephalitis lethargica (Von Economo’s disease) in 1916 is a tragic
example of this. It left thousands of, often young, postencephalitic patients with neurological
sequelae and without treatment. It was estimated that as many as 60% of those post-
encephalitic patients who survived the acute phase developed a parkinsonism (50% with a
latency period of less than 5 years). The average age of onset of postencephalitic
parkinsonism was approximately 27 years >*?°. Drug treatments, L-DOPA for example came
to be administered as a regular treatment in Parkinson’s disease (PD) only at the end of the

sixties 2.



The worldwide spread of the stereotactic technique took place from the late forties onward
and procedures were intensively developed to tackle various chronic neurological diseases
such as neurogenic pain syndromes after amputations or nerve damage, movement disorders
(e.g. Parkinson’s disease, various tremors or dystonia), epilepsy or neuropsychiatric disorders
12.13,19.2127-38.38-55 Dyyring this period, most functional neurosurgical groups developed a

stereotactic apparatus of their own design.
Lesioning techniques

The main risks of any intervention within the brain were (and still are) bleeding, infection,
and neurological side-effects via encroachment (injury) on neighboring structures. In
comparison to open procedures, the development of stereotactic techniques in functional
neurosurgery led to a drop in these perioperative risks. It brought a tremendous decrease in
operative mortality which nevertheless still reached 2.5% in the 1960s (compared to the 10-
15% observed with open techniques *°). The surgical morbidity of these early series remains
difficult to translate into modern reporting standards. The lesioning techniques developed
during those pioneering years included cryosurgery, anodal electrolysis, thermocoagulation,
the use of radioactive isotopes, chemical and mechanical methods ?'. In the 1990s, the most
common lesioning technique was radiofrequency (RF) thermocoagulation. Clinical results,
although lacking modern criteria for reporting were nevertheless impressive in the context of
limited imaging modalities for guidance; indeed, ventriculography and plain x-rays were used
to reach deep-seated targets within the brain. These relatively favourable results were
probably influenced by an overall younger patient age as compared to nowadays cohorts
(early stereotactic operations were seldom performed for patients over 70 years). Additionally
current patients tend to be therapy-resistant, whereas drug resistance was not a surgical

criterion at the time seeing that such drugs were not available.

Historically, the uncertainty during radiofrequency (RF) electrode insertion related to brain
shift with consequent neurological deficits produced by misplaced thermolesions has been of
great importance in the development of deep brain stimulation (DBS) techniques. Numerous
reports have described clinical results of DBS in Parkinson’s disease and essential tremor,
accompanied however with significant procedure-related risks. The main procedure-related
side-effects of DBS are bleeding and infection as well as hardware-related complications
requiring a return to the operating room for electrode repositioning or hardware replacement.

A hardware removal or revision rate of up to 34% was reported by Rolston 7 and an 8.4 %



hardware-related complication rate per electrode-year was reported by Oh and collaborators
58

The advent of radiosurgery in the sixties °° and later the Magnetic Resonance guided Focused
Ultrasound (MRgFUS) technique ! were decisive steps toward a reduction in perioperative
risks. These techniques bypassed the need for cutting into skin and bone and did not require

any tract penetration to perform small lesioning volumes deep inside the brain.

The Gamma Knife technique brought about interesting perspectives for safer and less
invasive approaches in more fragile patients but was eventually found wider application in
the neuro-oncological setting rather than in functional neurosurgery. Gamma Knife
thalamotomy has been shown to achieve significant reductions in tremor scores in the long
term; the permanent neurological deficits generated were partly due to unpredictable

excessive radiation reactions >>77

which may develop over months or even years after the
procedure’®. In Friehs et al.”, these reactions did do not occur before 6-12 months after

radiosurgical treatment.

The main advantages of MRgFUS over radiosurgery, aside its use of non-ionizing energy, are
the direct control over the thermal lesioning process provided by on-line MR-thermometry,
the reversibility of the procedure at low temperatures, and direct intraoperative clinical
feedback during the lesioning process. In contrast to MRgFUS or RF thermal lesioning,
thalamic lesions produced with Gamma Knife only gradually develop over the first 3 months

and tend to reach their peak size at 6-12 months, subsequently declining in size®’.

MR-guided focused ultrasound (MRgFUS) functional neurosurgery

Focused ultrasound is thought to affect tissues through a variety of mechanisms, including
cavitation, mechanical forces and direct heating®!. The latter has been exploited in the
development of the MRgFUS technique applied to functional neurosurgery. Selective heating
by tissue absorption of ultrasonic energy can be controlled under real-time MR-thermometry
to perform small and accurate therapeutic lesions deep within the brain without the need to
open the skull and penetrate the brain. The temperature increase in the tissue depends on the
intensity of ultrasound energy and the acoustic absorption coefficient of the tissue. Already in
the 1950s, the Fry brothers developed a first prototype of piezoelectric transducers and

demonstrated that focused ultrasound could be used after craniotomy for deep-seated targets



inside the brain of primates 8>-*°. This early prototype rapidly found applications in the
treatment of various brain pathologies such as brain tumors or PD in a cooperation with
neurosurgeon Russel Meyers 3¢47. The Swedish neurosurgeon Lindstrém was another early
pioneers of focused ultrasound-assisted neurosurgical procedures . However, the need for a
craniotomy and the lack of a reliable means of real-time monitoring instead led the

neurosurgeon Lars Leksell to develop the Gamma Knife technique in the late 1960s.

The development of phased-array ultrasound transducers corrected for phase aberrations
(distortion of the phase of the transmitted ultrasound wave due to variations in the speed of
sound within the tissues) and use of a hemispheric transducer design in the 1990s allowed to
focus the ultrasound beams through the skull, obviating the need for a craniotomy. The other
major revolution in the development of modern focused ultrasound neurosurgery came with
improvements in MR technology. MR was at last able to provide precise intraoperative
guidance as well as real-time thermometry with an accuracy inside the targeted brain area of
< 1°C at 3.0 Tesla field strength 3%°°. The first commercially available MRgFUS

neurosurgical unit was marketed by the company Insightec Ltd. (Haifa, Israel).

Previously, challenging targets located deep within the brain became the best treatable with
MRgFUS, thanks to optimal ultrasound focusing at the center of the Insightec hemispherical
transducer. Conversely, brain regions located closer to the skull are more challenging for

MRgFUS due to the difficulty in focusing sufficient ultrasound energy on the target.

The first MRgFUS trial in functional neurosurgery targeted neurogenic pain. Its results were
published in 2009 ' and 2012 2. Since 2013, clinical trials have investigated the application of

16,17,91-108

MRgFUS in essential tremor , obsessive compulsive disorder '°°, Parkinson’s

SEALIO-G and dystonia!!” !, The medial thalamus (central lateral nucleus) was the

disease
first neuroanatomical structure to be targeted by the MRgFUS system!-2. Later followed the
motor thalamus®*!%, the posteroventral internal pallidum!'2, the anterior capsule!?, the

pallido-> and cerebellothalamic!® tracts and finally the subthalamic nucleus''!.

The MRgFUS is a surgical procedure performed without a skin incision, without drilling of
the bone and without penetration of the brain. Yet, as we have discussed above, it is by no
means a “noninvasive” procedure. We have therefore favoured the term “incisionless” in our

publications.

Advantages of the MRgFUS



MRgFUS currently offers the possibility to heat cerebral tissue by delivering minute
ellipsoidal (1.5-2.5 mm for the short and ~3 mm for the long diameter) thermal doses both
accurately and under the control of MR thermography. Accuracy of targeting is confirmed at
temperatures of tissue below lesioning threshold before committing to an irreversible lesion
of the target structure. No narcosis or sedation is required. In contrast to Gamma Knife, no
ionizing energy is used. This avoids the risk of unpredictable tissue reactions months after
treatment. The absence of penetration-related brain shift avoids the risk of placing the
thermolesion off-target. Whilst bleeding risk is reported to be around 2% (symptomatic
bleedings) with DBS'2!, it is much lower with MRgFUS (0 bleeding events in > 600 targets
performed at our institution and 1 recorded bleed worldwide in several thousand
interventions). As expected with an incisionless technique, infections do not represent a
procedural risk; In contrast, the prevalence of infection following DBS procedures is

estimated at 5.0%!%* at least.
Present (2022) limitations of the MRgFUS

To ensure a high level of accuracy in lesioning, a stereotactic frame needs to be placed
around the patient’s head. Its placement is performed under local anesthesia but can still
involve some pain due to the pressure of the four fixation pins on the skull. The procedure,
even if performed by a routinized team lasts between 2 and 4 hours according to which and
the number of targets chosen. The skull is a significant barrier to ultrasound transmission.
This can prevent therapeutic temperatures to be reached. The percentage of patients with
“unfavorable” skulls varies greatly between ethnic groups. In our experience over more than
500 patients, it concerns less than 1-2 %, but in the Japanese population this estimation will
be around 20% (Dr. Shiro Horisawa, personal communication).The hemispherical mid-
frequency (650 kHz) used for thermal ablations in functional neurosurgery has a limited
treatment envelope (around 3 cm radius around the mid-commissural point). Due to incident
angle issues, the efficacy of sonications decreases for targets outside the center of the brain.
In terms of efficacy on treating symptoms, the results will depend on the ability of the
neurosurgeon and his team to target properly the desired neuronal structure with the optimal
lesion (size and location), provided of course a careful patient selection. The lack of
intraoperative electrophysiological control can be viewed also as a limitation, especially in

structures lacking clear anatomical boundaries (e.g., the motor thalamus).



The primary handling of the MRgFUS system is fairly simple but optimal targeting and
optimization of target coverage requires a long learning curve and experience in lesional
functional neurosurgery. The dominance of DBS in the field of functional neurosurgery, has
led to a lack of training in the neurosurgical community for placing safe lesions inside the
human brain. This lack of training presents in our opinion a limitation to a safe rapid

expansion of the MRgFUS technique worldwide.

In 2022, more than 100 centers worldwide are equipped with a MRgFUS system dedicated to
intracranial interventions. Most of them are university clinics, with some notable exceptions.
FDA approval in the United States of America was granted so far only for ET and PD.
Depression, neuropathic pain and obsessive-compulsive disorder are approved in some
countries but not in the USA. ET, PD and Neuropathic/Neurogenic pain were approved by

the Federal Office of Public Health of Switzerland and monitored since 2015 in the context of
a registry controlled by this office. In 2022, of those three indications, only Neuropathic Pain
was still under registry, ET and PD having been definitely integrated in the basic insurance

coverage for all Swiss residents.

Besides the placement of minute and accurate therapeutic lesions deep inside the brain, the
MRgFUS offers further promising therapeutic approaches (detailed in an excellent review by
Prada et al. '?%). Thermal ablations were tried to treat brain tumors in the early phase of
development of MRgFUS but were discontinued early due to complications!>*!%3, One case
report about MRgFUS in a Glioblastoma multiforme did not show any complication, but no
follow-up of the patient was provided'?°. An alternative approach using the FUS against brain
tumors or for ablative procedures in epilepsy surgery could be histotripsy. Histotripsy is a
non-ionizing and non-thermal, cavitation mediated mechanical destruction of tissue using
focused ultrasounds delivered from outside the body. Is has been already investigated in
neurological diseases in preclinical studies but so far human clinical trials were restricted to

benign prostate hyperplasia, liver cancer and calcified valvular stenosis (for review!?).

Contrast agents (e.g. intravascular microbubbles) can enhance tissue ablation exploiting
controlled cavitations to achieve larger thermal lesions in tumors'?®. The blood-brain-barrier
(BBB) is the principal obstacle to deliver chemotherapy inside of brain tumors. Through
temporary opening of the blood brain barrier, a targeted drug delivery could help treating not

only brain tumors but also neurological disorders'?>!*°. Besides the BBB, the electrostatically



charged extracellular matrix and glial-lymphatic system represents a dense structure which
limits the diffusion of therapeutic agents. Nanoparticles were engineered with dense
poly(ethylene glycol) coating and applied in combination to FUS to overcome this obstacle!*!
(preclinical study). Reversible cell membrane poration with FUS, called sonoporation could
be used in vitro for incorporation in tumor cells of heat-activated chemotherapy, gene
therapy, nanoparticles, and liposomes avoiding the systemic effects of those therapies'*>!3>.
Hyperthermia is known to induce changes in tumor milieu that could potentially enhance
tumor responsiveness to radiation treatment (increase blood flow and consequently delivery
of oxygen and trophic molecules thus enhancing tumor metabolic activities)!?}. Sensitized
tumors could require a lower dose of radiation to be effective!**. FUS can induce a
sensitization to radiotherapy'®>. In a similar way, FUS could enhance the sensitivity to

chemotherapy thanks to several mechanisms.

Another way to apply the FUS is to influence immune response against a tumor
(immunomodulation) through various mechanisms, e.g. overexpression of heat shock proteins

induced by FUS thermal ablation'3,

The concept of sonodynamic therapy is also very promising. Sonosensitizer molecules, e.g. 5-
aminolevulinic acid (5-ALA) are activated with the help of the FUS to obtain necrosis and

apoptosis in the targeted area (tumor)'?’.

In the area of cerebrovascular diseases, sonolysis has been proposed not only for mechanical

clot lysis in occluded vessels but also for clot hemolysis in intraparenchymal hemorrhages!*3.

