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RESUME

Le but de cette theése était d'étudier 1'organisation anatomo-fonctionnelle du systeme
sensori-moteur humain et la fagcon dont les mouvements volontaires sont produits et contrdlés.
En effet, ces questions ne sont pas encore ¢lucidées et mobilisent médecins, philosophes,
psychologues et plus récemment neuroscientifiques. De nombreuses théories ont été avancées
au cours du temps et ce, depuis des siécles. Avec le développement de 1’imagerie cérébrale, des
méthodes de corrélation anatomo-clinique et de stimulation électrique directe cérébrale, de
nombreuses avancées scientifiques ont pu étre réalisées. Ces trois approches complémentaires
ont été utilisées dans cette thése afin d’améliorer la compréhension de I’organisation sensori-
motrice cérébrale.

Dans la premiere étude (soumise a publication), nous avons montré que la chirurgie
cérébrale éveillée utilisant la stimulation ¢électrique directe est une procédure siire et efficace
chez les enfants, afin de réduire le déficit neurologique post-opératoire. L'approche améliore la
précision de la détection des zones ¢loquentes, comme cela a été démontré chez les adultes,
avec une bonne tolérance neuro-psychologique et psychologique. Des facteurs spécifiques et
des adaptations liées a I'age doivent étre pris en compte, tel qu'un bilan minutieux préopératoire
de chaque patient. Une évaluation psychologique et neuropsychologique est essentielle pour le
succes de la procédure. Il ressort de ce travail qu'une préparation intensive adaptée a 1'age peut
permettre d'offrir une chirurgie en condition vigile, méme chez de jeunes enfants de 9 a 10 ans.
L’utilisation de la stimulation sous-corticale, en particulier, améliore la précision de la
détection des zones fonctionnelles.

Dans une deuxieme série de deux études, nous avons montré que la partie dorso-
postérieure dorsale du cortex pariétal (DPPr) est une structure clé dans I'organisation complexe
du mouvement manuel fin chez I'homme, a travers la mise en ocuvre d'une boucle sensori-

pariéto-motrice.



La premicre étude (publiée, Current Biology 2018) montre que la stimulation
¢lectrique directe d’une région corticale focale dans la partie dorso-postérieure du cortex
pariétal, entraine I’inhibition de la production du mouvement manuel, c’est-a-dire bloque
l'initiation et la réalisation de ce dernier, sans produire de contraction musculaire ni de
sensation consciente de mouvement. De manicre intéressante, 1'enregistrement des potentiels
évoqués sensoriels montre que ces sites inhibiteurs recoivent des signaux afférents en
provenance du membre supérieur. Plusieurs hypothéses explicatives possibles sont discutées.
Au final, seules deux semblent suffisamment robustes pour expliquer les résultats recueillis.
La premicre renvoie a l'existence d'une boucle inhibitrice spécifique. Les sites d’inhibition
pariétaux agiraient alors en stimulant les neurones moteurs inhibiteurs du cortex moteur
primaire (M1). Cette boucle pourrait étre déclenchée de maniere endogeéne (par exemple pour
empécher toute réponse anticipée durant la préparation motrice) ou exogene a travers ses
afférences sensorielles. La deuxieme hypothése est plus générale. Elle suggére que la
stimulation électrique empécherait la transmission d'un signal d'erreur continu émis depuis
DPPr vers M1, qui normalement pilote l'activit¢ des neurones moteurs. Cette interruption
entrainerait l'arrét du mouvement. Malheureusement, sur la base des données cliniques
disponibles, il n’est pas possible de déterminer la validité respective de ces hypotheses et la
possibilité que I’inhibition du mouvement repose sur l'activation d'un circuit inhibiteur dédié
ou de perturbation d'une boucle générale de controle moteur.

Dans la seconde étude (en cours de soumission), nous avions pour objectif d'identifier
précisément les bases anatomiques du circuit pariétal inhibiteur précédemment décrit. Grace a
la tractographie de diffusion (DTI), nous avons réussi a isoler des projections ipsilatérales
spécifiques reliant les sites d’inhibition du DPPr, retrouvés dans la premiére étude, avec la zone
dévolue au controle distal fin dans les cortex primaires moteurs (M1) et sensoriels (S1). Ces

données montrent que la boucle pariétale inhibitrice est directe depuis S1 vers DPPr vers M1



(méme s'il n'est pas possible d'exclure l'existence d'échanges bi-directionnels entre ces aires).
Par leur focalisation sur les aires de contréle de la motricité manuelle distale, elles indiquent
aussi que ce circuit n'est pas li¢ au contréle de la motricit¢ du membre supérieur en général
(pointage, saisie) comme cela a souvent été propos€, mais au contréle de la motricité distale
fine.

Dans les deux derniéres études, nous nous sommes intéressés a une structure
fondamentale de notre systéme nerveux central qui supporte 50 % des invasions tumorales chez
I'enfant : le cervelet.

Le but de la premiére (en cours de soumission) était de déterminer si les 1ésions
précoces étaient oui ou non prédictives d'une récupération déficitaire a long terme apres prise
en compte des covariables les plus critiques (ce que n'avaient pas fait les études antérieures
contradictoires). Nous avons mesuré¢ la récupération fonctionnelle a long terme chez 3 groupes
de quinze survivants de 1¢ésions de la fosse postérieure. Les 3 groupes étaient comparables en
ce qui concerne leurs caractéristiques tumorales (taille, nature et localisation) mais opérés a
différents ages : jeune (< 7 ans), moyen (> 7 ans et < 13 ans) et tardif (> 13 ans). La qualité de
vie (échelles cliniques : Health-related Quality of Life -hrQol- et Performance Status -PS-), les
performances motrices (ataxie -ICARS- et motricité fine -Pegboard-) et cognitives (quotient
intellectuel -FSIQ-) furent mesurées. L'age précoce lors de la chirurgie, une 1ésion des noyaux
profonds cérébelleux et la nécessit¢ d'une radiothérapie post-opératoire, révélérent une
influence significativement négative et indépendante sur la récupération a long terme des
participants. Le volume de la tumeur et le délai entre la chirurgie et 1'évaluation n'avaient aucun
impact statistique détectable. L'influence négative du jeune age lors de la chirurgie était
significative dans tous les domaines : qualit¢ de vie (hrQol, PS), fonctionnement moteur
(ICARS ; Pegboard) et fonctionnement cognitif (FSIQ). Ces résultats confirment 1'existence

d'une période critique de développement au cours de laquelle la "machine a apprendre"



cérébelleuse revét une importance cruciale. Ces données plaident en faveur de la mise en ceuvre
de programmes de rééducation précoces et intenses chez les enfants de moins de 7 ans aprés
traitement d’une Iésion de la fosse cérébrale postérieure.

Dans la deuxiéme étude, nous nous sommes intéressés a l'organisation somato-
sensorielle du cervelet et a I'existence d'une organisation somatotopique au sein de celui-ci.
Dans ce but, nous avons enregistré les potentiels évoqués somesthésiques cérébelleux avec des
¢lectrodes corticales chez 10 patients opérés de tumeurs focales situées a l'extérieur du cervelet
(par exemple, la glande pinéale, la lame quadrijumelle). La stimulation électrique a été utilisée
pour provoquer des contractions actives dans 9 muscles : visage (orbiculaire oris), membre
supérieur (biceps, triceps, extenseur, fléchisseur du carpe radialis, éminence thénar, éminence
hypothénar) et membre inférieur (tibial antérieur, gastrocnémien). Nous avons montré que la
stimulation électrique des muscles périphériques pouvait déclencher des PES sur le cortex
cérébelleux, mais de maniere non homogeéne. La quasi-totalité des réponses étaient situées (i)
dans la région cérébelleuse antérieure / supéro-postérieure (lobules HV-HVI), et (ii) dans la
région cérébelleuse postéro-inférieure (lobules HVIIb-HVIII). Pour la plupart, les signaux
enregistrés étaient ipsilatéraux, bien qu’une fraction importante (environ 30%) des entrées
controlatérales ait été observée pour la main. Aucune somatotopie n'a ¢té identifiée, du moins
dans la région antérieure / supéro-postérieure ou les représentations de la bouche et du membre
supérieur se chevauchaient sans ségrégation spatiale. D'un point de vue fonctionnel, cette étude
ne nous permet pas de déterminer les voies anatomiques qui acheminent les PES cérébelleux
qui pourraient étre les voies spinocérébelleuses ou indirectement a travers les principales zones

sensori-motrices corticales (en particulier S1).



LISTES DES ABBREVIATIONS

ABS : Awake Brain Surgery

CNS : Central Nervous System

DES : Direct Electrical Stimulation
DPPr : DorsoPosterior Parietal region
DTI : Diffusion Tensor Images

EDC : Extensor Digitorium Communis
EEG : ElectroEncephaloGram

EMG : ElectroMyoGram

fMRI/MRI : functional Magnetic Resonnance Imaging/ Magnetic Resonnance Imaging
GBM : GlioBlastoMA

ICU : IntensiveCare Unit

ICP : IntraCranial Pressure

LGG : Low Grade Glioma

M1 : Primary Motor Cortex

MEP : Motor Evoked Potential

MIP : Medial IntraParietal

OO : Orbicularis Oris

PET : Positron Emission Imaging

PPC : Posterio Parietal cortex

S1: Primary Sensory Cortex

SEP : Sensory Evoked Potential
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How are volitional movements produced and controlled? This "simple" question has
long been a major subject of investigations for scholars, philosophers, psychologists, clinicians
and (more recently) neuroscientists. The idea that the brain controls body movements is not
new. It was first proposed during the 30" century BC in Edwin Smith Surgical Papyrus (Taylor
and Gross 2003). Since then, many observations of patients experiencing contralateral deficit
following head trauma have been reported but doctors were more focused on treating the deficit
than investigating causality; at least until Galen of Perganom (129-199). This Greek physician,
writer, and philosopher exercised a tremendous influence on medical sciences. His theory of
movement production lasted for more than 1500 years. It included a clear differentiation
between motor and sensory nerves, which were all seen as carrying “psychic pneuma”. The
brain was then represented as a pump that “moved the psychic pneuma from the sense organs
into the ventricles, then into the motor nerves, and finally into the muscles, causing their
contraction by inflation” (Taylor and Gross 2003). As time passed, researchers finally proved
that pneuma was not the transmitter of brain signals. Electricity was, as initially proposed by
Alexandre Monroe (1697-1762). This will be discussed below in more details.

Following Galen's contribution, progresses were quite slow. The role of the cerebral
cortex, for instance, took centuries to be identified. This "rind" (as it was called by Latin
scholars) was first considered a feeder for other tissues rather than a central structure for
sensorimotor control. Its functional importance was not identified before the 18" century
(Taylor and Gross 2003). Same for the cerebellum, which key role in motor control was not
identified before the beginning of the nineteenth century (Manni and Petrosini 2004).

The twentieth century allowed for a much quicker evolution owing to major technical
and conceptual advances (Kandel et al. 2013). In humans, three contribution were especially
relevant: (i) neuroimaging (including the development of functional Magnetic Resonance

Imaging (fMRI), Positron Emission Tomography (PET) or Diffusion Tensor Images (DTI)
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(Leeds and Kieffer 2000); (ii) anatomo-functional observations in patients (Broca 1865;
Scoville and Milner 1957); (iii) Direct Electrical Stimulation (DES) during awake brain
surgeries (Desmurget et al. 2013). The latter approach was mainly popularized by the well-
known work of Wilder Penfield, who used DES for identifying functional areas and epileptic
loci in his patients (Penfield and Boldrey 1937). As discussed below in more details, DES is
now a standard clinical tool, used to minimize the risk of post-operative deficits in patients
(Lohkamp et al. 2019). Although this tool serves only and strictly clinical purposes, it has
generated an enormous amount of valuable fundamental data. As mentioned in a recent review,
"had DES not been employed, our comprehension of the organization of the sensorimotor
systems involved in movement execution, language production, the emergence of action
intentionality or the subjective feeling of movement awareness would have been greatly
undermined" (Desmurget and Sirigu 2015).

Neuroimaging (mainly DTI), anatomo-functional correlations and DES are the three
main (complementary) methods used in the present thesis which goal is to improve our
understanding of sensorimotor organization in humans. Within this framework, three main
topics were addressed. The first one evaluates the use and potential benefits of DES for tumor
resections and preservation of functions in a pediatric cohort. The second one deals with the
cortical control of movement and, in particular, the involvement of the posterior parietal cortex
in the control (and inhibition) of hand movements. The third one analyzes the factors that
predict sensorimotor recovery in patients submitted to a surgical resection of a cerebellar tumor.
For each of these topics, a brief introduction to the state of the art and available knowledge will
first be provided. Then, the relevant papers will be presented, followed by a short discussion

of the main findings. A more general discussion will be provided in the final section.
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A) PERI OPERATIVE MAPPING OF
THE CEREBRAL CORTEX
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A-1) Scientific Background

Many discoveries came with the advent of electricity in the 17" and 18" century. Luigi
Galvani (1737-1798) was the first to prove that applying an electrical current to the sciatic
nerve evoked a muscle contraction in a frog’s leg (Galvani 1791). This observation was rapidly
reproduced and extended by Fritch and Hitzig who showed that (i) DES of the cerebral cortex
of dogs evoked localized, topographically organized muscle contractions in the contralateral
hemibody (e.g., spasms); (ii) lesions of the cortical areas that evoked movements when
electrically stimulated caused paralyses within the body parts that responded to the stimulation
(Fritsch and Hitzig n.d.). Three main conclusions emerged from these observations: first, the
cortex controls motor functions, at least partially; second, the cortex can be excited by an
electrical current and this excitation propagates to body muscles; third, the regions of the brain
that control body movements are organized topographically.

These findings were a tremendous breakthrough in neuroscience. They opened the door to the
use of DES to identify the anatomo-functional organization of the human brain (Desmurget and
Sirigu 2015). As emphasized above, it is Wilder Penfield who made this technique a standard
mapping tool in patients during awake brain surgeries (Penfield and Boldrey 1937). Since then,
beside the introduction of some major technical improvements, the main approach remained
unchanged. Typically, DES is delivered through a standard bipolar electrode placed on the
brain area to be tested (Figure 1). The probe is made out of 2 spherical steel tips spaced 5 mm
apart. A constant voltage stimulator is then used to produce a train of low-frequency biphasic
pulses (pulse frequency 60 Hz, single-pulse phase duration 1 msec, and amplitude 2-8 mA).
The duration of the stimulation ranges between 1 to 5 second. Initial stimulus intensity is

generally set at a low level (1 mA; to minimize the risk of seizure) and is progressively
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increased (up to 10-12 mA) if no response is observed. This protocol allows identifying efferent

pathways, as shown in figure 1 below.

Evoked M

M t
ovemen MEP

Figure 1 : lllustration of the motor mapping procedure. On the right, increased muscle activity
induced by stimulation (Motor evoked potentials-MEPs) as measured by electromyography
(EMG) at the periphery (e.g., hand muscle).

However, DES can also be used to map conscious sensory responses and eloquent
(functional) regions (figure 2). In this case, DES is delivered on the cortical surface while the
patient is either at rest or performing a motor task (talk or open-close the hand). In the first
situation the patient is asked whether the stimulation evoked a movement or a specific feeling
(tingling, intention to move, etc; Desmurget and Sirigu 2009). In the second situation, it can be
estimated whether task performance is impaired by the stimulation (Sanai, Mirzadeh, and

Berger 2008).



Awake
Patient

Task Stimulation Evaluation

Motor Task

: : Motor Perturbation
(counting, naming)

Did you feel something ?

Did you move ?

No Task

Figure 2 : [llustration of the functional mapping procedure.

However, DES is not devoid of limitations and major criticisms have often been raised
about its use, namely that the response induced by the stimulation could be triggered not by the
cortical region directly stimulated but rather by other, interconnected regions (Taylor and Gross
2003). The reason for such a claim is that the current delivered to the brain may spread in an
uncontrolled manner (Strick 2002; Borchers et al. 2011). According to this view, the effect of
DES could be partially explained by uncontrolled activation or inhibition of local and distant
neural populations. For instance, when one stimulates the parietal cortex and a specific behavior
is elicited (e.g. intention to move), this behavior could reflect the activation or the inhibition
of remote regions, for instance precentral, through stimulation of axonal pathways (Karnath,
Borchers, and Himmelbach 2010). However, many direct and indirect evidence now exists that
this knee-jerk criticism is invalid and that DES does not spread in a meaningless jumble, at
least for the high-intensity/high-frequency protocols that are used during brain surgery
(Desmurget et al. 2013; Histed, Ni, and Maunsell 2013; Logothetis et al. 2010). In particular,
remote effects due to current spread would not be able to explain the major positive impact of
DES on the existence and magnitude of post-operative deficits in patients (Sanai, Mirzadeh,
and Berger 2008; Chang et al. 2011). Of course, DES does not activate cellular populations as

"natural", autogenous recruitments do. This technic generates unnatural patterns of neural
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activation. However, despite this limitation it remains a useful and powerful methods for: (i)
driving/identifying descending motor pathways (Penfield and Boldrey 1937; Desmurget et al.
2014); (ii) evoking conscious feelings by stimulating neural populations with sensory
properties (Desmurget and Sirigu 2009); (iii), disrupting "natural" neural activity during the

realization of an ongoing task (Desmurget et al. 2018b; Sanai, Mirzadeh, and Berger 2008).