Contribution of the Author to the field of MRgFUS and Anatomy of the Insula of Reil

The Author was fortunate to meet and start working for Drs Morel and Jeanmonod during his
medical school years. He could join in 2005 the laboratory for stereotaxic functional
neurosurgery in Ziirich. None less than Professors Krayenbiihl, Yasargil and Siegfried
preceded Professor Jeanmonod in this famous lab. The same Daniel Jeanmonod, who never
stopped improving and developing new functional neurosurgical approaches to chronic and
therapy-resistant disorders with the radiofrequency was the first to introduce the MRgFUS
technology in functional neurosurgery with his seminal studies on MRgFUS CLT against

neuropathic pain along his college radiologist Professor Ernst Martin.
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The author had the opportunity to assist Dr. Anne Morel between 2005 and 2008 in her huge
endeavor mapping the human thalamus, the basal ganglia, and the subthalamus in the
stereotactic space. The latest version of her work was published as the “Atlas of the human

Thalamus and Basal Ganglia” &7

and is nowadays used by many functional neurosurgeons
around the world. The next topic of research was the Insula of Reil, an especially important
but often neglected cortical area, whose importance in neuropathic pain is no longer to be
demonstrated. The insula was studied first in the smaller brain of the macaque monkey for
histological and immunohistochemical parcellation and later in human with the adjunction of
postmortem MR images prior histological processing. These studies on the Insula provided a
framework for future investigations on the functional (electrophysiological) and connectional
aspects of the insula in primates species, including humans (epilepsy surgery). The produced

template of the human insula was though to help at improving localization into in vivo MR

standard and functional imaging and clinical applications.

Since joining the center of functional ultrasound neurosurgery, the impetus was to provide
patients suffering from chronic and therapy-resistant neurological diseases, i.e., no longer, or
insufficiently helped by drugs, with safer, more accurate and efficient stereotactic
neurosurgical interventions to control their symptoms. The pathophysiological basis and
choice of targets applied in the following studies were introduced from the early nineties

onward by the group led by Professor Jeanmonod in Ziirich and later in Solothurn.

The first contribution of the Author to the field of MRgFUS was a retrospective analysis of
uni- and a few bilateral MRgFUS CTT cases operated between 2011 and 2015. With growing
numbers of interventions performed, the next step had been to analyze the accuracy and
safety of the MRgFUS system in a large cohort of patients (180 treatments). The first data on
MRgFUS PTT had been published by Magara et al in 2014. The results were promising, but
follow-ups showed to many recurrences and only partial symptom control. This motivated a
thorough histological re-analysis of previously only partially published material used by Dr
Morel to publish the second version of her stereotactic atlas of the human thalamus and basal
ganglia. In superimposing the pallidothalamic tract of cases with different anterior-posterior
commissure lengths, adjusted on the mammillothalamic tract, a structure always visible on
myelin-stained sections we could clearly identify the need to expand the antero-posterior but
also the medio-lateral extension of the target to integrate the interindividual variability. The
proposed model was and still is very conservative in the vicinity to the mammillothalamic

tract and internal capsule for obvious safety reasons. This is a weakness in cases of

11



exceptionally large subthalamic regions (in the ml but also ap directions). A way to further
improve targeting beyond a histological model, would be to be able to rely more on
preoperative MR images (for example 7 Tesla high resolution sequences) to correct the

medio-lateral and antero-posterior extension of the target.

The model of the target proposed was applied first on 31 interventions and correlation data on
thermal doses applied and MR images were published in a second contribution on PD. Along
the histological model, a new protocol using sonications of shortest duration possible and
corresponding high power to reach 240 CEM in each of the 5 to 7 preplanned target sub-units
was proposed. These technical modifications were integrated in the clinical routine and
clinical data were published first on 51 patients and later 10 bilateral MRgFUS PTT cases

with 1-year follow-up after operation of the second brain hemisphere.

The original CTT target was also revisited from a histological viewpoint and a new target
protocol proposed following the same line of thoughts as for the PTT target. In the case of
CTT, a new reference point was chosen for the model of the target. This reference point (the
middle of the red nucleus, cut 3 mm below the intercommissural plane) had then to be
identified on planning images and reported intraoperatively on lower resolution MR-images (
body-coil) along anterior and posterior commissures. This led to an improvement of
postoperative results from an average of 70% tremor control at 1-year follow-up to ~90% in
the first series of 10 patients. In 2022, tremor control as rated by the patients for the operated
body-side was 87% after more than 60 interventions at 1-year follow-up (publication in
preparation). Longer follow-ups and bilateral treatments show the same amount of tremor

control.

12



Section one: Safety and Accuracy of MReFUS

Gallay MN, Moser D, Jeanmonod D: Safety and accuracy of incisionless transcranial MR-
guided focused ultrasound functional neurosurgery: single-center experience with 253 targets

in 180 treatments. Journal of Neurosurgery 1:1-10, 2018

Open functional neurosurgical interventions, performed over 80 years ago, carried a high
risk. Mortality rates were high (12-16%) and symptom improvement was as low as 19% in
early series*. The introduction of the stereotactic technique by Spiegel and Wycis!® in the
1940s resulted in a decrease in mortality and morbidity, as well as a significant increase in
postoperative symptom improvement®>!*?. This led to the early global development of
functional neurosurgery. With the improvement of image guidance, the accuracy of
therapeutic lesioning inside the brain improved, leading to more effective treatments of

symptoms in the following decades.

The uncertainty caused by brain shift during electrode insertion into the brain and the
subsequent neurological deficits produced by misplaced lesions played a major role in the
development of deep brain stimulation (DBS) techniques in the early 1990s. The DBS
technique eliminated the risk of lesioning the wrong neuroanatomical structure, but it has
been associated with significant procedure-related risks. The main procedure-related side
effects of DBS include bleeding (with an overall incidence in functional neurosurgery of 5.0
% and 2.1 % being symptomatic and 1.1 % resulting in permanent deficits or death)'?!,
infection (estimated prevalence of 5.0 %%, with probable great variations between
institutions), and hardware-related issues (with a removal or revision rate of up to 34% as
reported by Rolston et al.’”, and an 8.4% hardware-related complication rate per electrode-
year reported by Oh et al.>®). A review of the literature by Hamani et al.(2006)!4 (922
patients, in 10 articles) found infections in 6.1%, migration or misplacement of leads in 5.1%,
lead fractures in 5.0%, and skin erosion in 1.3 % of patients. Burchiel et al. (2013)'*! found a
mean vector error in placement of DBS electrodes of 1.59+1.11 mm and mean deviation off
trajectory of 1.244+0.87 mm. These data are in line with a previous report on accuracy of
radiofrequency lesioning'*?. Starr et al.!** found a mean absolute tip error of 2.2+0.9 mm in
the placement of 53 DBS electrodes into the subthalamic nucleus (STN) using interventional
MR (iMR) imaging-guided navigation, which was significantly smaller than the error for

electrodes implanted using traditional frame-based stereotaxy (3.1+1.4 mm).
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In his 1989 monograph?!, Dr. Kandel described the requirements an ideal technique for
lesioning stereotactic operations: 1) the size of the focus should be directly related to the
instrument of destruction, 2) we should have the possibility of controlling the size of the
lesion and in particular of terminating destruction immediately on appearance of symptoms of
involvement of adjacent structures of the brain, 3) minimal reaction of adjacent cerebral

tissue to the lesion, 4) absence of general reactions or damage to the brain, 5) almost total
exclusion of the danger of vascular injury, 6) possibility of reversing the inactivation of a
structure before its destruction and 7) procedures for destruction of cerebral tissue that are not

unduly lengthy and that are convenient and simple.

In our opinion, MRgFUS is the closest technique to meet all these requirements described by
Dr. Kandel. The target size can be reasonably well predicted®!4*!%°  the patient is awake and
sonications can be stopped at any time in case of side-effects. There have been no reports of
significant surrounding edema after the procedure, no general reactions of the brain, and no
bleedings (over more than 650 targets performed in our institution and many thousands of
cases performed worldwide) since the installation of cavitation detectors. Low power
sonications at reversible temperature thresholds are used to control the accuracy of lesioning,
and the mean duration of interventions has decreased from 5.6+1.8 hours for the first 450 to

2.7+0.4 hours for the last 100 treatments at our institution.

12! again, “Stereotaxis, first of all requires maximal accuracy. The success of

To quote Kande
any stereotactic operation depends on many factors but primarily on the accurate localization
of the subcortical target. If the calculations are inaccurate, and the stereotactic instrument
deviates from the target point only 2-3 mm, or if there are other technical defects, not only

will the result be imperfect but serious complications may arise.”

In the period between the publication of the first MRgFUS trial in 2009! and 2017, around
200 treatments were reported. However, due to the small number of patients in each reported
series, no reliable profile of procedure-related risks could be determined. In our study,
“Safety and accuracy of incisionless transcranial MR-guided focused ultrasound functional

146 \e analyzed

neurosurgery: single-center experience with 253 targets in 180 treatments
consecutive treatments performed using MRgFUS technology between April 2011 and
November 2016. The treatments were carried out for patients with chronic and therapy-
resistant idiopathic Parkinson’s disease, Essential tremor, neuropathic pain, and cerebellar

tremor. Monitoring for side-effects continued for at least three months after the procedures.
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The surgical targets were identified using the stereotactic atlas of the human thalamus and
basal ganglia of Morel and included the pallidothalamic tract (n=105), the cerebello-thalamic
tract (n=50), the central lateral nucleus (n=84), the centre médian nucleus (n=12) and the

globus pallidus (n=2). The accuracy of lesioning was evaluated based on postoperative MR

The mean accuracy of the 234 thermal lesions measured was 0.32+0.29 mm, 0.29+0.28 and
0.44+0.39 mm in the mediolateral, anteroposterior and dorsoventral dimensions, respectively.
The mean 3D accuracy (Euclidian vector) was 0.7340.39 mm. Nine (3.8%) error
measurements were > 1.5 mm in the mediolateral, 5 (2.1%) in the anteroposterior, and 19
(7.9%) in the dorsoventral dimensions. 37,6% of patients experience brief (less than 10
seconds) but intensive pain, localized frontally. There was no long-lasting headache after the
procedure. Procedure-related sides-effects included 2 cases of benign subcutaneous swelling
on the forehead that resolved within a week. Three side-effects were classified as effects on
neighboring structures due to the extension of the thermal lesion beyond the target, causing
slight hypesthesia on the lower lip and slight reduction of gustation in one patient. In a
second case, paresthesia around the mouth on the left and on the left hand (without
somatosensory deficits) appeared on day 2 after Centre Médian thalamotomy and lasted a few
weeks. One decompensation of mnestic functions was seen in one parkinsonian patient,
possibly related to thermal effect or edema-related compression on the mammillothalamic

tract. There was no bleeding, and as expected from an incisionless technique, no infections.

Our study showed that MRgFUS has a higher targeting accuracy and a lower risk of side
effects compared to brain penetration techniques like radiofrequency and deep brain
stimulation. Clinical effectiveness, however, depends on proper target and patient selection,

and proper thermolesional coverage of the target.

Since our publication in 2018, a safety analysis by Fishman'4” of MRgFUS thalamotomy in
186 patients from 5 studies confirmed its safety, with only 1.6 % of patients experiencing

serious adverse events, including no intracerebral hemorrhages or infections.

To the best of our knowledge, no large study has re-analyzed the accuracy of MRgFUS since
our publication of 2018.
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Section two: Incisionless MR-guided focused ultrasound for chronic therapy-resistant

Parkinson’s disease

Gallay MN, Moser D, Federau C, Jeanmonod D: Anatomical and Technical
Reappraisal of the Pallidothalamic Tractotomy with the Incisionless Transcranial MR-

Guided Focused Ultrasound. A Technical Note. Front Surg 6:2019

Gallay MN, Moser D, Federau C and Jeanmonod D: Radiological and thermal dose
correlations in pallidothalamic tractotomy with MRgFUS. Front Surg:2019

Gallay MN, Moser D, Rossi F, Magara AE, Strasser M, Biihler R, et al: MRgFUS
Pallidothalamic Tractotomy for Chronic Therapy-Resistant Parkinson’s Disease in 51

Consecutive Patients: Single Center Experience. Front Surg 6:2020

Gallay MN, Moser D, Haufler F, Jeanmonod D. (2021) Bilateral MRgFUS
pallidothalamic tractotomy for Parkinson’s disease with one year follow-up. Front

Neurol: 2021

Parkinson’s disease (PD) is a complex neurological disorder characterized by the early death
of dopaminergic neurons in the substantia nigra pars compacta. The resultant dopamine
deficiency within the basal ganglia leads to a movement disorder produced by overactivity of
the thalamocortical system. The disorder is characterized by classic parkinsonian motor
symptoms, such as tremors, rigidity, and hypobradykinesia. In addition to these motor
symptoms, PD is also associated with numerous non-motor symptoms, some of which can
occur more than a decade before the onset of motor dysfunction'®. The prevalence of PD for
all ages in Europe ranges from 66 to 1500 per 100,000 people, and its incidence varies from 5

to 26 per 100,000 person-years'®.
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Organization of the basal ganglia

The sources for this short introduction to the organization of the basal ganglia were mainly
three standard textbooks!**152, The basal ganglia are nuclear complexes located in the
midbrain and cerebrum that play a critical role in the integration of various functions, such as
motor activity. They integrate and process afferent inputs from the cerebral cortex and send
the modified signals to the thalamus, which after further alteration relays the output back to
specific areas of the cerebral cortex. This group of nuclei also is of great importance in
mechanisms involving emotional and cognitive behaviors. The basal ganglia are considered
to include the corpus striatum, the subthalamic nucleus, the ventral tegmental area (VTA), the
substantia nigra pars compacta (SNc) and reticulata (SNr) and the pedunculopontine nucleus
(PPN). The corpus striatum is divided in striatum (neostriatum) and globus pallidus (GP)
(pallidum, paleostriatum). The striatum itself is further divided into the putamen (which
constitutes about 55% of the volume) and the caudate nucleus (about 35%), which together
form the dorsal striatum. The GP is divided into medial or internal (GPm or GPi) and lateral
or external (GP1 or GPe) segments, as well as the ventral pallidum. The substantia nigra
consists of two parts, known as the pars reticularis and pars compacta, which differ in
neuronal densities and hence have distinct connectivity and neurotransmitters. The putamen

and globus pallidus are somatotopically organized.