When it was developed, a century ago, awake brain surgery aimed to correlate functional
and pathological brain areas throughout epilepsy surgery, while stimulating different critical
regions of the cortex (Elsberg 1925). Later on, this principle was translated to tumor surgery
and generated the basis for today’s awake surgery procedures. Applied as a standardized
approach, the use of DES aims at optimizing tumor removal while preserving neurological
functions (Berger and Ojemann 1992; Surbeck, Hildebrandt, and Duffau 2015). Allowing
seizure control besides minimizing operative morbidity made awake brain surgery a common
intervention tool in adults for intrinsic brain tumors (notably low-grade glioma) in eloquent
areas. The outcome of awake brain surgery in adult patients, including morbidity, mortality,
treatment conditions and neuropsychological aspects has been widely studied and reported in
several cohorts (Serletis and Bernstein 2007; Beez et al. 2013; Boetto et al. 2015; Gupta et al.
2007). Some of these studies were performed as randomized or multi-center trials in order to
include large patient populations (Serletis and Bernstein 2007; Boetto et al. 2015; Taylor and
Bernstein 1999). More importantly, the results of these and other studies have been
predominantly positive, especially in terms of preserving neurological functions, extent of
tumor resection and perioperative complication rate, all of these factors increasing overall
survival (Boetto et al. 2015; Hervey-Jumper et al. 2015; Meng, Berger, and Gelb 2015; Paldor
et al. 2016).

Unfortunately, comparable observations within pediatric populations remain pending

(Trevisi, Roujeau, and Duffau 2016; Riquin et al. 2017; Akay et al. 2016). While awake brain
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surgery is now a standard of care in adults, equivalent benefits of awake brain surgery to
pediatric patients is withheld, due to an assumed increased psychological fragility in children
and age-related cooperation capacity interfering with feasibility and psychological outcome
(Trevisi, Roujeau, and Duffau 2016; Riquin et al. 2017).

This key issue was addressed in the present thesis. The accompanying paper reports the
methods and results of a single-center case series of awake brain surgeries in children with
intra-operative electrocortical mapping for the resection of eloquent central nervous system
lesions. The study includes neurologic and psychological outcome results, our procedure
algorithm and derived recommendations for managing Awake Brain Surgery (ABS) in the

pediatric patients.
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1) ABSTRACT

Introduction: Awake brain surgery (ABS) represents a rare surgical procedure in children
as age and psychological aspects, which are considered to interfere with its feasibility and
psychological outcome, limit its application. Only few pediatric case series have been reported
so far, indicating a more complex translation of this surgical approach to children. However,
the advances in neuropsychological testing and monitoring may have a substantial impact on
ameliorating the eligibility of children undergoing awake procedures. This study addresses the
condition of ABS in a pediatric cohort, focusing on its practicability and diversified outcome
aspects.

Methods: We performed a retrospective review and prospective outcome analysis of
pediatric patients with CNS lesions undergoing ABS between 2005 and 2018, completed at the
University of Lyon, France.

Results: Eighteen children were considered for ABS with respect to the eloquent location
of their CNS lesions documented in their pre-operative MRI. Seventeen of them underwent
asleep-awake-asleep brain surgery. The cohort included 5 males and 12 females. The median
age at surgery was 14.8 years, (range: 9.4 to 17.6 years). Intra-operative testing included
electrocortical stimulation while pursuing speech or motor activity. Most of the lesions were
intrinsic tumors of glial origin. A complete tumor removal was achieved in 11 patients (65%).
Postoperative neurological deficits were transiently observed in 2 patients, whereas severe
psychological reactions occurred in 1 child. Persistent attention deficits were found in 2
patients. One patient experienced an infectious complication requiring antibiotic treatment.
Two patients died during follow-up due to tumor progression. The mean duration of follow up
was 22,2 months (range: 3,4 to 46,8 months).

Conclusions: ABS was shown to be beneficial in terms of efficient tumor resection beside

simultaneous preservation of neurological functions. Psychological preparation of the families
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and the children is essential to increase the number and age range of patients, who can benefit
from this technique. Neuropsychological testing before and after surgery is essential to

determine cognitive outcome, which can be altered in a minority of patients.

2) INTRODUCTION

Awake brain surgery (ABS) represents a standardized surgical procedure in adults for
lesions in functional areas. This technique has significantly evolved over the last decades and
became, in combination with advanced neuronavigation and neuromonitoring in addition to
novel anesthetic protocols the standard of care in the resection of supratentorial eloquent
lesions and epileptogenic foci[1-3]. The primary goal of ABS is to maximize the extent of
resection while preserving neurological function using intra-operative electrocortical mapping
with testing of language and sensorimotor functions in an awake patient[4-6]. A meta-analysis
revealed a 58% reduced neurological morbidity and improved resection extent compared to
procedures without intraoperative stimulation mapping[7]. Another systematic review,
considering the outcome results of in total 951 patients, showed that ABS was related to a
shorter hospital stay (4 vs. 9 days), fewer neurological deficits (7% vs. 23%) compared with
equivalent surgeries under general anesthesia[8]. In addition, ABS was well tolerated and not
related to increased pain, anxiety or posttraumatic stress after careful evaluation and
preparation of the patients[9-11]. Therefore, ABS was credited an overall beneficial value in
eloquent epilepsy and tumor surgery and established as a standard procedure in adults[4, 12].
Given the suspected increased psychological fragility and age-related, multifactorial
complexity of children, there remains a substantial gap in transitioning this technique to
pediatrics[13-16]. In practice the main limitation represents the preemptive psychological

assessment and individualized preparation of the patient, which might interfere with a time
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sensitive lesion removal, especially in highly malignant lesions. Only few studies have
addressed the specific context of ABS in children and adolescents[17-24]. The biggest
neurosurgical case series were reported by Balogun et al (10 patients), Requin et al (7 patients)
and Air et al (6 patients)[16, 17, 20]. Another big cohort, including 12 patients, has been
reported from an anesthesiological management perspective by Soriano et al[25]. All of them
state favorable outcomes and beneficial aspects, and therefore underline its feasibility and
safety in children. However, further studies are required to reach significant patient numbers
that allow conclusive evaluation of its utility, neurological and psychological outcome and
standardized practicability.

Herein we report a single-center case series of ABS in children with intra-operative
electrocortical mapping for resection of eloquent CNS lesions. The study includes neurologic
and psychological outcome results, our procedure algorithm and derived recommendations for

managing ABS in the pediatric patients.

3) METHODS

We performed a retrospective review of all pediatric patients, who were considered for ABS
based on their MRI results with evidence of a supratentorial lesion located within or adjacent
to eloquent regions. Among 18 patients 17 were accounted suitable for this type of surgery with
respect to clinical presentation, psychological eligibility and obtained agreement. All patients
could be submitted to further pre-operative psychological testing. Finally, 17 patients
successfully completed ABS including language and sensorimotor mapping. All surgeries were
performed by one single surgeon (C.M.) between 2005 and 2018 at the department of pediatric
neurosurgery, Hopital Femme Meére Enfant, University of Lyon, France. Complete patient

records were available from all of the patients, permitting exact assessment of demographic
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and perioperative imaging data, complications and long-term outcomes. In addition,
neuropsychological and psychological evaluations were reviewed. REB approval and consent

for this review was obtained.

a) Preoperative Evaluation

Preoperative imaging included MRI with and without gadolinium enhancement and in
16 out of 17 patients functional MRI was obtained. Preoperative clinical evaluation comprised
an overall neurological exam and an electroencephalogram in patients with seizures. In
addition, pre-operative psychological (L.H.) and neuropsychological testing (M.D.) was
conducted in 15 children. The intensity of pre-emptive preparation was adjusted to the
individual need of the patient. Furthermore, the intra-operative tasks and images for intra-
operative recognition were explained pre-emptively by one of the accompanying
neurosurgeons (PA.B., LN.L). Separate consent was obtained for any type of data recording

and processing.

b) Surgical Technique and Mapping

Intravenous prophylactic antibiotics and anti-convulsants were administered on a
standardized basis at the beginning of the surgery. The patients were brought in a supine or
lateral position and placed on a specific mattress inflated with air, aiming for highest patient
comfort prior to anesthesia induction and head fixation in the Mayfield clamp. The marked
incision site was infiltrated with 0.25% bupivacaine including epinephrine in order to avoid
bleeding. The anesthesiologist performed an additional scalp block of the supraorbital,
temporal, retroauricular and occipital nerves. All procedures were performed as asleep—awake—
asleep technique, using a combination of propofol and fentanyl/remifentanyl and laryngeal

mask airway placement[26]. Additional arterial line, bladder catheter placement and
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installation of neuromonitoring were accomplished after start of anesthesia. The surgical field
was draped in a conventional sterile fashion using transparent materials to allow an easy
communication and interaction between the surgeon, the anesthesiologist, the
neuropsychologist and the patient. A dedicated neuropsychologist (M.D.) and another
neurosurgeon (PA.B., LN.L.) were present throughout the entire procedure in order to interact
with the patient and to observe eventual seizures or deficits. Intra-operative neuronavigation
(Medtronic, StealthStation, Minneapolis, USA) was used. An important technical aspect of the
surgery was to provide a large bone flap, which exposes the entire functional cortex in order to
optimize mapping and to avoid constriction of the brain in case of cerebral swelling and
herniation. Once the craniotomy was made and the dura mater exposed, anesthesia was
progressively reduced and the laryngeal mask removed. The patient was accompanied during
waking up by the neuropsychologist. Meanwhile the dura was opened. When full alertness of
the patient was confirmed and the neuropsychologist approved the patient to be ready, cortical
stimulation was initiated using bipolar electrodes (OCS2 Ojemann Cortical Stimulator, Integra
LifeSciences, Plainsboro, NJ, USA) assessing the language and motor function[15, 27, 28].
Cortical stimulation was performed for duration of 5 seconds with a 100 microseconds pulse
width at 60 Hz frequency. The starting intensity was 1 milliampere being progressively
increased if required to a maximum of 7 milliamperes for each stimulated location. The single
locations were numbered and attributed to functional or non-functional sites, all of them being
tested repetitively for definite confirmation[28]. The exact coordinate of the stimulation site
was recorded with the neuronavigation software. Cold irrigation was performed regularly in
order to improve the conductibility of the stimuli. Additional subcortical stimulation was
performed during lesionectomy. Throughout the stimulation episodes, electrical activity was
measured in 10 contralateral muscle groups via electromyography covering the face/mouth

(zygomaticus/orbicularis oris; electrodes were placed to record combined activity in these two
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muscles), neck (sternocleidomastoid), elbow (biceps, triceps), wrist (extensor digitorum
communis, flexor carpi radialis), hand (thenar, hypothenar) and foot (tibialis anterior,
gastrocnemius) using the ISIS IOM Inomed neuromonitoring system (Inomed Medizintechnik;
Tenningen, Germany). During the stimulation periods the patients completed specific tasks,
related to the local functionality of the stimulated region, such as recognizing and naming
objects, counting and responding to questions for speech mapping. Few of the patients were
tested in two languages, if applicable. Motor mapping was conducted by requesting specific
movements of either isolated parts or of the entire limb. Any alterations in speech, motor
function or seizures were video recorded. Constant close interactions were maintained
throughout the procedure between the surgeon (C.M., A.S.), the neuropsychologist and the
anesthesiologist as well as the patient. Anesthesia was restarted and the laryngeal mask re-
inserted after completed lesionectomy. Termination of the surgery was conducted as per

procedure standards and patients were observed for the first 24 hours in ICU.

¢) Postoperative Evaluation

Postoperative evaluation included MR Imaging and post-interventional psychological and
neuropsychological assessment beside standard follow up of neurological functions. MR
Imaging was obtained within 24 hours after surgery in all patients focusing on the extent of
resection and post-operative changes versus complications. Further assessments were
scheduled 3, 6 and 12 months after the operation on an outpatient basis. Neurologic alterations
were monitored closely and submitted to further investigations, such as EEG, speech therapy

etc. if required.
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4) RESULTS
a) Patient demographics and initial presentation

Between 2005 and 2018 a total of 17 patients underwent asleep-awake-asleep brain
surgery (Table 1). The gender ratio was 5:12 (m:f). The age distribution was more prominent
in the adolescent age group with a median age at the time point of surgery of 14.8 years, (range:
9.4 to 17.6 years). Two patients, both of them females, were younger than 10 years. The main
presenting symptom were partial or generalized seizures, occurring in 9 of the 17 patients.
Other initial symptoms were: headaches (3 patients), nausea with vomiting as a sign of
increased ICP (2 patients), visual disturbances (2 patients), increased fatigue (2 patients) and
gait disturbances/paresthesia (2 patients). One patient underwent a MRI scan for depression
and was incidentally found to have a left parietal lesion. Two or more of the above-named
symptoms occurred in 4 patients. Fifteen patients underwent surgery for tumor resection and
two patients for vascular lesions (cavernoma). Ten out of 17 patients showed lesions on the left
hemisphere. Hemispheric dominance was assessed in all patients. Twelve patients (70%) were
left-handed and 5 patients (30%) right handed. Among those 5 right-handed patients, language
was lateralized to the left side in two cases.

b) Surgical outcome and histopathological diagnosis

All of the procedures including testing were completed but one and overall tolerance
was well among 16 out of 17 patients. One patient claimed exhaustion at the end of the awake
phase, became uncooperative and required stronger neuropsychological support for successful
completion. Intra-operative seizures or transient deficits were observed in 5 of the patients
(30%). Partial seizures occurred in 3 patients (17,6%), one of them lasting more than 2 minutes
requiring anesthesiological intervention. The other seizures were self-limiting and eventually
settled by administrating cold water on the stimulated area. Speech arrests were noted in 3

patients (17.6%) and abnormal motor responses/paresthesia in 4 out of 17 patients (23.5%).
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Anesthesiological complications did not occur in any of the patients. All specimens were sent
for histopathological analysis and most of them found to be of glial origin, 11 of them were
low-grade gliomas (LGG). Two patients underwent ABS for resection of vascular lesions. A
detailed overview of all diagnosed entities is given in table 1. Complete resection was achieved
in 9 out of 15 tumor patients (65%) and in 2 out of 2 patients (100%) with a vascular lesion.
Incomplete resection was based on intra-operative decision-making with respect to prior
confirmed functionality of the region in order to preserve language or motor function.
Incomplete resections were documented in 4 of the LGG patients and two GBM patients.

¢) Neurological outcome and perioperative complications

The neurological outcome was assessed in the immediate post-operative phase, daily
throughout the hospital course and within follow-up appointments in the outpatient clinic after
3, 6 and 12 months and after every year according to our oncological follow-up protocol. The
individual follow-up periods ranged between 4.4 and 48.6 months with a mean duration of 22.2
months. Transient neurologic deficits were noted in the early post-operative phase in 2 patients:
one suffered from expressive aphasia and one experienced weakness of his left upper extremity.
Both showed significant improvement within the first days and recovered completely over time.
None of the patients was diagnosed with a permanent neurological deficit. One patient, who
was noted to be aphasic, developed a delayed wound infection with intracerebral abscess
formation <2 cm diameter confirmed by MRI. She underwent a two-month-course of antibiotic
treatment until her final MRI demonstrated complete resolution. Another patient suffered from
a post-traumatic stress disorder during the late post-operative course, which required repetitive
psychological interventions. Three other patients showed transient critical psychological
changes in the immediate post-operative phase. Further neuropsychological changes were

reported in 2 out of 17 patients, who suffered from persisting attention deficits.
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5) DISCUSSION

In this study we successfully performed ABS with intra-operative cortical stimulation and
mapping in 16 out of 17 children with intrinsic brain tumors or vascular lesions in eloquent
areas. Eighteen children were considered for this specific type of procedure and 17 of them
were accounted suitable with respect to age, clinical presentation and psychological eligibility.
Overall tolerance was high, while neurologic functions were successfully preserved with
unchanged long-term neurologic outcomes. A sustained psychological disorder was recorded
in one patient. Another 2 patients suffered from persisting attention deficits at 6 months of
follow-up confirmed by neuropsychological testing. These results indicate that ABS in children
is equally feasible, safe and effective as in adults. However, specific factors and age-related
adaptions need to be considered.