Caudate nucleus
Dorsal striatum

Striatum | Putamen

Nucleus accumbens | Ventral striatum
Corpus striatum
Medial/internal segment (GPi)

Globus pallidus | Lateral/external segment (GPe)

Ventral pallidum

o Pars compacta (SNc)
Substantia nigra

Pars reticulata (SNr)

Subthalamic nucleus
Ventral tegmental area (VTA)

Figure 1: Basal ganglia and related centers

Around 90% of neurons within the striatum are GABAergic inhibitory projection neurons
that form two functional subgroups expressing different receptors. One subgroup projects to
the GPi and the SNr, constituting what is called the direct pathway that facilitates activity.
The other subgroup projects to the GPe, which then projects to the STN, and is called the
indirect pathway that elicits inhibition. Both groups of projection neurons receive excitatory

glutaminergic cortical inputs, as well as modulatory dopaminergic inputs from the SNc.
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While different receptors exist on striatal projection neurons, dopaminergic receptors receive
their input from nigrostriatal (SNc¢) afferents. Dopamine receptors on direct pathway
projection neurons are referred to as D1-type, and neurons of the indirect pathway are called
D2-type. Dopaminergic input is excitatory for D1-neurons, promoting the direct pathway, and
inhibitory for the D2-neurons of the indirect inhibitory pathway. A healthy substantia nigra is
tonically active, favoring activity in the direct pathway. All projections from the cerebral
cortex arise from pyramidal cells and are excitatory (glutaminergic). Those from the striatum
and from both segments of the globus pallidus (GPi, GPe and ventral pallidum) arise from
inhibitory GABAergic neurons.

The GPi and SNr represent the output nuclei of the basal ganglia. The output from the GPi
projects through the ansa lenticularis and fasciculus lenticularis. Both tracts merge into the
thalamic fasciculus before reaching the thalamus. These are tonically active inhibitory
GABAergic neurons that project to the thalamus and brainstem nuclei. Their activity is
modified by the direct and indirect pathways. The direct and indirect pathways main role is to
reinforce a chosen motor act, inhibit those that are unchosen and thereby ensure the activation
of a specific motor program that is required. There is one additional projection from the
cerebral cortex directly to the subthalamic nucleus, the hyperdirect pathway, which allows the
cerebral cortex to bypass the striatum and directly activate this nucleus to inhibit motor

activity.

There are at least four circuits that traverse the basal ganglia and return to the cortex. The
basic core circuit comprises cerebral cortex, striatum, globus pallidus, thalamus and cerebral
cortex again. The processed information is then transmitted via upper motoneuron pathways
to the lower motoneurons. A feedback loop goes back to the striatum via thalamostriate fibers
from the intralaminar nuclei. The general core circuit serves as a template for the other
parallel loops that convey functionally distinct information from different cortical regions.
These include: 1) a motor loop for voluntary and learned movements, 2) a cognitive loop for
planning and motor intentions, 3) a limbic loop for emotional aspects of movement and 4) an

oculomotor loop concerned with voluntary eye movements and saccades.

While the basal ganglia are not typically responsible for initiating movements, they play a
crucial role in all movements, regardless of speed. Their main function is to modulate the

strength of muscle contractions and, in conjunction with the supplementary motor cortex
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(SMA), to organize the necessary sequences of cell columns in the motor cortex. This activity

occurs after the corticospinal tract has been activated by premotor areas.

Cortex

Pontine
nuclei

Thalamus

Basal
ganglia

Cerebellar
nuclei

Cerebellum \

Figure 2: Modified from Gallay et al. 2008°. Simplified diagram of the cortico-cerebello-thalamocortical and
cortico-basal ganglia-thalamocortical circuitry based on data derived from tracing studies in monkeys. The
cerebellar nuclei project to the motor thalamus via the fasciculus cerebello-thalamicus (fct), with primary target
in the ventral lateral posterior nucleus (VLp), but also in ventral lateral anterior nucleus (VLa) and ventral
medial nucleus (VM) (projections to medial thalamic nuclei are not included in the schema). Efferent
connections of the GPi to the thalamus course through the ansa lenticularis (al) and the fasciculus lenticularis
(fl), and the two fibre bulks merge to form the fasciculus thalamicus (ft) which projects primarily to the VLa,
ventral anterior nucleus parvocellular division (VApc), and VM nuclei, with only minor projections to the VLp
(projections to the intralaminar nuclei are not shown). Equivalent Hassler’s nomenclature for thalamic nuclei is
also indicated. Dorsomedial intermediate medial (D.im), Ventral intermediate medial (V.im), ventral oral
anterior or posterior (V.o.a,p) and lateropolaris (L.po). Connections to the thalamus and cortex are represented
with different thicknesses according to their relative density and by different gradients in the thalamus. The two
major motor pathways are also represented by different colors for clarity. The connections of the SNr are not
depicted but they are thought to be identical of the GPi. In the basal ganglia, Inhibitory inputs are represented by
red arrows, excitatory inputs by green arrows. Dopaminergic receptors typ 1 (D1) and dopaminergic receptors

typ 2 (D2).
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Parkinson’s disease models

The following figure shows the classical model of PD, which follows the progressive failure
of dopamine production by the SNc as precipitating cause of PD. According to this model,
the essential pathophysiological characteristic of the parkinsonian state is increased neuronal
activity in the GPi/SNr output nuclei, leading to excessive inhibition of thalamocortical and
brainstem motor systems. The model predicts that reduced activation of dopamine receptors
results in reduced inhibition of neurons of the indirect pathway and decreased excitation of
neurons of the indirect pathway. Reduced inhibition from the indirect pathway leads to
overinhibition of the GPe (-), disinhibition of the STN (+), and increased excitation of the
GPi/SNr neurons (+++), whereas decreased activation from the direct pathway causes a

reduction in inhibitory influence on the GPi/SNr!>.

Cortex

Pontine
nuclei

Thalamus

Basal
ganglia

_| Cerebellar
nuclei

Cerebellum

\ 4
Str'atum
™ \D1
D1 D2

Figure 3: see legend Fig. 2
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Summary of ablative approaches in PD (Radiofrequency lesioning, Gamma Knife or

MRgFUS)

In a context of permanent increased excitation of the GPi and disinhibition of the STN, the
following surgical targets can be proposed. Every target has its strength and limitations. Our

work focuses on the pallidothalamic tract for the reasons detailed later in the text.

The major anatomical sites used as surgical targets in advanced and therapy-resistant PD are
depicted in the following figure with numbers 1 to 5 (1: posteroventral pallidotomy, 2:
nucleus subthalamotomy, 3: pallidothalamic tractotomy, 4: V.o.a. thalamotomy and 5: V.im.

thalamotomy).
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Figure 4: see legend Fig. 2



In the pre-stereotactic era, many surgical operations aimed at treating PD in the central and
peripheral nervous system were introduced into clinical practice. Kandel’s ?!' thorough review
of the older functional neurosurgical literature indicates that early operations were often ill-
founded, and as a result, many were not effective. Some of these operations, however,
provided valuable insights into the pathogenesis of the disease. As mentioned in the
“Introduction”, Russel Meyers can be considered the “trailblazer” in basal ganglia
surgery'®% Meyers reported at a meeting of the Association for Nervous and Mental Disease
in New-York in 1940 that in 1939 he had operated on a patient with PD by extirpating the
head of the caudate nucleus via an open transventricular approach. The patient did not lose
consciousness and showed significant improvement of his Parkinson’s symptoms without
hemiplegia, thus proving Dandy and Bucy, two authorities in the field, wrong in their

139

assumptions >”. Meyer’s concepts were further developed in the early 1950s by other

neurosurgeons who, like him, performed open approaches to the basal ganglia’6-38134153,

A well-known example of serendipity from this era is exemplified by Dr. Cooper '*° in 1952.
During a mesencephalotomy procedure for a PD patient, he made a “surgical accident” by
injuring the anterior choroidal artery and had to ligate the vessel. He then wisely resumed the
operation without performing the mesencephalotomy. To his surprise, the patient awakened
with no symptoms of Parkinson’s disease on the contralateral side to the ligated vessel and no
adverse effects. This led Dr. Cooper to advocate for ligation of that vessel as a treatment for
parkinsonism, but inconsistent symptom relief was observed due to the variability in the
territory supplied by the artery. He later realized that the globus pallidus was commonly
supplied by that vessel and advocated alcohol injection or chemopallidectomy as a surgical

treatment of PD.

Stereotactic surgery for PD was introduced by Spiegel and Wycis!® in 1947, with initial
targeting the internal segment of the globus pallidus and the ansa lenticularis'®’. Soon, similar
operations were proposed by other groups around the world, including Talairach, Riechert
and Mundinger, Leksell, Narabayashi and Okuma, Guiot, Cooper, Gillingham, Bertrand,
Broager, Aronson and Walker, Obrador, Laitinen and Kandel, among others. By the end of
the 1950s, the Freiburg (in Breisgau) school recommended changing the surgical target from

47,50

the internal segment of the globus pallidus to the ventral lateral thalamus®’>", and this was

adopted by many groups worldwide?!-?3158-188 Cooper, a prominent neurosurgeon of the era,
performed thousands of surgeries in New York™. Spiegel and Wycis!*!® then proposed

170

targeting the subthalamus in the Forel fields' ™, a procedure they called “campotomy” (from
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the latin campus). This was further developed by Mundinger'? and other groups®”!7'-!7>. The
Freiburg school, with anatomist Hassler, suggested that the effective lesioning for rigidity and

139

tremor must involve the dorsal field of H1”", i.e. the pallidothalamic tract just below the

dorsal thalamus. Different target combinations were also proposed?"!7®. The proposal of the

Centre Médian (CM) as target for PD showed promise, but was not widely adopted'””~18°,

50s-early 70s

During the 1950s and until end of the 1960s, and introduction of L-DOPA, stereotactic
surgery spread to all continents. According to a survey reported by Spiegel in 1969'%!, 11°000
stereotactic interventions were performed at 38 centres between 1965 and 1968. Since
introduction of stereotaxy in 1947 and 1965, the same author reports over 37’000 operations
recorded worldwide. The number of operations per clinic was much higher compared to
present-day high-volume centres, which barely operate over 100 cases per year. Currently,
only a few university hospitals in Switzerland reach 20 cases per year. Cooper in New-Y ork
performed surgeries on 2362 patients between 1965 and 1968, while Laitinen in Sweden and

Riechert in Germany reported over 300 cases per year'8!.
Bilateral operations

Parkinson is in most cases a bilateral disease. The early studies of the 1960s demonstrated
similar efficacy of operations when operating on the second brain hemisphere. It is interesting
to note that despite the lack of any other efficient treatment at that time, surgeons only
performed bilateral interventions in a limited number of cases (e.g. 15-25% to a maximum of
35% for Cooper, according to Waltz et al.'®?). The frequency of dysarthria and mental
impairments after the second operation, in particular after bilateral thalamotomy along with
other surgical risks such as infection, bleeding or electrode shift, and thus neurological
deficits, can explain this cautious approach?®-33-37-50-183-185 Bjlateral stereotactic interventions
were thus more commonly suggested for younger patients. Cooper™>, for example warned

against bilateral interventions for patients over 65 years.

The introduction of L-DOPA in the treatment of Parkinsonism temporarily slowed further
developments in the field of stereotactic functional neurosurgery. L-DOPA became a well-
established and effective treatment, providing relief to patients and their relatives. However,
therapy-resistance, i.e., side-effects, partial symptom control, fluctuations, or dyskinesias
appeared over time in a significant number of patients. This led to the re-actualization and

refinement of surgical approaches of the past, as exemplified by Laitinen!3 in the late 1980s
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and Jeanmonod'*!>!87 in the early 1990s, among others. These procedures were planned and
guided with improved imaging capabilities (CT and MR imaging), but still had to be

performed using radiofrequency lesioning (RFL).

During the 25 years between the introduction of L-DOPA as a standard antiparkinsonian

2186 reviving the modified pallidotomy

treatment and the seminal paper of Laitinen in 199
called posteroventral pallidotomy (PVP) of Leksell'®® and the “rebirth” of the field'®,
stereotaxic functional neurosurgery surly did not stop but definitely went out of fashion (at

least in publications).