An extensive pre-operative work-up of each individual patient, including psychological and
neuropsychological assessment is essential for the success of the procedure, as it was recently
likewise recommended in adults[29]. The attested eligibility was in most of the cases confirmed
by an uneventful procedure without any psychological side effects. One patient experienced
the procedure of ABS as terrifying and overall negative. She presented with persisting
depressive thoughts in the post-operative period and expressed herself in anger and discomfort
indicating a post-traumatic stress disorder. Disregarding the psychological deterioration, ABS
was successfully applied in this patient in terms of neuroprotection and resection extent as
optimal precondition for progression free survival.

Two patients were younger than 10 years, the youngest 9.4 years at the time point of the
procedure, which might re-raise the question of age limitations for this type of surgery[30, 31].
Both patients tolerated the procedure equally well and did not show any psychological or
neurological deterioration during their post-operative course. The failure rate in our cohort,

meaning interruption of the awake phase, was 6% (1 patient). This confirms that age-adapted
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intensive preparation, optionally including additional methods, such as hypnosis[21], may
enable offering ABS even to younger children on an individual basis as demonstrated in single
case reports[22, 23]. Although the patient’s age is generally discussed as the limiting factor for
ABS, the psychological structure and the “maturity” of the patient have the highest impact on
tolerance and outcome of the procedure. In patients that are naturally quiet and show a non-
anxious behavior, it is possible to realize the ABS with a good pre-operative preparation even
below the age of 10.

Further considerations have to be made for the technical aspects of the procedure in our
cohort. Of note is, that a complete lesion removal could be accomplished only in 11 out of 17
patients. This was related to the intraoperative findings of cortical stimulation and mapping,
which was prioritized in all cases for intraoperative decision-making. In these patients cortical
and subcortical stimulation indicated a clear risk of functional deficits when passing beyond
the determined boundaries. This fact emphasizes the relevance and validity of this technique in
eloquent lesions. A technical nuance of our protocol is the additional use of subcortical
stimulation, which ameliorates to our opinion the accuracy and extent of functional
discrimination with respect to depth and vascular supply. Furthermore, it helps to overcome
discrepancies between the derived functional area via cortical mapping and the pre-operative
functional MRI. In this study two patients were discovered with transient post-operative
deficits: one patient, who underwent subtotal resection of a low-grade glioma developed an
expressive aphasia and another patient, who underwent surgery for cavernoma resection was
discovered with a partial motor deficit of the upper left extremity. Knowing that ABS with
intra-operative electrical mapping correlates directly with increased resection extent, especially
in LGG, one could argue that our threshold for aggressive resection was very high[29]. Another
way to interpret these valuable neurological outcome results is to state a high accuracy of the

performed cortical stimulation and mapping as the resection extent in 15 cases was successfully
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tailored by the obtained stimulation and mapping responses. Standardized protocols and
recommendations for intraoperative cortical stimulation and mapping, which offer beside
overall neurophysiological comprehension decided technical instructions, such as duration of
stimulation, step-wise increase of stimulation intensity and distinction of local responses,
would therefore precipitate optimization of the procedure. Moreover, they would allow
comparability as well as reproducibility of different settings and awake procedures[32, 33].
Extension of cortical mapping to sensorimotor, visuospatial, higher cognitive, and emotional
functions, which are situated within presumed "non-language" areas such as the right "non-
dominant" hemisphere would tap the full potential of this beneficial technique[29]. Following
this specific evolution in adult patients, especially in those with LGG, a significant effort
should be made for establishing these methods equally in children.

The favorable results of this study and those of few other case series do not suggest that
ABS in children is related to worsened clinical or psychological outcome compared to
adults[16-18, 20, 21]. Contrarily, ABS with intraoperative cortical stimulation is currently the
only reliable method that allows significant improvement of the benefit/risk ratio of tumor
resection, especially in LGG[34]. Therefore, the technique is considered as the gold standard
in adult neuro-oncological surgery, leading to a significant decrease of postoperative morbidity
while maximizing the extent of resection with respect to functional limits[12, 29]. Yet, despite
its utility, it is reported only in few pediatric patients, demonstrating a large translational gap
from applied adult methodology to children. This might be explainable by the complexity of
pediatric patients, however may only require few additional pre-emptive considerations, such
as intensified neuropsychological assessment, psychological support, and dedicated
anesthesiologists. Moreover, the necessity to realize this protocol within a structured setting,
adapted to pediatric patients needs to be taken into account. With respect to evolving treatment

standards and quality of care this gap can and must be closed as emphasized by these results.
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6) CONCLUSION

ABS can be performed as a safe and efficient procedure in children, highlighting equivalent
benefits as in adults, while relative tolerance in younger children was shown to be high. Pre-
emptive precise neuropsychological and psychological evaluation is mandatory for choosing
wisely an eligible set of patients, but does not guarantee unchanged neuropsychological
outcome. The application of ABS in patients under the age of 9 should be considered in selected

cases after careful evaluation.
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7) TABLE

Table 1
Summary of patient demographics, lesion/tumor location, surgical resection, histopathology and complications

. Age Sex Presenting . Diagnostic Extent of . g
Patient (years) (F/M) Symptoms Tumor location tests pre-OP resection Histopathology Complications
1 15,2 M Seizures Left temporo-parictal EEG GTR ANET None
junction
2 16,1 F Seizures Left parietal EEG, fMRI GTR Ganglioglioma None
3 16,7 M Seizures Right precentral EEG, fMRI STR Astrocytoma None
H/A, S
4 14,5 F nausea/vomiti Left parietal fMRI GTR Medui)l;e;ntheh None
ng
Diplopia,
5 15,8 B nausea/vomiti Left parietal fMRI STR GBM None
ng
6 13 F Seizures  Nighttemporo-parictal g gy GTR DNET None
junction
1, kel Right temporo-parietal
7 14,1 F disturbances, g >mporo-p fMRI GTR Meningeoma None
g junction
paresthesia
8 1 F _ Gait Right central fMRI STR GBM None
distubrances
9 15 M Malaise Left central fMRI GTR Astrocytoma None
10 14,8 F H/A Left temporo-occipital fMRI GTR Astrocytoma None
11 11,5 B Seizures Left parietal EEG, fMRI GTR Ganglioglioma None
12 16 M Seizures Right parieto-occipital EEG, fMRI STR Ganglioglioma None
Incidental
13 9,9 F ﬁndglfu(rIRM Left parietal fMRI GTR Ganglioglioma Major anxiety disorder
depression)
14 17,6 F Seizures Left frontal EEG, fMRI GTR Cavernoma None
15 9,4 M Pgrtlal Right frontal EEG, fMRI GTR Cavernoma bl ISR Of i
seizures upper extremity
16 17,4 F Pgrtlal Left parietal EEG, fMRI STR Asrocytoma Expressive aphasia,
seizures abscess
17 12,1 F Pgrtlal Left temporal EEG, fMRI STR LOW s None
seizures glioma

ANET = angiocentric neuroepithelial tumor, DNET = dysembryoblastic epithelial tumor, EEG = electroencephalogram, F = female, fMRI
= functional magnetic resonance imaging, GBM = glioblastoma multiforme, GTR = gross total resection, H/A = headaches, M = male, STR
= subtotal resection.
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B) SOMATOTOPIC
ORGANIZATION OF THE
CEREBRAL CORTEX
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B-1) Scientific Background

The somatotopic organization of the primary motor and sensory cortex was first
described by Penfield (Penfield and Boldrey 1937). It is one of the rare "neuroscientific dogma"
that withstood the test of time. This organization, designated "Penfield’s homunculus" is an
ordered representation of the cortical areas of the primary motor and sensory cortices that
control different part of the human body. As shown in the figure 3 below, this ordered
representation follows a medial-lateral organization that goes from the leg, to the arm, to the
hand, to the face. During the last few decades, additional arguments supporting this view have
been provided by neuroimaging and electrophysiological studies (Grafton, Woods, and
Mazziotta 1993; Lotze et al. 2000; Plow et al. 2010; Hlustik et al. 2001; Alkadhi et al. 2002;

Yang et al. 1993; Zeharia et al. 2012; Takanashi et al. 2003).

1 —Lower lip
25 1 —Teeth, gums, and jow

o

’ \— Pharynx
klnlra-obdom;nul

Figure 3 : Cortical homunculus by Wilder Graves Penfield. Adapted from Penfield and
Boldrey 1937.
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However, during the last decade, evidence was provided that Penfield's homunculus is
not an accurate description of sensorimotor organization, or at least it cannot account for large
inter-individual differences (Sanes and Schieber 2001; Branco et al. 2003; Farrell et al. 2007).
Electrophysiological studies in in human (Branco et al. 2003; Farrell et al. 2007; Meier et al.
2008; Sanes et al. 1995) and non-human (Gould et al. 1986; Donoghue, Leibovic, and Sanes
1992; Schieber and Hibbard 1993) primates have reported that the organization of the neural
population related to different body area were strongly overlapping and intermingled. For
example, Branco and colleagues showed that mouth and face representations were above finger
and leg representations in many individual subjects (Branco et al. 2003).

Another debated topic related to Penfield's work, concerns the strict segregation of M1
and S1 (Matyas et al. 2010). For example, the cortical hand area (defined as the area that evoke
hand movements when stimulated at the lowest DES) is detected in the post central gyrus in
most subjects (Nii et al. 1996; Haseeb et al. 2007). These findings are nevertheless in
contradiction with other results showing that motor responses evoked by the stimulation of S1
are rare, weak and often inhibitory (Tate et al. 2014; Widener and Cheney 1997). In monkeys,
the stimulation parameters applied to M1 and S1 to evoke a motor response are different from
those used in humans, with lower currents needed for M1 (Preuss, Stepniewska, and Kaas 1996;
Fogassi et al. 1994). Several explanations may support this discrepancy and the fact that there
is no clear segregation between M1 and S1 in some human studies. One is technical. In effect,
the tools that are available now to localize the stimulation sites (i.e., the neuronavigation
system) was not available at Penfield’s time and he, himself, acknowledged that “the Rolandic
fissure [and thus M1 and S1] can hardly be recognized” (Penfield and Boldrey 1937). Another
one is surgical. In effect, the cortical areas available for stimulation in humans rarely include
the intrasulcal region, which harbors a large fraction of M1 and S1. These hidden parts seem

to be the most sensitive to electrical stimulation. Limiting the stimulation to the visible (gyral)
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portions of M1 and S1, may explain why the hand hotspot is sometimes reported in S1 in
humans.

Strikingly, the artificial nature of Penfield's homuncular model is quite easy to
appreciate when we look back at the author's original data. In figure 4, the red dots correspond
to upper limb responses (shoulder, elbow, wrist and hand -non differentiated by Penfield-) and
the blue dots to correspond to finger responses. We can clearly see the overlap and the
redundancy between all the responsive sites. This intermingling between stimulation sites is

sharply in contrast with the nicely ordered map later reconstructed by Penfield.

Ir HAL &SR

Figure 4 : Discrepancies between Penfield’s nicely ordered map (right panel) and the
individual responsive site (left panel). Adapted from Desmurget and Sirigu 2015
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Still, beyond these observations, both Penfield's data and more recent recordings fail to support
the existence of a totally random organization of sensorimotor maps (Penfield and Boldrey
1937; Desmurget et al. 2014). Although an important degree of overlap tends to exist between
segments, a clear gradient seems to emerge, which goes from the lower-limb (medial), to the
upper-limb (medial-lateral) to the face (lateral). As shown in figure 5, this is true in both adults

and young children.

Independent Hand and Mouth Motor Representations

stim

(* Whole-Limb ; — Arm ; ® Hand/Wrist)

(& Mouth)
O, & Centers of gravity
Adults, Children

B Upper-Limb

SIBMUIABLY ISL A, puE pueg] juapuadapu)

Patient 17 (40 yrs old)

stim stim
Mouth Left Premotor Meningioma e off

® Children
+ Adults

2

Figure 5 : (A) Cortical sites evoking independent movements of the upper limb and the mouth
when electrically stimulated. Upper limb responses are segmented into whole limb (shown as
an ex), proximal arm (shown as a dash), and distal hand/wrist (shown as a filled circle)
responses. Mouth responses are shown as triangles. Children and adult responses are shown,
respectively, in red and blue. Large empty symbols indicate the centers of gravity of the sites

evoking upper limb and mouth responses. Data are shown after registration of the individual
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MRI to the Montreal Neurological Institute (MNI) template. Right stimulations are reported on
the left hemisphere. (B)Projection on the cortical surface of the 99% confidence ellipses
computed from the sites evoking independent movements of the upper limb (blue) and mouth
(red). Adult (crosses) and children (circles) responses are displayed (C) Individual example of
independent movements of the wrist (extensor digitorum communis, EDC) and mouth
(orbicularis oris, OO). The envelope of the rectified EMG response (red curve), the threshold
for EMG onset (horizontal green line; mean EMG + 2*SD for the 1,000 ms before stimulation
onset), the stimulation onset and offset (vertical dashed lines), and the EMG latencies are
shown. Stimulation sites (green symbols) and tumor (red mass) are shown on the reconstructed

3D brain of the subject. Adapted from Desmurget 2014

To summarize, recent studies (Sanes and Schieber 2001; Branco et al. 2003; Farrell et
al. 2007; Meier et al. 2008) and a re-evaluation of Penfield's results show that sensorimotor
representations are not organized in a sequential rigidly ordered way, but rather in a global
medial-lateral gradient going from the leg to the face. Within this gradient, intersegmental body

parts overlap in multiple non-contiguous areas.
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1) HIGHLIGHTS
e The dorso-dosterior parietal cortex was focally stimulated during brain surgeries
e Stimulation inhibited execution and initiation of controlesional hand movements
e Speech, ipsilateral hand movements or lower-limb movements remained unaffected

e This selectivity differs from the general inhibition evoked by frontal stimulations

2) eTOC Blurb

Desmurget et al. show that electrical stimulation at focal cortical sites in the dorso-
posterior parietal region (DPPr) blocks the execution of volitional hand movements. This
blockage is highly selective. It does not disrupt speech or movements performed with other

body parts (ex: the foot). DPPr is a key element of the motor inhibition network.

3) SUMMARY

Inhibition is a central component of motor control. Although current models emphasize the
involvement of frontal networks [1, 2] indirect evidence suggests a potential contribution of
the posterior parietal cortex (PPC). This region is active during inhibition of upper-limb
movements to undesired targets [3] and its stimulation with single magnetic pulses can depress
motor evoked potentials [4, 5]. Also, it has been speculated that alien hand movements caused
by focal parietal lesions reflect a release of inhibition from PPC to M1 [6]. Considering these
observations, we instructed 16 patients undergoing awake brain surgery to perform continuous
hand movements while electrical stimulation was applied over PPC. Within a restricted dorso-
posterior area, we identified focal sites where stimulation prevented movement initiation and

instantly inhibited ongoing responses (which restarted promptly at stimulation offset).
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Inhibition was selective of the instructed response. It did not affect speech, hand movements
passively generated through muscle electrical stimulation or the ability to initiate spontaneous
actions with other body segments (e.g. the feet). When a patient inadvertently performed a
bilateral movement, a bilateral inhibition was found. When asked to produce unilateral
movements this patient presented a contralesional but not ipsilateral inhibition. This selectivity
contrast sharply with the unspecific inhibitions reported by previous studies within frontal
regions where speech and all limbs are typically affected (as we here confirm in a subset of
patients) [7-10]. These results provide direct evidence that a specific area in the dorso-posterior

parietal cortex can inhibit volitional upper-limb responses with high selectivity.

4) RESULTS
a) Evoking motor inhibition by stimulating the dorsoposterior parietal cortex

In 16 patients (Table S1), we stimulated 114 sites homogeneously distributed over PPC
(Figure S1). At rest, none of these sites evoked motor responses. Conscious sensorimotor
perceptions (ex: tingling, illusions of movements, etc.) were identified at 14 sites (Figure S1).
These observations are consistent with previous reports [11-13].

In 10 patients, in the dorso-posterior parietal region (DPPr), around the convexity of the
intraparietal sulcus (Figure 1), functional mapping identified 12 sites where stimulation
produced insuperable motor inhibitions (Table S2). At these sites, stimulation prevented the
patients from initiating hand movement when at rest. When stimulation was applied during
movement execution, the ongoing response was interrupted (Figure 2A; Videos S1 & S2).
Motor inhibition was prompt and time-locked with the stimulation (Figures 2A-D). Time of
EMG cessation was estimated, for each arrest trial (n = 12), as the latency with which EMG

signal fell within 3*SD of mean rest activity (see Methods). It occurred, on average, 126 (£30)
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ms after stimulation onset. Likewise, motor release was estimated from the latency with which
EMG signal rose above 3*SD of mean rest activity (n = 12). It occurred 142 (£33) ms after
stimulation ending.