In the 90s and early 2000s, the field was enriched by several animal models of the basal

190-192 " a5 well as improved by advanced intraoperative

ganglia and other systems
electrophysiology'®* and new imaging capabilities. During this period, surgical approaches
for treating PD mainly involved uni- and bilateral PVP!86.193-210210-216 ‘Thalamotomy and

60,63,70,72,75,76,217—224, while

pallidotomy were re-explored using Gamma Knife technology
subthalamic approaches had to be rediscovered'*!>. Nota bene, the radiofrequency PVP is
still occasionally performed in 2022 by a few surgeons who received training in lesioning

functional neurosurgery'®’.

The uncertainty caused by brain shift during radiofrequency (RF) electrode insertion and
subsequent neurological deficits produced by misplaced thermolesions have been crucial in
the development of deep brain stimulation (DBS) techniques, which have dominated the filed

of functional neurosurgery for the past 20 years or more.

The advent of deep brain stimulation??® and its “reversibility” dramatically changed the field
of functional neurosurgery. Spiegel was a trained neurologist who authored many
neurosurgical papers from the 1940s onward. He was an exception in a field dominated by
neurosurgeons reporting their operations. The technology of DBS suddenly required more
time-consuming postoperative patient care, such as re-programming the devices, which was

taken care of by neurologists in many centres instead of the operating surgeons.

This evolution is clearly apparent in authorship positions of major clinical papers, with a
growing number of neurologists among first or last authors*?¢-22%, The functional
neurosurgical operation became, particularly in case of PD and in Europe, a
“multidisciplinary endeavor” with neurologists at its centre discussing and deciding to
operate on a patient and the neurosurgeon and the neurophysiologist in a position of mere

technicians of it. Some functional neurosurgeons in Europe only see PD patients briefly

24



before implantation of DBS for the purpose of informed consent but do not examine their
patients before and even less after the surgery. From a legal perspective and most in
contradiction with the multidisciplinary approach, the surgeon remains the sole responsible of

the operation and its consequences.

Presently, the DBS technique dominates the field of stereotactic functional neurosurgery and

is present in nearly every major neurosurgical centre over the worldwide.
MRgFUS, a “second rebirth” of ablative stereotactic functional neurosurgery

Due to the limited use of RF ablations in PD only under special circumstances such as DBS
failure or financial constraints in non-first world countries and the marginal use of Gamma
Knife in treating PD60:62:63.70.72.219.220.222.229 'NIR o FUS presents an opportunity for a “second

birth” or resurgence of lesioning functional neurosurgery as a viable treatment option for PD.

The study of Magara et al.>, which was published in 2014 and used the MRgFUS for the first
time in PD, opened the field with promising results. In this study, MRgFUS was applied to
the pallidothalamic tract unilaterally in thirteen patients. The authors targeted the
pallidothalamic fibres on their way to the thalamus, following the path set by Meyers, who
attempted to interrupt the pallidofugal fibres in PD along this path in the late 1950s using a
focused ultrasound technology device (which required a large craniotomy®’) with some

success according to postmortem specimen.

This first study led to further publications examining the safety and efficacy of MRgFUS
pallidothalamic tractotomy (PTT) unilaterally and bilaterally in the years that followed® !4,
The completion of an international multi-centric trial on bilateral MRgFUS PTT is expected

in 20237,

In 2015, a case report on successful MRgFUS pallidotomy was published!'?. In 2017, 27
patients participated in a randomized clinical trial to investigate the safety and efficacy of
MRgFUS thalamotomy for tremor-dominant PD!'°, And in 2018, MRgFUS lesion of the
subthalamic nucleus was performed in ten patients with asymmetric PD'!!. The same group
published in 2020, enrolling 40 patients, with 13 of them assigned to a sham procedure''>.
The same approach of lesioning the subthalamic nucleus had already been published using
RF more than ten years earlier by the same senior author?*! 2%, The high rate of side-effects
(15% of hemichorea-ballism) may have originally prevented the authors to pursuing this

approach further.

25



In the meantime, the unilateral MRgFUS pallidotomy was evaluated for safety and efficacy in
20 patients''®. The results of a large pivotal clinical trial (92 participants) applying unilateral
MRgFUS pallidotomy for advanced Parkinson’s disease are expected in 2023, with study

completion scheduled for end 2025'16-234,

In the following paragraphs, we will detail our contribution in improving the treatment of
advanced, and therapy-resistant PD using MRgFUS. Our work began in 2008 with the
establishment of the anatomical basis for targeting the pallidothalamic tract in stereotactic
space®. We traced the course of the pallidothalamic fibre tract in the subthalamic region using
multiple staining procedures and integrated the information into the Atlas of the Human
Thalamus and Basal Ganglia of Dr. Morel’. In order to determine the stereotactic three-
dimensional coordinates of these tracts, thalamic and basal ganglia blocks were sectioned
parallel to stereotactic planes. In two cases, we performed high-resolution MR examinations
before sectioning and used the images for correlations. This early work provided evidence for
the clear separation of the cerebellothalamic and pallidothalamic tracts in the subthalamic
region up to their thalamic entrance, and established a stereotactic mapping and a preliminary
evaluation of the interindividual variability of fibre systems in the subthalamic region. The
topic of interindividual variability was studied again in a later contribution with additional

histological material®.

The rationale for a subthalamic approach centered on the pallidothalamic tract at the level of

the fields of Forel.

Neuroanatomical data'>!#%

indicate that a lesion in the H1 and H2 fields of Forel interrupts a
larger proportion of the pallidothalamic input, thus representing extensive thalamic
disinhibition. Another advantage of such a target position is the possible interruption of the

thalamic inhibitory afferents originating in the substantia nigra pars reticulata'>-2%°,

Pallidothalamic fibres of the ansa lenticularis and fasciculus lenticularis (or H2 field) join 2-3
mm below the intercommissural plane and are funneled into the thalamic fasciculus (or H1
field of Forel) before reaching the thalamus. Interrupting the pallidothalamic tract at the level
of H1 corresponds functionally to a pallidotomy, as the majority of pallidal outputs go

through it, but with a smaller lesion size®.

Although relatively small, the pallidothalamic tract must be sufficiently severed to produce
desired lasting clinical improvements. The optimal target volume coverage is the subject of

the first of the four following contributions®.
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Since re-actualization of this subthalamic approach centered on the pallidothalamic tract!*!5,
other groups (Taira and Horisawa in Japan and Godinho in Brazil) have published their own

experience using radiofrequency lesioning in PD and in Dystonia 23724,

The first clinical experience with MRgFUS PTT was published and collected by repeating
sonications on the same spot”. This led to partial therapeutic effects in the follow-up
evaluations of some patients. Later, longer sonication durations without moving the target
were tried, but effective lesions were still too small. This approach was not sufficient and

required further developments.

The first of the four papers of this section “Anatomical and technical reappraisal of the
pallidothalamic tractotomy with the incisionless transcranial MR-guided focused
ultrasound®”, aimed to provide an optimized planning and operative strategy to perform a
pallidothalamic tractotomy (PTT) using the technology of MRgFUS?® (ExAblate neuro 4000
system of Insightec Ltd.). The motivation to develop this targeting protocol, aiming at better
spatial coverage of the PTT target, was given by re-analysis of recurrences of symptoms and
partial symptom control in previously operated patients with MRgFUS PTT. According to the
manufacturer and confirmed by our previous experience, the focal point of the MRgFUS
system measures around 1.5x1.5x3.0 mm?, which is too small to cover adequately most
functional neurosurgical targets with one single spot (e.g., posterior ventral lateral thalamus
aka Vim Nucleus, Posteroventral Pallidotomy, Subthalamic Nucleus or Central Lateral
Thalamic Nucleus). Increasing the duration and the power of sonications increases the risk of
unwanted adjacent tissue heating and side-effects without reaching the desired lesion volume

(e.g., ~5,5x5,5x3 mm? for a proper PTT target).

This model takes into account interindividual anatomical variability and adopts the strategy
of applying small thermolesions with the shortest possible sonication durations while
controlling thermal dose and using millimetric displacements of the MRgFUS focal point.
Histological sections and maps from 6 human brain hemispheres were analyzed, and outlines
of the pallidothalamic tract on myelin-stained sections were drawn and superimposed. This
resulted in a standardized PTT target, characterized by 5 to 7 pre-planned target lesion sub-
units of 1.5 x 1.5 x 3.0 mm?>, which were performed using focal point displacements and the

shortest possible sonication durations under thermal dose control.

Since publication, our standardized PTT target has been slightly modified on a few occasions

and remains an ongoing project subjected to constant refinements. The latest PTT target

27



coordinates are illustrated in Fig. 1 of this manuscript. Compared to the published protocol,

some coordinates and the order of sonications have been slightly modified.

tb

Figure 5: Target lesion sub-units 1 to 5 depicted at the level of the intercommissural plane (DV0). Coordinates
of target sub-units; 1: L 7.5 mm from the thalamic border, MCL (mid-intercommissural length)-2.7 mm, DVO0
(intercommissural plane); 2: L 5.5, MCL-2.7, DVO; 3: L 5.0, MCL-0.7, DVO0; 4: L7.0, MCL-0.7, DVO or D1 for
thalamus height > 16-18 mm and 5: L6.0, MCL+0.5, DV0. mtt (mammillothalamic tract), ic (internal capsule),

mcl (mid-commissural line), tb (thalamic border).

Sonications slightly (I mm) below the intercommissural level are presently performed only
seldom. Thermometry monitoring data as well as clinical experience have shown
retrospectively that such a protective measure for the mammillothalamic tract is not
necessary. The antero-posterior coordinates of target sub-units 1 and 2 were slightly altered in
cases where the mid-to-mid intercommissural length is less than 26 mm to MCL-2.2 mm
(dotted circles in Fig.1). The antero-posterior and medio-lateral coordinates of target sub-unit
5 were modified to put more distance from the internal capsule. A sixth target sub-unit is
sometimes added when the thermal doses are too small to properly cover the pre-planned

target volume.

In the second paper “Radiological and thermal dose correlations in pallidothalamic
tractotomy with MRgFUS” °, we investigated the feasibility and predictability of lesion size
for the above-mentioned protocol to perform MRgFUS-assisted PTT. MR and thermal dose

data were analyzed from 31 MRgFUS interventions in patients with chronic and therapy-
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resistant PD using a standardized PTT target with 5 to 7 target lesion sub-units. The proposed
approach of using thermal dose steering for multiple target sub-units could be reproduced in
31 interventions with a good lesion size predictability. The mean 240 CEM thermal dose
axial diameters were 4.8 and 5.6 mm (SD: 1.0 and 0.9) in the mediolateral and
anteroposterior dimensions. Lesion measurements on axial T2 MR images performed a few
minutes and 48 hours after the last sonication showed good correlation with the calculated
thermal doses. Lesion diameters measured immediately (a few minutes after the last
sonication) in the MR were slightly smaller than 18 CEM values, likely reflecting the actual

histological lesion size.

At 2 days after the intervention, the axial MR T2 diameters were larger than the calculated 18
CEM values (representing a 50% probability of tissue lesioning) by more than 1 mm (8.9 x
9.1 versus 7.5 x 7.8mm?). There were no excessively large lesions produced and no
encroachment on important adjacent structures such as the internal capsule and
mammillothalamic tract with this approach. The study showed the feasibility of repeat
interventions using the standardized PTT target (Figure 6) in case of partial symptom control.
The decision to use thermal dose monitoring instead of energy- or temperature-based
approaches is consistent with the biophysics of focused ultrasound-based tissue thermal
lesioning and provides good correlation and prediction. The clinical results, presented in a
subsequent contribution, showed a clear reduction of symptom recurrences or partial

symptom control, as expected.

The third paper of this section, “MRgFUS pallidothalamic tractotomy for chronic therapy-

10 “aimed to

resistant Parkinson’s disease in 51 consecutive patients: single center experience
demonstrate the efficacy and risk profile of MRgFUS PTT for treating chronic therapy-
resistant PD. This retrospective consecutive case series reflects a clinical routine and was
collected between 2017 and 2018. Fifty-two interventions were performed on 47 patients (4
patients were lost to follow-up). All patients benefited from our new target protocol based on
anatomical/histological reappraisal and optimization of lesioning strategy using thermal dose
control®. Fifteen patients received bilateral PTT, and the median follow-up was 12 months.
The mean age at the time of the operation was 67 years, and the mean symptom duration was

10 years. This series includes 18% tremor-dominant, 72% mixed and 10% akineto-rigid PD

patients according to Rajput et al>*!.
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Bilateral PTT was performed in 15 patients. Postoperative results revealed percentage
reductions of 84% for tremor, 70% for rigidity and 73% for distal hypobradykinesia, all given
for the operated side (postoperative off-medicated state compared to baseline on-medication
score). Axial items (voice, trunk, and gait) were not significantly improved. Dyskinesias were
suppressed contralaterally to the PTT in all patients, as well as pain and dystonia. REM sleep
disorders were also absent at follow-up. Patients reported an 88% mean tremor relief, 82%
mean global symptom relief on the operated side, and 69% mean global symptom
improvement for the whole body. There was no significant change in the Montreal Cognitive
Assessment performed at baseline, 2 days and 1 year after PTT. The small group of bilateral
PTTs at 1 year follow-up (n=4) did not allow firm conclusions to be drawn at this point.
Mean L-DOPA intake was reduced by 55% at 1 year. The results are presented in Tables 2-5

and illustrated in figures 2-6'°.