Stimulation affected selectively the contralateral hand (Figure 2B). While this hand was
blocked, the patients remained able to talk (Video S1) or initiate spontaneous movements of
the ipsilateral hand or the feet (figure 2C). Strikingly, though, one patient inadvertently
performed the task with the two hands (figure 2D). In this case stimulation had a bilateral effect
and both hands were blocked. This blockage was still observed when the patient was instructed
to perform the task with the contralesional (left non-dominant) hand only. However, it
disappeared and stimulation had no effect, when the patient was asked to use the ipsilesional
(right dominant) hand only. This observation clearly shows that stimulation inhibited
selectively task-related muscles.

Although motor inhibition was easily identified visually during per-operative evaluation
(Videos S1 & S2), we conducted off-line analyses to quantitatively estimate the magnitude of
EMG reduction at inhibition sites. For each trial, we computed the root mean square amplitude
of the electromyogram (RMSE) of the flexor carpi radialis muscle across 10 time bins covering
the pre and post-stimulation phases (Figure 3). Friedman's Anova (FA) was then used to
evaluate mean changes in RMSE signals across bins. For the contralesional hand (n = 12),
cortical stimulation caused RMSE to significantly drop (FA; X%y > 71, p < 7x10°'?). For the
ipsilesional hand (n = 8), no effect was found (FA, X?9 < 4.5, p > .90).

To avoid ambiguity, it may be worth noting that our inability to identify inhibition
responses in 6 patients (37.5 %) can be explained by the clinical context of our study. Indeed,
in each region of interest (here DPPr), per-operative mapping only evaluates a subset of
clinically relevant points and eloquent sites can easily be "missed". For instance, in well-

identified frontal language regions, mapping fails to identify language related response in
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almost 40 % of the patients [14]. To further address this issue, we performed a Monte Carlo
simulation. As detailed in the Method section, we took into account, the proportion of eloquent
inhibition sites in DPPr (from 25 % -inferred from our data- to 50 % -artificially high-) and the
number of stimulations performed for each subject within this region (from 0 to 7). When the
rate for eloquent sites was 25 %, the 95 % confidence interval of the simulated distribution
ranged from 3.9 to 10.7 "silent" subjects. When the rate for eloquent sites was 50 % it ranged
from 1.0 to 6.2 subjects. In other words, clinical subsampling fully accounts for our inability

to find inhibition sites in 6 subjects.

b) Functional properties of parietal inhibition sites

When cortical stimulation was delivered either at rest or while hand muscles were
passively contracted through peripheral electrical stimulation, parietal inhibition sites were
totally silent (Table S2). They failed to evoke muscle contractions or any sort conscious
feelings (sensory perceptions, intentions to move, etc.; supplemental Video S1).

During motor inhibition, all patients were fully aware of their inability to move. Typical
verbatim were as follows: “I cannot do it, it’s hard” or “I cannot move anymore” (Video S1).
When prompted to describe how they felt after the stimulation, the patients reported that they
felt the blockage, and they could not move, no matter how hard they tried.

Following motor testing, as part of the clinical procedure, sensory inputs were mapped
with cortical surface electrodes, in response to electrically-triggered movements of the face and
contralateral limb muscles (Table S2). Most inhibition sites (10/12; 83 %) received statistically
significant sensory inputs from hand muscles (figure 2A-D). None of these sites received
significant afferent inputs from the face or the lower limb. Mean latency of the hand-evoked
sensory signals for the 10 inhibition sites receiving significant inputs was 51 (£ 13) ms (for

each site, latency was defined as the onset of the first 10 ms epoch that rose above 3*SD of the
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rest baseline signal; see Methods). The origin of these inputs cannot be determined from the
present study. However, an indirect pathway, involving the primary somatosensory cortex (S1)
seems likely in light of existing evidence that latencies of neural responses are typically shorter
in S1 (<30 ms [15, 16]) and that posterior parietal sensory potentials are abolished following

S1 excision [17, 18].

¢) Evoking motor inhibition by stimulating precentral areas

Motor blockages have already been reported in past studies following frontal
stimulations (for a review [1]). Consistently, these blockages have been shown to have a broad
unspecific inhibitory influence on sensorimotor systems (see discussion). To illustrate this
point, we report 5 observations of precentral blockages obtained in 4 patients (Tables S1 and
S3), in the dorsal part of the precentral gyrus and the posterior part of the superior frontal gyrus
(Figure 1), using the same procedures as the ones described above for parietal mapping. For all
these sites a general, unspecific inhibition of motor activity was observed. In contrast to parietal
sites, frontal sites did not selectively inhibit contralateral hand movements. They also disrupted
speech and ipsilateral hand movements (Figure 4, Table S3, Video S3). For contralateral hand
movements (n = 5), latencies between stimulation onset and EMG cessation (estimated from
the latency with which EMG signal fell within 3*SD of mean rest activity; see Methods) were
strikingly longer than latencies identified for parietal sites (546 (£347) ms-; Mann Whitney U-
test, z = 3.2, p < .0005) (Video S3). Finally, no somatosensory inputs were recorded at the
frontal inhibition sites.

Group analyses, similar to the ones performed for parietal patients, confirmed these
observations (Figure 3). Cortical stimulation caused the mean RMSE of the flexor carpi radialis
to significantly drop, for both the ipsi (n = 5) and contralesional (n = 5) hands (FA; X% > 22,

ps <.0.01).
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5) DISCUSSION
To summarize, our results indicate that electrical stimulation at focal sites in the dorso-
posterior part of the parietal cortex (a region here designated DPPr) prevents movement
initiation and instantly blocks ongoing responses. Anatomically, DPPr might be the homologue
of the medial intraparietal area (MIP) in macaque or more generally of the so-called the parietal
reach region (PRR) [19-21]. Inhibition sites within this region do not trigger movement or
conscious sensations when stimulated at rest. However, they receive direct somatosensory
inputs from hand muscles. Several hypotheses can be put forward to account for these findings.
First, it could be that electrical stimulation blocks the descending motor output. This
could occur, for instance, through the recruitment of the spinal inhibitory circuitry via direct
corticospinal projections. Recently, such projections have been identified for hand muscles, in
the monkey, within the lateral part of area 5 [22]. However, it is highly unlikely that this
pathway mediates the motor inhibitions observed in the present study. Indeed, this hypothesis
cannot explain our observation, in one patient, that the hand ipsilateral to the stimulation site
can be blocked in the context of a bilateral coordinated response while remaining unaffected in
the context of a unilateral response (see below). Also, it is not consistent with functional data
showing that this parietal descending pathway does not block muscle contractions but evoke
motor responses when stimulated, even at low intensities [22]. Our parietal inhibition sites did
not evoke such motor responses. In fact, no parietal stimulation site did, in agreement with
previous large-scale clinical studies which also failed to identify muscle contractions following
stimulation of PPC in humans, even at high intensities [11-13]. This result contradicts the
accumulating evidence that long-trains of microstimulation in anterior PPC can evoke complex
arm, hand, and face movements in non-human primates [23, 24]. Although the origin of this

discrepancy remains unclear, it may reflect differences in stimulation parameters between
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humans and monkeys and/or the inability of surface stimulation to reach the depth of the
intraparietal sulcus where motor parietal zones could be buried [22, 23, 25, 26].

Another hypothesis could be that that the blockage of the motor output occurs through
remote recruitments, in particular, those directed at the well-known frontal inhibitory regions
[1]. This possibility, is unlikely. Indeed, the motor blockages identified to date, in frontal
regions, are strikingly different from the motor blockages we observed in DPPr. Typically, as
confirmed by the illustrative examples provided in the present study, frontal inhibition sites
have a broad unspecific influence on sensorimotor systems. In their seminal paper Luders et al.
indicated that electrically-evoked motor blockages in precentral areas always involve a
combined disruption of body movements (often bilaterally) and speech [7]. Likewise,
Chassagon et al. showed, for the frontal medial wall, that hand motor inhibitions occur together
with speech disruption in 80 % of the cases [9]. Similar observations were reported for the
supplementary motor area (SMA) [8] and the primary motor cortex (M1) [10]. This lack of
specificity contrasts sharply with our observation, in DPPr, that only the instructed hand
movement was disrupted. In response to electrical stimulation, speech was never perturbed and,
for unilateral movements, only the contralateral hand was affected. Interestingly, in one
instance where the patient inadvertently performed a coordinated movement of both hands,
stimulation evoked a bilateral blockage. When this patient was then asked to use his contra and
ipsilateral hands alone, for confirmation, only the former was blocked. A global inhibition
involving remote precentral structures, through blind current spread, cannot account for these
results.