MRgFUS PTT was shown to be a safe and effective intervention for PD patients, addressing
all symptoms with varying degree of effectiveness. We discussed the need to integrate the
preoperative state of the thalamocortical network (brain atrophy and cognitive impairments)

and the psycho-emotional dimension.

The fourth and final paper of this section “Bilateral MRgFUS pallidothalamic tractotomy for

11

Parkinson’s disease with one year follow-up™'’ was the first case series ever published after

bilateral MRgFUS treatments in advanced Parkinson’s disease.

PD is a bilateral disease in most advanced and therapy-resistant cases. Despite all efforts of
the neurological and neurosurgical community, a large number of patients are reluctant to
undergo DBS surgery, even when they meet the criteria for referral to a DBS center?*. In
light of improved lesioning accuracy, reduced bleeding risk, and suppression of infectious
risks, and despite the long-standing concerns about bilateral approaches, there was a need to
investigate bilateral MRgFUS interventions for PD. The choice of target has been detailed in
previous paragraphs. So called “asymmetric” lesioning has been tried in the past by some
groups (thalamotomy on one side, pallidotomy on the other) but results did not show

184

superiority °* and were abandoned in most centers.

Early bilateral series were mostly published during the 1960s?!:27:30:33,37.:43:47.50,167-
169174175, 180,184,188 'in) the pre-L-DOPA era, when postencephalitic patients were still numerous
in need of neurosurgical help. Considering the limited imaging guidance and lack of modern

refined electrophysiological monitoring, reported results on motor functions (although

30



lacking modern criteria for reporting) were impressive. Patients operated on were younger
and were not tested for therapy-resistance (for the obvious reason that L-DOPA was not

available).

Case series of bilateral pallidotomies followed the work of Laitinen'3® on the posteroventral
pallidotomy with the radiofrequency technique mainly during the 1990s'%3-206-243-244 ynti] the

DBS technique came to dominate the field of functional neurosurgery.

In this final contribution, we present the results of a series of 10 patients who were followed
for 1 year after receiving bilateral PTT, either staged or contemporaneous (the mean time
frame between baseline UPDRS score and 1 year after the second side was 36 months). The
mean total UPDRS score off-medication at 1 year after the second PTT was reduced by 52%
compared to the baseline on-medication score. In line with previous results from unilateral
PTTs, the total tremor (both sides of the body) was reduced by 91%, total distal rigidity by
67% and distal hypobradykinesia by 54%. The mean scores for axial items (taken from the
UPDRS scale), the postural instability and the gait, were only slightly improved but not
statistically significant. Speech difficulties, including hypophonia, tachyphemia, and speech
initiation, increase by 58% (p=0.06). Dyskinesias were suppressed in 4 out of 4 patients,
dystonia in 4 out of 5, and sleep disorders in 3 out of 4. There was a 89% reduction in mean
subjective pain, and mean L-DOPA intake was reduced from 690 mg down to 110 mg per
day. The results suggest a strong efficiency of bilateral PTT in controlling tremor, distal
rigidity, distal hypobradykinesia, dyskinesias, dystonia, and pain compared to the best

medical treatment at baseline over a mean period of 36 months.

As gait, postural stability, and other axial functions did not show significant improvement,
surgery, as it has been well recognized years ago, should be offered cautiously to patients
primarily suffering from symptoms affecting these dimensions. It is important to discuss the
issue of speech and the potential need for speech therapy with patients and their relatives
before undergoing bilateral PTT. This is because there is no evidence for capsular
involvement or any other surgical complication responsible for (and thus avoidable) speech-
related effects. It is also important to note that chronic stimulation of the subthalamic nucleus
has also been shown to result in speech deterioration in up to 69% of patients. We discuss the
issue of speech and the other axial functions relevant in PD (gait and postural stability) as

well as the importance of psycho-emotional factors. Additionally, we emphasize the critical
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role of psycho-emotional factors in speech and other axial functions relevant in Parkinson's

disease, such as gait and postural stability.

Since the publication of these four articles describing the targeting anatomy, strategy, the
radiological and thermal dose correlations, and first clinical results on uni- and later bilateral
treatments, Horisawa et al.*” have been able to replicate this approach in a prospective series
of akineto-rigid Parkinson’s patients, a particularly difficult patient group according to many
prominent functional neurosurgeons®'=33184 A multi-centric international trial is presently
investigating bilateral PTT surgery with the MRgFUS in 50 patients, which demonstrates the
global interest in this approach”>*(NCT04728295).
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Global comparison between MRgFUS and DBS techniques (addendum June 2024)

Currently, the DBS technique is the standard of care in most industrialized countries for
treating advanced PD. This preference is supported up by multicenter trials and long-term
follow-ups, with studies supporting its use dating back to the early 90s. According to Sarica’s
analysis published in 2023, the most frequent indications for DBS between 1993 and 2017 in
the USA were PD (67%), ET (24%) and dystonia (4%)**.

In contrast, the first study on MRgFUS in functional neurosurgery was published in 2009 for
neuropathic pain. The initial MRgFUS series in movement disorders were published in

20132 (ET) and 2014° (PD), over twenty years after the first DBS trials.

A direct comparison between MRgFUS and DBS techniques is still not possible for any
functional neurosurgical indication, as no randomized reference studies have compared the
two. However, the ability to conduct randomized, sham-controlled clinical trials with
MRgFUS has enabled it to become a standard of care for the treatment of ET within just ten
years. This is due to its clinical efficacy being equivalent to DBS but with reduced risks and
lower costs. Since 2022, German guidelines have recommended MRgFUS as a first-line
treatment in therapy-refractory ET?*’. The FDA validated bilateral MRgFUS thalamotomy
for ET!0%103248 4t the end of 2022.

The situation for advanced PD is more complex due to the multiplicity of symptoms and the
heterogeneity of PD patients, making it difficult to standardize the surgical approach. As
aforementioned, this has been a recurrent topic of discussion over the past eighty years and is
unlikely to be resolved soon. Even with the relatively standardized DBS approach, the
neurosurgical target can be either the STN, GPi or VLpv (Vim). Most MRgFUS studies in
PD have selected patients based on tremor-dominant forms and asymmetric symptoms, which

was generally not the case in DBS studies.

At this stage, the published efficacy, in terms of symptom control, seems to favor PTT- and
STN-MRgFUS over DBS'*!'113, However, the small size of the cohorts, short follow-up
durations and the fact that the studies were monocentric and unilateral!*7-110.113.114.231.249 make
direct comparisons impractical. A recent multicentric randomized and sham-controlled trial
of unilateral MRgFUS pallidotomy yielded positive results, but the low magnitude of clinical

improvements makes it difficult to justify given the side-effect profile*". As previously
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suggested, the pallidum seems to lie at the limit of the current treatment envelope within the
brain for MRgFUS, making MRgFUS pallidotomy likely to remain a secondary target.
Furthermore, advanced PD is mostly a bilateral disease and ideally should be treated on both
hemispheres. This is a significant advantage of the DBS technique, which allows bilateral
deep brain electrode implantation in one session. To determine how lesioning with
MRgFUS?!, regardless of the chosen target, fares compared to DBS in terms of efficacy and

11,252

side-effect profile, more bilateral studies with a large number of patients and longer

follow-up are of needed?™.

The role of MRgFUS in the treatment of advanced PD disease is yet to be fully defined. It
remains to be seen which target(s) yield the best results for specific patient subgroups, and
how these positive clinical results will stand the test of time. The reproducibility of results
must be demonstrated by more neurosurgical groups applying the protocols, ideally in large
randomized multicenter series. In conclusion, there is still much work to be done to establish

the MRgFUS technique in advanced PD.
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Pros

Cons

Standardized treatments

Many trained neurosurgeons

Intraoperative neurophysiology

Possibility of stopping operations or later removing equipment
No risk of placing a permanent lesion off-target

Possibility to treat both hemispheres in one session

Numerous publications and some long-term follow-up

Good acceptance by neurologists
Strong support from industry

Better reimbursements for the clinic

Low patient acceptance

Bleeding risk (2-4 %)

Risk of infection

Lower accuracy due to brain shift

Loss of effect over time (“habituation”)
Costs of implantation

Maintenance and troubleshooting costs

Implant not always compatible with high-field MR (3-7 Tesla).

Need to check neurostimulator after MR

Little reduction in medication

Operating room

Sham-controlled trials difficult due to implanted material

Intensive care unit
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Higher patient acceptance

Very low risk of bleeding (0 over 650 in Solothurn)
No risk of infection

Higher targeting accuracy

Real time monitoring (MR-guided)

No implanted material

No troubleshooting because of material failure, no device
maintenance

Preliminary data on efficacy and drug reduction are encouraging
Randomized sham-controlled trials possible (done for ET and PD)

Ambulatory or short hospital stay

No standardized targets

Few experienced neurosurgeons

No intraoperative neurophysiology

Lesioning technique and thus definitive

Fewer studies with long term data

Higher dependance on neurosurgeon’s experience
Staged bilateral interventions recommended

High degree of skepticism among neurologists

Start-up company
Business case very challenging

MR time slots



Section three: Incisionless MR-guided focused ultrasound neurosurgery for chronic therapy-

resistant essential tremor

Gallay MN, Moser D, Rossi F, Pourtehrani P, Magara AE, Kowalski M, et al:
Incisionless transcranial MR-guided focused ultrasound in essential tremor:

cerebellothalamic tractotomy. Journal of Therapeutic Ultrasound 4:5, 2016

Gallay MN, Moser D, Jeanmonod D: MR-guided focused ultrasound
cerebellothalamic tractotomy for chronic therapy-resistant essential tremor:

anatomical target reappraisal and clinical results. J Neurosurg Feb 7:1-10, 2020

Essential tremor (ET), also known as benign ET or familial tremor, is the most common type
of pathological tremor in humans, with a prevalence rate ranging from 0.4% to 6 %. It affects
approximately 1% of the population and 4-5% of people aged over 65 years*>* but remains
frequently undiagnosed. The condition is more common in men, progresses slowly, and often
has a hereditary pattern. The diagnosis of ET is made through a clinical examination and does
not qualify as a specific disease?>. It is a syndrome characterized by an action tremor (kinetic
and/or postural) that predominantly affects both upper extremities. The tremor usually starts
simultaneously in both upper extremities, but can also occur in the head, face/jaw, voice,
tongue, trunk and lower limbs. According to Elble *°, the term “essential tremor” was first
used by Burresi and his student Rubini in 1874 to describe patients with action tremor and no

other neurological signs, and early writers noted that this condition was often hereditary”

256,257

Approximately 50% of ET patients have a family history of tremor. The age of onset of ET

may be lower in cases with of positive family history?>>®

. ET is characterized by a rhythmic
oscillation of agonist and antagonist muscles, typically at a frequency between 8 Hz and 12
Hz. According to our personal observations on ET patients who were candidates for
MRgFUS, the average frequency of tremor when reaching high intensities seems to be much
lower, at around 5-6 Hz. The amplitude of the kinetic tremor is more severe than the postural

tremor in around 95% of cases>’

. Rest tremor can occur in patients with longstanding
disease®*. According to Louis et al. 2015%%, its prevalence ranges between 1.9% in a

population-based setting and 46.4% in the brain bank study®®'. In one study, kinetic leg
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tremor was found in 44% (28 out of 63 patients) of ET patients, compared to 14.3% of
controls (9 out of 43)*%2. In other series kinetic tremor or the lower limbs was found in 27%2%

or 28.6%* of ET patients, respectively.

Head tremors are typically more common in women and tend to increase with age, but not

disease duration. As many as 30-60% of patients may develop head (neck) tremors?6®

. Nearly
half of patients (48.7%) with head tremors are unaware of its presence, according to a study
by Eken et al.?é®. Alcohol consumption has been shown to reduce tremors in 74% of
patients®®’. Objective testing found tremor reduction after alcohol consumption (targeted

blood alcohol concentration of 0.6 %) in 46% of patients*6®

. However, alcohol often causes
a rebound effect with increased tremors the next morning. The dramatic suppression of ET by

alcohol is not a reliable diagnostic tool?®-27!,

Contrary to the traditional belief that alcohol only reduces tremors in ET patients, the
following figure illustrates the spontaneous reduction of a severe and invalidating bilateral
tremor in a patient who was consuming approximately two bottles of wine daily, two months

after completely abstaining from alcohol.

12.01.2022

11.04.2022
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ET is often accompanied by coordination deficits. Patients with ET perform worse than age-

matched controls in balance testing?’? 27>,

Interestingly, audiology testing has shown high-frequency sensorineural hearing loss in ET
patients®’
29.4% (1371 out of 4669) of controls?’”. The coexistence of PD was found in 6.1%, dystonia

in 6.9% and 1.8% had a myoclonus in addition to ET.

. Hearing impairment was found in 39% of ET patients (96 out of 248) compared to

The 2018 consensus statement of the Movement Disorder Society on tremor introduced a
new term: Essential Tremor-plus (ET-plus). However, we have not adopted this new
diagnosis due to lack of solid evidence. According to Dr. Louis ED?’®, an authority in the
field of movement disorders, “this term is uncertainly defined as tremor with the
characteristics of ET, with additional neurological signs of uncertain clinical significance. If
ET-plus had been defined based on a difference in underlying pathology or an appreciable
difference in prognosis, it would have a valid scientific rationale, as does the term Parkinson-
plus. However, there is no such evidence, so the basis for the term is questionable (...) We
caution against coining new terms that are not supported by a firm scientific basis and
encourage research into the creation of essential tremor subsets that are defined with respect

to differences in underlying causes or pathophysiology.”

The pathophysiology of ET remained elusive until the beginning of the 21% century. Animal
models of tremor, such as the harmaline models, have provided important insights into the
mechanisms of tremor, but no specific transgenic animal models of ET currently exist?’* 282,
Changes in the cerebellum, and more precisely in the Purkinje cells (PC) population, are a
common finding across most recent studies®®* %, despite some contradicting findings by
other groups®’2%, Purkinje cell losses and changes in their different cell compartments
(dendrites, body, axon, basket cell processes, and climbing fibre-Purkinje connections) have

been described, supporting the possibility of reduced inhibition of the dentate nucleus and

thus overactivation of the VLp through the cerebellothalamic tract.

ET is often refractory to conservative treatments and has the potential to cause severe

disability. According to Shankar®*

, existing drugs for ET are suboptimal. Many patients do
not respond to them, and those who do may not have a significant improvement in their daily
life. In a series of 528 ET patients, one-half or more of the treated patients had stopped the
medication prescribed (for the four most used medications: propranolol, primidone, diazepam

and topiramate). Neurologists often propose drug polytherapy when monotherapy provides a
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partial response, but it is, in most cases, insufficient and side-effects of those drugs are often
non-negligible. Common side-effects of Propranolol (a selective B adrenergic receptor
antagonist) are bradycardia, bronchospasm, hypotension, fatigue, lightheadedness, sexual
dysfunction, and depression. Primidone (a barbiturate) can cause dizziness, malaise, and very
often fatigue. Topiramate (an anti-epileptic) may produce paresthesia, impaired attention,
decreased appetite, nausea, fatigue, and memory difficulties. Of all possible drugs prescribed

against ET, only propranolol, primidone and topiramate are first line therapies.

In his review from 2013, Elble?> concluded, “ET is a deceivingly simple clinical syndrome
that is associated with a complex web of clinical, pathological, and genetic phenomena. The
heterogeneity of ET is probably a major reason for our poor success in finding effective drugs
and disease-causing genes. However, the highly effective and nonspecific tremorolytic effect
of stereotactic thalamic/subthalamic surgery should serve as a continuing reminder that a
complete understanding of a heterogeneous disorder is not always necessary for finding an

effective treatment.”
Stereotactic interventions against ET

To justify a functional neurosurgical intervention in the brain, patients must meet strict and
clear clinical criteria, despite advances in technology and reduction of morbidity. In the case
of ET, the intensity of the tremor must reach a 3 out of 4. In special circumstances, a rating of
2-3/4 in a young, professionally active patient may be acceptable. Resistance to
pharmacological treatment or the occurrence of drug-related side effects that prevent their use

must be established, and the patient’s quality of life must be significantly diminished.

Surgical treatment of ET through stereotactic operations started around10 tol5 years later
than for PD. The delay is speculated to be due to the mean age of the patients, as PD patients
were likely much younger, and because ET was considered to be relatively benign compared

to PD. Nevertheless, the first series of cases were published from the early 1960s onward
13,29,34,35,47,172,289-295

Already in the late 1960s and early 1970s, stereotactic surgery against ET aimed
neuroanatomical structures located on the cerebello(dentato)-thalamic axis, some targeting
directly the ventral part of the posterior ventral lateral nucleus of the thalamus (VLp), also
called ventral intermediate nucleus according to Hassler (Vim)?>%3433294.296-300 Other groups
explored the posterior subthalamic area (PSA) also named prelemniscal radiation or posterior

zona incerta, and thus targeted the efferent fibres from the cerebellar nuclei (the dentate
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nucleus mostly) on their way to the motor thalamus!32%47-172:28929 pyplished results of these
approaches and particularly the one in the posterior subthalamus, considering the technical
limitations of their time, were highly promising. Since the end of the 90s and development of
the DBS techniques, RF lesioning against ET has been virtually inexistant or at least not
reported. Comparison of surgical techniques against ET (DBS, radiofrequency (RF)

lesioning, Gamma Knife and MRgFUS) can be found at page 8 of our first contribution'®.

MRgFUS against ET

Elias and collaborators were the first to publish in 2013 a pilot study performing MRgFUS
thalamotomy against chronic and therapy-resistant ET in more than 10 patients and followed
1 year after the intervention?*®. The same leading author coordinated a randomized sham-
controlled multicentric trial in 2016 demonstrating the safety and relative efficacy of
MRgFUS in ET?. These first studies, followed by others’!:#>-9%-101.102,114,120301-303 " yere not
able to replicate the rates of tremor control obtained by RF lesioning, deep brain
stimulation®* and Gamma Knife surgery’®??*. According to Abe et al.!?! for the Japanese
Multicenter Single-Arm Study on MRgFUS thalamotomy, “Unilateral MRgFUS
thalamotomy is effective in sustained alleviation of tremor symptoms, which results in
significant improvements in the quality of life with minimal and transitory adverse effects”.
Main side-effects of the MRgFUS thalamotomy (pars ventralis of the VLp, or Vim)
according to the study of Elias 2016°* were paresthesia or numbness (38% total, 14% still
present at 1 year), taste disturbances (5%, 4% at 1 year), gait disturbances (36%, 9% at 1
year), dysmetria (12%, 4% at 1 year), and limb weakness (4%, 2% at 1 year). There was no

bleeding or infection.

Only recently, Lak et al. published a retrospective series of MRgFUS Vim thalamotomies
performed by a single experienced group (160 consecutive cases) showing a tremor control

over 80% tremor at 1 year follow-up®.

Our first contribution “Incisionless transcranial MR-guided focused ultrasound in essential

tremor: cerebellothalamic tractotomy” '°

, was the first case series that applied MRgFUS to
perform a uni- or bilateral cerebellothalamic tractotomy (MRgFUS CTT) in ET, and the
second largest series on MRgFUS in ET after Elias and collaborators**® (since the
introduction of the MRgFUS into the field of stereotactic functional neurosurgery®?). Twenty-

one consecutive patients suffering from chronic and therapy-resistant ET, who were treated in
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our center with at least 3 months follow-up, were included. Three patients received bilateral
treatment with 1-year interval. The evolution of seven patients with a Hand Function Score
(HF32) over 28 points (most severe ET cases) was analyzed separately and differentiated
itself from the others. The reduction of the Hand Function score 16 (HF16), which comprises
4 items testing the tremor in the operated upper extremity, was 92% in the first group and
41% in the second group at 3 months, and remained stable at 1 year (90% and 40%
respectively). The mean patient estimation of global tremor relief after CTT was 92% at 2
days and 77% at 1 year follow-up. No bleeding or infections occurred, but a worsening of
pre-existing gait instability was found in five patients. Only one patient did not fully recover
their original walking ability, with a score for tandem gait 0.5 points worse than

preoperatively. There were no other side effects.

This approach was later replicated by another group with similar efficacy and side-effect

profile!®

. During the time frame between our two contributions (2016-2020), clinical results
obtained with the MRgFUS technique by others on unilateral tremor control have shown
some degree of variability or limitations®>%300301:306 In our first case series published on the
MRgFUS CTT, the mean unilateral and bilateral tremor reductions stood at more than 70 %

for the treated side, but significant differences were seen between patients'®.

The motivation behind our second contribution, “MR-guided focused ultrasound
cerebellothalamic tractotomy for chronic therapy-resistant essential tremor: anatomical target
reappraisal and clinical results” was to enhance target coverage and thus improve efficacy,
such as tremor control and its consistency. We conducted a histological reappraisal of the
CTT target and proposed a new targeting strategy, which was based on 1) MR visualization
of the center of the red nucleus (mRN) and 2) application of preplanned target subunits

realized with short sonications under thermal dose control!”.

A detailed analysis of the localization of the histological anatomy of the cerebellothalamic
tract in the posterior subthalamic area was performed on the original histological sections and
maps of four human brain hemispheres, which were only partially published in different
versions of Dr. Morel’s Stereotactic Atlas of the Human Thalamus and Basal Ganglia. A
reappraisal of the interindividual variations of the cerebellothalamic tract, normalized to the
centre of the red nucleus (mRN) in the axial stereotactic plane, was conducted to provide
maximal coverage of the tract without affecting surrounding neuroanatomical structures. This

histological reappraisal led the authors to propose a standardized targeting protocol for

41



MRgFUS CTT. This approach is similar to that already proposed for targeting the
pallidothalamic tract in PD, which includes a maximal coverage of the tract with 2 to 3 target
lesion subunits. The target lesion subunits were deployed on the tract with the goal of
optimizing target coverage and minimizing risks for adjacent structures such as the

mammillothalamic tract, subthalamic nucleus, and somatosensory thalamus.

Ten consecutive ET patients were followed over a 1-year period after undergoing MRgFUS
CTT according to the proposed protocol. The primary endpoints were subjective tremor
relief, Clinical Rating Scale for Tremor (CRST) score, activities of daily living (ADL) score,
and the hand function (HF) scores HF16 and HF32. Thermal doses were calculated for 18 and
240 cumulative equivalent minutes at 43°C and were correlated with intraoperative and 2-
days postoperative T2-weighted MR images. The mean baseline CRST score was 48 + 12
which decreased to 16 & 7 at 3 months, and remained at 17 + 8 at 1 year. On average, the
patients rated their tremor relief on the operated side as 95% after 2 days, 96% at 3 months,
and 93% at 1 year. The mean HF16 was 11.0 2.1 at baseline, which decreased to 0.7 £ 0.7
at 3 months and 0.8 = 0.9 at 1 year (a 93% reduction on average). There was a 51% reduction
in the mean ADL score at 1 year. Three patients experienced increased gait difficulties,
detectable only during tandem gait, while two patients experienced improvement at 1 year.

There were no instances of dysarthria, bleeding, or infection reported.
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Baseline 1 year Baseline 1 year

Source: Fig.7 in Gallay MN, Moser D, Jeanmonod D: MR-guided focused ultrasound cerebellothalamic tractotomy for

chronic therapy-resistant essential tremor: anatomical target reappraisal and clinical results. J Neurosurg Feb 7:1-10, 2020
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Radiological outcome

Pearson’s analysis showed excellent correlations between 18-CEM and 240-CEM thermal
doses (r = 0.79), between 18-CEM thermal dose surfaces and intraoperative axial MR T2
lesion surfaces (r = 0.77), and between axial MR T2 surfaces 2 days after the procedure and
18- CEM thermal doses (r = 0.8), 240-CEM thermal doses (r = 0.76), and intraoperative axial
T2 surfaces (r = 0.83). The measured MR T2 volumes of lesions at 2 days showed good
correlations with the extrapolated 18-CEM (r = 0.69) and 240-CEM (r = 0.64) thermal dose

volumes.

The results of these adaptations allowed us to achieve consistently high tremor relief (>90%)

in a consecutive series of 10 patients.

This series was continued over the next years with over 60 treatments with follow-ups of 1
year or longer. The mean tremor control rated by the patients was 87% (median: 92.5%) at

the 1-year follow-up (publication in preparation).
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Section four: The Insula of Reil

Gallay DS*, Gallay MN*, Jeanmonod D, Rouiller EM, Morel A: The insula of Reil revisited:
multiarchitectonic organization in macaque monkeys. Cereb Cortex 22:175-190, 2012

(*equally contributing authors)

Morel A, Gallay MN, Baechler A, Wyss M, Gallay DS: The human insula: Architectonic

organization and postmortem MRI registration. Neuroscience 236:117-135, 2013

The insula of Reil, sometimes referred to as the “fifth lobe” of the brain, is buried in the depth
of the Sylvian fissure and is therefore not easily accessible. Awareness of the insula’s
existence dates back to at least 1543, when it was described by Vesalius in his work “De
Humani Corporis Fabrica Libri Septem”. The term “insula” was introduced by Prussian

anatomist Johann Christian Reil in 1809, who focused on this region is his treatise*"’.

In contrast to other mesocortical (paralimbic) regions®®® (in particular the cingulate and
orbitofrontal cortices), the anatomy of the insula has not, or only minimally, been re-explored
since the seminal studies in the 1960s and 1980s°*7!2, These earlier studies still serve as a
basis for relating functional and connectivity studies in monkeys. The insula is part of a large
mesocortical domain with transitory architectonic characteristics between allo- and isocortex.
It is known to have a tripartite division into agranular (or periallocortical), dysgranular (or
proisocortical), and granular (or isocortical) sectors>”. From an evolutionary perspective, it
belongs to the four large cortical regions that seem to have greatly expanded in the human
brain, along the prefrontal, posterior parietal, and temporal cortex. As neuroanatomist John
H. Kaas has noted, “the human insula is amazing in absolute size. Even in proportion to the
rest of the brain, the insula in humans is larger than those in apes and other primates™>!3. This

134, After conducting studies using

assertion is somehow mitigated by Semendeferi et a
magnetic resonance imaging on brains from apes and humans, the authors found that the
human insula appeared to be slightly larger than expected for an ape brain of human size, but

the differences were not statistically significant.

The Insula of Reil has received a great deal of attention in recent years due to functional
neuroimaging studies, which have provided further evidence of its involvement in a wide
range of functions (multimodal), including taste, pain, temperature, touch and internal

state’?315327 In the supposedly enlarged human insula, new regions have been identified

45



that are thought to mediate empathy and social awareness**®*?°. Despite the attention it has
received, most of our knowledge about the human insula still comes from neurophysiological

and neuroanatomical studies in monkeys3?-315:324.330.331

Localization in the insula is often related to a bipartite anteroposterior division separated by
the central insular sulcus, with different functions attributed to the posterior versus anterior
insula. For example, processing of pain has been particularly emphasized in the posterior

insula and adjoining opercular areas 3263327334

, while the anterior insula is more implicated in
the integration of complex autonomic, cognitive and emotional processes thought to be
important in interoceptive awareness 32523336 The possibility to explore in vivo human brain
connectivity using probabilistic diffusion tractography and resting-state functional
connectivity has provided interesting insights into insular parcellation, although current
resolution still prevents close correlations 37733, In contrast to numerous neuroimaging
studies, relatively little progress has been made in the detailed analysis of the architectonic

organization of the human insula in relation to its major gyri and sulci.

The cytoarchitectonic organization of the human brain has been proposed to be similar to that
of monkeys, with three major domains (agranular, dysgranular and granular) arranged
concentrically around the piriform olfactory cortex at the limen insulae **’. However, the
sparse description and pictorial representation of these domains cannot easily be related to the
complex anatomy of the human insula as seen in postmortem and in vivo neuroimaging
studies. More recently, two studies have provided deeper insight into cytoarchitectonic
organization of the human insula. The first study produced a map to evaluate pathological
changes in Alzheimer’s disease **! and showed corresponding overall gradients described by
Mesulam and Mufson (1985) and by a tentative representation in a Golgi study of the insula
342 Using an “observer-independent” approach, Kurth et al.** presented a probabilistic map
of the posterior insula, which differs somewhat from the other schemes, particularly with

regard to the extension of the granular domain.

Other studies focused on the orbital and medial prefrontal cortex®*, including the most
anterior part of the insula, have defined several subdivisions based on cyto- and
chemoarchitectonic criteria. The same region, also referred to as the fronto-insular cortex, is
notable in human and great apes for the presence of large spindle-shaped, bipolar neurons
(known as Von Economo neurons or VENSs) in layer V. These VENs are similar to those

335,345-347

found in the anterior cingulate cortex and are believed to play a role in intuition and
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to be specifically impacted in several neuropsychiatric disorders that result in emotional

function deficits®3>3473%,

Establishing correlations between human insular strokes and neurological deficits is
challenging due to the rarity of isolated insular stokes and the heterogeneity of clinical
presentations, which are predicted by the anatomy of the insula. Insular strokes often result
from damage to larger cortical and subcortical areas supplied by the middle cerebral artery,
and many deficits may be caused by poor perfusion of surrounding areas such as the

opercula, the basal ganglia, or internal capsule.

Open (through craniotomy) or minimal invasive (implantation of depth electrodes in the
insular cortex) neurosurgical procedures, in the context of presurgical evaluation of therapy-
resistant epilepsy, offer unique opportunities to understand the various functions of the
insula®*!. Guillaume & Mazar>>23>® at the end of the 1940s, followed by Penfield & Jasper®>*,
pioneered the concept of insular cortex epilepsy. The latter reported stimulation of the insula
in 5 cases, which resulted in 19 different responses®>*, including feeling of nausea, sensations
or pain in umbilicus or epigastrium, rising epigastric sensations, tastes, sensations in stomach
(ipsilateral), costal region (contralateral) and contralateral arm. In the 1970s, Ojemann and
Whitaker®>® found evidence of the involvement of the left insula in speech, based on
intraoperative electrical mapping of its cortex. The use of insular cortex stimulations was,
however, interrupted for decades due to concerns about the safety of electrode implantations
in this area, as the insular cortex is densely populated with blood vessels in the lateral fissure.
This changed in the late 1990s, when the safety of trans-opercular stereotactic implantation of

electrodes in the insula could be demonstrated>¢3%,

Over the last twenty years, the open cortical mapping of the insula has been explored by

323,332,334.359367 "including Nguyen et al**® in Canada who reported

various groups globally
insular cortex recordings in nine patients prior to extensive cortical resections for therapy-
resistant epilepsy. Clinical responses were elicited in 78% of patients (seven out of nine). In
the context of chronic and therapy-resistant epilepsy and the potential for plastic remodeling
of cortical functions, these responses should be interpreted with caution. Somatosensory
symptoms were encountered in 62% of all elicited responses (such as numbing, tingling,
warmth, electric or airflow sensations), mostly contralaterally (primarily when the limbs were

involved) but also bilaterally (in a significant number). Additionally, visceral symptoms

(12%, such as nausea, abdominal buzz, or rising warmth sensation in the digestive system),
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motor symptoms (12%), and auditory symptoms (9%) were found. Vertigo (3%) or speech

arrest (3%) were rare.

In a retrospective analysis of 669 stimulations in 222 patients who were admitted for
presurgical stereo-electro-encephalography, Mazzola et al. *>® from the group of Lyon,
France, found that 550 stimulations of the insular cortex were clinically eloquent (with more
than 80% evoking a response). This is the largest series of stimulations of the human insular
cortex to date. The most frequent responses were somatosensory (61% of evoked sensations,
including pain) and visceral sensations (14.9%), followed by auditory sensations (8%),
vestibular illusions (7.5%), speech impairment (5%), gustatory (2.7%) and olfactory (1%)
sensations. Pain sensation were dominantly elicited in the posterosuperior insular quadrant,
leading Mazzola et al. to conclude that “the exceptional abundance of insular responses to
stimulations, of which more than 80 % are clinically eloquent (...) suggests that the insular
cortex is one of the most eloquent cortical regions. Furthermore, the diversity of evoked
symptoms is such that the insular cortex is likely to contribute to integration of multimodal

inputs.”

Interpreting data collected in the context of epilepsy must be taken with caution, as the
“epileptic” insula may be differently reorganized than the “physiological” insula. Pugnaghi et
al. presented an elegant study in 201132 that separated the results of stimulations of the
“epileptic” from the “physiological” insula. The stimulation of the “epileptic” insula showed,
besides seizures, almost only somatosensory manifestations, in contrast to the various
responses found in the “physiological” insula. In the “physiological” insula, high-frequency
stimulation of the insular cortex induces approximately 80% of responses, of which
approximately 70 % were somatosensory, 8% motor, 8% auditory, 2% involved speech, 1%
visceral and 1% gustatory (10% other). These results were generally consistent with the
studies mentioned above. Rachidi et al.**® compared the results of seven major insular cortex

323,356,359,361-363,368 1, 2021, Viscerosensitive manifestations were elicited in

stimulation studies
1 up to 53% of stimulations, visceromotor (0-16%), somatosensory (28%-69%), gustatory (0-
13%), olfactory (0-3%), auditory (0-13%), vestibular (0-8%), speech (0-12%), motor (0-16%)

and others (0-6%).

The anatomy of the insula had not been fully reexamined since the seminal studies of the
1960s and 1980s, and these earlier studies served as a foundation for relating functional and

connectivity studies in monkey.
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Our contribution to the understanding of the insular cortex includes two papers®’%*’!, The
first paper, “The Insula of Reil Revisited: Multiarchitectonic Organization in Macaque

Monkeys” 37!

aimed to reappraise the anatomical organization of the insula and its boundaries
with opercular areas in macaque monkey, using a multiarchitectonic approach based on the
distribution of the calcium-binding protein parvalbumin (PV), the non-phosphorylated
neurofilament protein (with SMI-32), and acetylcholinesterase (AChE), in addition to Nissl
and myelin staining. The combination of these markers has been useful in defining cortical
and subcortical areas 3’? and their distribution in the insula and adjacent opercula, and should
provide a new foundation for relating functional (physiological) and connectional studies in
monkeys. This “revisiting” of the multiarchitectonic organization of the insula in monkey is
expected to provide a framework for future investigations into the functional

(electrophysiological) and connectional aspects of the insula in primates, as well as for

comparative studies in different primate species, including humans.

In a cooperation between the universities of Ziirich and Fribourg, the brains of 13 monkeys

used in previous experiments 372~

were reexamined. Additional series of free-floating
histological sections were stained for myelin and AChE. Unfolded maps of the insular cortex
and fronto-parietal and temporal opercula were drawn using a Leica (DM 6000B) microscope
equipped with a digital camera and a computerized system (Neurolucida). The architectonic
borders were independently assessed by a least two investigators, and most congruent borders

were considered reliable.

The major findings of this research on the multi-architectonic organization of the monkey’s
insula were as follows: the presence of several additional subdivisions within the major
classic cytoarchitectonic insular domains (Ia, Id and Ig); the definition of an insula proper
with distinct immunohistochemical patterns from the rest of the morphological insula; and the
intrusion of orbitofrontal gustatory, parietal somatosensory, and temporal auditory cortical
areas into the dorsal, ventral and posterior morphological insula. With this contribution, we
aimed to provide a new basis for relating functional (physiological) and connectional studies

in monkeys.

Since its publication, this contribution has been cited 60 times.
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Given the fragmented current knowledge of the microanatomical organization of the human

insula, a second study>"° (

“The human insula: architectonic organization and postmortem
MRI registration”) was conducted to provide detailed unfolded cytoarchitectonic maps. The
study used a similar approach as in monkeys, utilizing human post-mortem brain specimens.
In addition, post-mortem high resolution MR imaging acquisition was obtained prior to
histological processing. The distribution of Von Economo neurons (VENSs) in the anterior
part of the insula was also studied, as these neurons are thought to play a role in decision

making, complex social cognition, and self-awareness*3>-77-378,

The study utilized four post-mortem human brain specimens. MR imaging was performed on
3.0 or 7.0 Tesla systems in three of the four brains. Insular blocks were processed and stained
for Nissl and Cresyl-Violet myelin, as well as immune-stained for calcium-binding protein
parvalbumin (PV). Histological material was analyed with the assistance of a Leica (DM
6000) microscope equipped with a digital camera and computerized plotting system
(Neurolucida). Unfolded maps of the insula were created using a similar approach as in the
first study on monkeys, based on Nissl staining and correlated with additional staining
techniques (myelin and parvalbumin). The cytoarchitectonic organization was related to the
insular surface landmarks identified using high-resolution stereotactic MRI of the same

brains.

Major findings and conclusions of the study: The unfolding of insula maps confirmed the
overall cytoarchitectonic gradients as proposed by Mesulam, ranging from the posterodorsal
granular cortex to the middle dysgranular and anteroventral agranular cortex. The relative
proportions of these cytoarchitectonic domains were compared to those measured in the
insula of monkeys. The major difference is that the dysgranular (Id) domain on average
covers half the territory in the human insula, whereas in monkeys it covers only one-third.
The human insula shows a reduction in the granular (G and Ig) domains and an increase (by
approximately twofold) in the aganular domain compared to monkeys. This increase in the
dysgranular domain in the human insula could be related to the significant expansion of

multimodal, associative cortex and their interactions with the insula.

The relationship between cytoarchitectonic parcellation and myeloarchitecture and PV
immunostaining was similar to that in monkeys. Interestingly, the zone of densest PV is
discontinuous in the dorsal insula, with a separate area at mid-dorsal level. This area as been

associated with sensory processing, in particular pain, but is also considered as the primary
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human taste area®?!. Stimulations of this region evoked viscerosensations, including
gustation®?’. It resembles the PV-rich area in the anterior insula of the monkey, and the
“shift” to more posterior locations in humans was suggested to be related to the specific
development of the anterior insula. Neuroimaging studies show quite different activation
patterns depending on the taste stimulus, but the sensitivity of this presumed primary taste
area to oral touch, texture, and temperature goes along with a more “sensory,” thalamic
afferented hypergranular and PV-dense cortex, as it is the case in our study. A reversal in
cytoarchitectonic gradients occurs at the junction with the temporal operculum (pointing to a
boundary with auditory cortex) and in the anterior insula, at the border with the orbitofrontal

cortex.

Our data confirm the overall distribution of VENSs in the anterior insula. In addition, these
neurons were found to occupy a large territory extending into dysgranular fields (Id1 and
Id2). The presence of VEN’s in the dysgranular field may have a role in strengthening
cognitive-emotional interactions in humans. The larger size of the agranular and more
extensive distribution of VENs in the human insula compared to that of monkeys suggests, as
proposed by Nieuwenhuys®?*4, that the human anterior insula has expanded and “specialized”
rather than being a “newly evolved” area unique to hominoids. No obvious lateralization was
found in the distribution of VEN’s. The VENSs in the anterior insula and anterior cingulate
cortex, two closely interconnected paralimbic areas, are proposed to be important in the
neural circuitry underlying social awareness>’®. Loss or dysmorphias of VENs have been
found in frontotemporal dementia, a clinical state affecting social awareness, self-control, and
empathy. Changes in the VENs density or morphology have been found in autism, corpus
callosum agenesis, and schizophrenia®*’*48-33037 Projections of cytoarchitectonic maps onto
sagittal MRIs demonstrate that each major domain extends across several insular gyri, with
the largest territory devoted to the dysgranular domain spreading over all gyri. The position
of stereotactic planes in relation to topographical gyral and sulcal patterns is quite
comparable across cases, despite differences in overall brain morphology. This study
provides a framework for future complementary multi-architectonic studies of the human
insula and 3D MRI registrations to improve integration into in vivo MR imaging and clinical

applications.

This second contribution has been cited 108 times since its publication in 2013.
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General conclusion:

In the first section, we demonstrated a high targeting accuracy and a low side-effect profile of
MRgFUS compared to other techniques involving cerebral penetration. With a targeting
accuracy of within one millimeter and the absence of brain shift, the technique eliminates the
need for reversible therapeutic energy application and reduces the risk of placing a

thermolesion away from the intended target.

In the second section, we proposed a refined approach to MRgFUS PTT in PD, taking into
account interindividual variability, and showed its reproducibility in 31 and later 56
interventions. The safety and efficacy of MRgFUS PTT was evaluated in 51 consecutive
patients, with a median follow-up of 12 months, and 15 patients treated bilaterally. The
clinical results showed that postoperative scores off-medication improved by 84% for tremor,
70% for rigidity, and 73% for distal hypobradykinesia for the treated side, compared to
preoperative scores on-medication. The study also found a strong reduction in pain,
dyskinesia, dystonia, and REM sleep disorders, and a 55 % reduction in mean L-DOPA
intake. There were no serious adverse events reported, including no bleeding, infection, or
ballism. In the fourth article, ten patients who received bilateral MRgFUS PTT were followed
up for one year, and the results showed a 52% reduction in mean total UPDRS score off-
medication, compared to baseline scores on-medication, thus showing the impact of surgery
on PD symptoms. Tremor was reduced by 91%, distal rigidity 67% and distal
hypobradykinesia 54%. Dyskinesia were suppressed in 4 out of 4 patients, dystonia in 4 out
of 5, and sleep disorders in 3 out of 4. There was a 89% reduction in mean subjective pain,
and the mean L-DOPA intake was reduced from 690 mg to 110 mg per day. Axial items,
including postural instability and gait, showed only slight improvement, but this was not

statistically significant. However, speech difficulties increased by 58%.

The results of chronic and therapy-resistant PD, although extracted from retrospective
analysis, suggest a strong efficacy of MRgFUS PTT and particularly bilateral PTT in
controlling symptoms such as tremor, distal rigidity, distal hypobradykinesia, dyskinesias,
dystonia, and pain compared to best medical treatment at baseline. The stability of symptom
control over time after MRgFUS PTT has not been demonstrated yet, but our present daily
routine, with all patients being controlled personally monitored by the author of this

manuscript, allows us to be confident about its stability over time (personal observation).
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Many patients from the first clinical study have now reached 3 and even 5 years of follow-up

examination and have not shown worrisome symptom recurrences.

The challenge posed by bilateral PTT surgery currently lies in speech. However, it does not
affect every patient in the same way or to the same extent, and improvements (not yet
quantified) are seen on follow-up exams. These difficulties seem to primarily concern
hypophonia, rather than dysarthria. Our hypotheses for these speech difficulties are discussed
in the two clinical papers. Capsular involvement seems to be clearly ruled out based on all
postoperative MR examinations. Devices like the EMST150 (expiratory muscle trainer) have
shown some promising results over the last 2 years. The issue of speech and speech therapy

must be addressed with patients and their families prior to bilateral PTT.

The issue of speech will be central for the future of stereotaxy in PD. Chronic stimulation of
the subthalamic nucleus has also been shown to cause speech worsening in up to 69% of
patients. As gait, postural stability, and other axial functions did not significantly improve,
surgery, as it has been well recognized since years, should only be offered very restrictively if

these symptoms are dominant.

A slowing down of psychomotricity has been observed in older patients on longer follow-ups.
This observation is difficult to assess with scoring systems in PD and part of this general
impression could be due to the normal aging process. After the suppression of a strong tremor
in all four extremities, a patients will indeed appear exceptionally quiet to the examiner. This
issue of slowing down or stepping back and becoming quieter is seen regularly in older

d380

patients. It has been discussed, among other problems, by Professor Agi in the context of

DBS surgery. Younger patients (below 60 years) did not show such developments.

In section three, the safety and efficacy of unilateral, and in three cases bilateral, MRgFUS
CTT for ET were examined. In a second step, a refined targeting strategy was proposed after
histological re-appraisal of the CTT target. The technical feasibility and clinical results were
demonstrated in 10 consecutive cases with one-year follow-up. Tremor control improved
from 70 % in the first study to over 90 % in the second contribution. The efficacy and global
risk profile of this refined targeting strategy need to be demonstrated in larger series and later
replicated by others to be validated. We believe this approach is clearly superior to ventral
VLp (Vim) thalamotomy, with higher tremor relief and fewer side-effects (mainly
paresthesia). Our preliminary bilateral MRgFUS CTT data show slight to moderate
difficulties of speech, affecting around 60% of patients, mostly with slight intensity. It
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concerns articulation sharpness, which can considered a mild form of dysarthria. These data
will need to be critically compared with bilateral MRgFUS thalamotomies of comparable
efficacy on tremor control (which are currently lacking). The debate between Vim or PSA
DBS (posterior subthalamic area, including the cerebellothalamic tract) is still ongoing, but

seems to favor PSA DBS as proposed by Blomstedt et al 3817383,

In section four, a re-appraisal of the anatomical organization of the insula and its boundaries
in macaque monkey, as well as its neighboring opercular areas, was proposed using a
multiarchitectonic approach. The second article included unfolded maps of the
cytoarchitectonic boundaries of the human insula and projections on their corresponding
stereotactic MR images, providing a new anatomical basis for clinical applications and

functional imaging studies of the human insula.
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Prospects

The incisionless MR-guided focused ultrasound technique has the potential to revolutionize
the field of stereotactic functional neurosurgery, with its high targeting accuracy and low rate
of technique-related side effects. The clinical efficacy will depend on proper patient selection,
target choice, optimized target identification/localization, and optimized thermolesional target
coverage. The duration of MRgFUS interventions has been reduced from over 12 hours in
2008 to 2-3 hours, including stereotactic frame fixation and intra- and postoperative imaging.
This allows even older and frailer patients to tolerate the procedure without sedation. Over
the past five years, no patient at our institution have had to stay hospitalized for more than
one night due to a postoperative surgical complication. Given the past COVID-19 pandemic,
the “semi-ambulatory” nature of this kind of intervention will be highly welcomed in

overcrowded hospitals.

The issue of bilateral treatments, not only in PD but also in ET, will be of great significance
in challenging the dominance of the DBS technique in the field of functional neurosurgery.
The general feasibility of bilateral lesioning has been demonstrated in the past, but larger
patient populations with longer follow-up periods still need to be published in order to fully
establish staged bilateral MRgFUS as the first-choice treatment for PD and ET.

The application of preoperative high-resolution 7 Tesla MR imaging, which currently being
investigated at various institutions in our country, such as ETH Ziirich and the University of
Bern, has the potential to improve target identification through direct visualization and thus

potentially reduce the necessary target coverage volume to control symptoms. This could be
used not only for fibre tracts in the subthalamus but also for nuclear targets, such as the

Central Lateral nucleus and the Centre Médian thalamotomies.

Data on bilateral ET treatments, which have been systematically collected over the past 5
years, should be published, as well as a large retrospective series on MRgFUS for treating
neuropathic pain conditions. In the context of the opioid crisis in the United States, it is
important to collect data on alternative treatments, as we believe that opioids not only fail to

help, but are actually detrimental in treating neuropathic pain.

The neuropsychological outcomes after bilateral PTT surgery will need to be studied again in
cooperation with a university to exclude or demonstrate any mental difficulties that may have
been missed with our basic assessment tools, such as Montreal Cognitive Assessment

(MoCA) and patient and relatives interviews.
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Quantitative EEG examinations have been performed on every patient who has undergone
MRgFUS surgery at the centre of ultrasound functional neurosurgery in Solothurn. These
most valuable and unique data (pre- and postoperative) will also need to be systematically
analyzed for postoperative changes as well as disease characterisation, as they had been in the

past, but with large number of patients®343%,

We believe that the full potential of MRgFUS has not yet been realized. As a first step, it is
necessary to re-explore the field of chronic and therapy-resistant neurological disorders, such
as dystonia, tinnitus, epilepsy, narcolepsy, and neuropsychiatry, in order to provide patients
with better symptom relief than what is currently possible with conventional treatments.
There is already valuable data from both the older and recent literature, but it needs to be
revisited using more modern tools. For neuro-oncological and neurovascular applications, the
use of FUS is at its early stages and significant breakthrough are expected, given sufficient

investment in our institutions.

The surgical management of PD, regardless of the technique used, would greatly benefit from
integrated psychotherapy, both before and especially after functional neurosurgical
interventions. We believe that many patients could indeed benefit from a humanistic
psychotherapeutic support. Even if the motor symptoms and, to a lesser extent, the non-motor
symptoms can disappear after MRgFUS, the disease concept itself often remains very vivid,
even years after treatment and a positive evolution without the appearance of any recurring or

new symptoms.

In the field of movement disorders, the next pathology that could be treated with MRgFUS is
dystonia, which is the third most common movement disorder after ET and PD. Among all
forms of dystonia, cervical dystonia is the most frequent and is likely underdiagnosed, with a
possible prevalence of above 0.4% in the general population®*®*!, This means there are at

least 3°000 patients in Switzerland alone and over 3 million cases worldwide*?

. According to
Balint et al, about 20% of patients in a movement disorder clinic suffers from some form of
dystonia. The overall prevalence of all dystonia syndromes is probably around 0.7%. In an
elderly population (Bruneck Study cohort, 50-89 years), Wenning et al.*** found that
movement disorders had a prevalence of 28%. Tremor was found in 14.5%, followed by

restless legs syndrome (10.8%), parkinsonism (7%) and dystonia (1.8%).

According to the consensus update by Albanese and coworkers***, “Dystonia is a movements

disorder characterized by sustained or intermittent muscle contractions causing abnormal,
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often repetitive, movements, postures, or both. Dystonic movements are typically patterned,
twisting, and may be tremulous. Dystonia is often initiated or worsened by voluntary action
and associated with overflow muscle activation.” The modern classification of dystonia is
based on two axes: one taking into account clinical characteristics, and the other, the etiology
of the disease. Based on its body distribution, a dystonia can be focal, segmental, multifocal,
generalized, or limited to one side of the body (hemi-dystonia). The temporal pattern, age of
onset, and associated features are also considered. The etiology separates structural lesions,
degeneration, or a lack of evidence for either. Additionally, inherited forms are differentiated
from acquired or idiopathic forms. The term “dystonia” can be refer to a single sign or
disease in which dystonia is the sole or prominent clinical feature. Previous classifications
focused on etiology and characterized dystonia as primary or secondary. This categorization

remains useful, especially when considering invasive neurosurgical approaches.

The clinical syndromes and etiologies of dystonia largely overlap, making it difficult to
develop a unifying clinical and pathophysiological conceptualization. Over the years, several
models of dystonia have been proposed, with the most useful ones studied in sub-human
primates. Evidence suggests that the basal ganglia for playing a major role in dystonia,

although other systems may also be involved>*>

. According to the various models of dystonia,
all structures of the basal ganglia, including the striatum, have been found to be either
overactive or inhibited, depending on the study and the type of dystonia**® %2, Relevant
methodological confounding factors may have contributed to the somewhat confusing
literature on the pathophysiology of dystonia. For example, propofol anesthesia has been
found to strongly reduce the bursting frequency of both the GPe and GPi**. Lesions have
mostly been found in the striatum, but also in the pallidum, and electrophysiologically

measured overactivity has been documented**.

In our view, it is important to consider two distinct categories when looking at surgical
treatment for dystonia from a pathophysiological. The category consists of primary dystonia
and task-related dystonia, and the second category encompasses secondary dystonia, which is
characterized by morphological lesions. For the first category, we hypothesize that
overactivity in the striatum leads to reduced activity in the GPe and increased activity in the
GPi, which is similar to the situation seen in PD. Surgical procedures such as posteroventral
pallidotomy, thalamotomy, or posteroventral thalamotomy have been successful in treating

primary and task-related dystonia in the past*93:4%,
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In contrast, secondary dystonia is thought to be more challenging to control surgically. A
“simple” internal pallidotomy or PTT may not be sufficient in these cases, and a more
complex approach may be needed. We believe that combining these procedures with external
pallidotomy or nucleus subthalamotomy may improve the outcome by directly or indirectly
controlling an overactive pallido-reticular pathway to the thalamus. Evidence for this

projection in humans is present, but still very limited in the literature*’.

In our opinion, two central questions must be answered before considering a functional
neurosurgical approach; 1) Where is the lesion or source of the overactivity and 2) Is the
neuronal network locked in an overactivity that the brain cannot compensate for on its own or

with the use of any drugs.

The first surgical experiences applying the MRgFUS in chronic and therapy-resistant
dystonia focused, as we strongly believe it should have, on focal dystonia. The Tokyo group,
led by neurosurgeons Drs Takaomi Taira and Shiro Horisawa, published their early and
promising experiences using MRgFUS to treat dystonia in 2018 and 2021718 Their

experience with the RF technique dates back a long time and still ongoing??6:408:40%,

While the DBS technique continues to dominate the field of therapy-resistant dystonia, we
believe there is a pressing need to develop a safe and efficient alternative neurosurgical
treatment, as many patients are very hesitant to undergo interventions involving implants

within their brains.
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