From a functional point of view, selective inhibition is a necessary element of efficient
motor control. For instance, its existence is critical for: (i) freezing the motor plant during
action planning (i.e. for avoiding early movement release); (i) preventing residual uncontrolled

muscle activity when the motor-goal has been reached; or (iii) impeding the release of
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irrelevant movements toward environmental distractors. The parietal inhibition sites identified
in the present study can subserve these functions. In agreement with this claim, anatomical
studies, in monkeys, have identified direct and indirect (via the premotor regions in particular)
projections from DPPr to M1 areas controlling hand/arm movements [25, 27, 28]. Also,
neuroimaging experiments have identified increased neural activity in the dorso-posterior
parietal cortex (at MNI coordinates close to the ones found here; Figure 1) during sustained
inhibition of finger movements toward undesired target [3]. In the same vein, dual-TMS
protocols have revealed that a conditioning magnetic pulse delivered over the anterior part of
DPPr can depress motor evoked potentials triggered, in the first dorsal interosseous, by a test
pulse delivered over the ipsilateral M1 [4, 5]. Finally, and most importantly, clinical
observations have shown that focal parietal injuries encompassing DPPr can cause a rare
clinical condition where the hand of the patient moves "alone" outside his/her conscious will
[6, 29-31]. In one subject with a selective lesion of the superior parietal lobe, these alien
movements have been reported to reflect uncontrolled neural activity within M1. It was
suggested that this activity was inhibited by parietal control signals in healthy subjects [6]. The
fact that most parietal inhibition sites described in the present study (10/12) receive detectable
short-latency sensory inputs (around 50 ms) might be relevant to this point. Indeed, this finding
suggests that the efficiency of parietal inhibition could rely on an internal sensory-to-motor
feedback-loop. According to this view, sensory inputs would be the entry signal of a closed-
circuit allowing, with minimal delay, to reinforce the inhibitory output from DPPr to M1 when
an unwanted muscle response is detected. Recently, indirect evidence has been provided in
monkeys showing that long cortical connections between different functional zones in PPC can
activate inhibitory neurons to block competing movements [25]. It is tempting to speculate that

a similar organization can account for the ability of DPPr to inhibit motor activity in precentral
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motor regions. However, there is an alternative view to this appealing hypothesis. It originates
in the known contribution of DPPr to basic motor control.

During the last two decades, converging evidence have been provided that the dorso-
posterior part of PPC, around the intraparietal sulcus, continuously monitor movement
execution [26, 32-34]. Computationally, this process is assumed to take the form of a real-time
controller that steadily modulates neural activity in primary motor regions with the aim of
progressively nullifying the "motor error" [35-38]; a parameter that is defined as the difference
between the goal of the movement and the ongoing state of the motor plant. Because of
transmission delays, the latter is thought to be estimated through a forward model integrating
motor outflows and sensory inputs [36-39]. When the motor error reaches zero, the movement
stops. Within this framework, motor inhibition could be a consequence of disrupting neural
computations in DPPr. According to this view, electrical stimulation would prevent the
transmission of the real-time error-signal that drives motor activity in primary motor regions
(or would cause these regions to interpret the disorganized upcoming signal as a null-error
signal). As a consequence, the ongoing movement would promptly stop. Under natural
conditions, this mechanism might represent a very parsimonious and efficient strategy to
achieve selective motor inhibition. Unfortunately, based on our clinical data, it is not possible
to determine the respective validity of this hypothesis and the previously evoked possibility
that movement inhibition relies on a dedicated circuit.

To sum up, our results indicate that electrical stimulation at focal sites within a restricted
area of the dorso-posterior parietal cortex, inhibits volitional upper-limb motor responses with
high selectivity. Identification of this inhibitory process is of primary importance to understand
how intended actions are suppressed either at the preparation stage or following movement
completion. Also, our data shed light on the etiology of alien hand movements evoked, in some

patients, after focal parietal lesions.
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7) FIGURES AND VIDEOS
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Figure 1. Anatomical distribution of inhibition sites.

Parietal (black symbols; mean MNI coordinates: -37.9 -64.4 59.3) and frontal (blue symbols;
mean MNI coordinates: -28.4 -6.5 -73.3) inhibition sites (one symbol per patient; duplicates -
e.g. - show different observations for the same patient). The color map shows confidence
ellipsoids plotted over the cortical surface from the parietal inhibition sites. The yellow border

displays 95% confidence ellipsoid. See also Figure S1 and Videos S1 to S3
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Figure 2. Illustration of the motor and sensory properties of parietal inhibition sites

Electromyographic signals (EMGs) recorded in four subjects while stimulating (stim, grey
rectangles) parietal inhibition sites and mean somatosensory evoked potentials recorded from
these sites (SEP; 200 trials per curve). Each column shows data for a different subject and
cortical site (in figure 1A: A, black circle; B, upper black square; C, empty circle; D, empty
square). Flexor Carpi Radialis (FCR); Tibialis Anterior (TA). See also Figure S2, Tables S2

and Videos S1-S2.
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Figure 3. Mean EMG variations across time for both hands (ipsi and contralateral) and
both stimulation areas (parietal and frontal).

Bar graphs show the average EMG root mean square amplitude of the Flexor Carpi Radialis
muscle (FCR), across different time bins. Data are shown for both hands (contra and
ipsilesional) and both patient populations (parietal and frontal). Vertical lines represent
standard errors. The horizontal grey line, on each graph, represents 3 standard deviations (SD)
above the rest root mean square amplitude (see Methods). The bottom part of the figure
provides a schematic representation of the different time bins. Grey rectangles display the

stimulation period. See also Tables S2-S3 and Videos S1 to S3.
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Figure 4. Illustration of the motor properties of frontal inhibition sites
Electromyographic signals (EMGs) recorded in one subject while stimulating (stim, grey
rectangles) a frontal inhibition site (blue triangle in figure 1). Flexor Carpi Radialis (FCR);

Orbicularis Oris (OO). See also Figure S2, Table S3 and Video S3
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Videos can be found with this article online at https://doi.org/10.1016/j.cub.2018.08.027

Video S1, Parietal stimulation. Related to Figures 1, 2 and 3.

This video shows that: (1) when the patient is continuously moving her hand, electrical
stimulation instantly blocks the movement which restarts promptly at stimulation offset; (2) the
patient remains able to talk during motor blockage; (3) when the patient is at rest electrical
stimulation of the blockage site triggers no movement or sensation.

Video S2, Parietal stimulation. Related to Figures 1, 2 and 3.

This video shows that: (1) when the patient is at rest, electrical stimulation prevents hand
movement initiation; (2) electrical stimulation of the hand inhibition site does not affect passive
hand movements triggered through muscle stimulation; (3) electrical stimulation of the hand

inhibition site does not affect speech.

Video S3, Frontal stimulation. Related to Figures 1, 3 and 4.

This video shows that electrical stimulation blocks both speech and hand movements, with a

long latency.
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8) STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources should be directed to and will be fulfilled by the

Lead Contact, Angela Sirigu (sirigu@isc.cnrs.fr)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical data were collected per-operatively during surgeries for tumor removal, in 20 patients
operated under local anesthesia (see Table S1). 16 of these patients required parietal mapping
and 4 required frontal mapping. The clinical protocol was approved by the local ethics
committee (CPP, Lyon Sud-Est IV, Centre Léon Berard, Lyon; N°DGS2007-0161) and
sponsored by CNRS. Prior surgery, patients (or the parents for the minor children) were
informed by the senior neurosurgeon about the surgical and stimulation procedures and gave a

formal consent.

METHOD DETAILS

Per-operative tests used standard procedures [40, 41] and were performed with the goal of
minimizing the risk of post-operative sequelae [42, 43]. Sensorimotor and language functions
were evaluated using direct electrical stimulation (DES) and somatosensory evoked potential
(SEP). Only the outcomes of sensorimotor evaluations are considered in this report.

Motor evoked potentials (MEP). MEP were investigated using standard, well-defined,
procedures [41, 44, 45]. Electrical stimulation was delivered through a bipolar electrode placed
on the cortical surface. The probe was made out of 2 spherical steel tips located 5 mm apart. A
constant voltage stimulator (Nimbus Cortical Stimulator, Newmedic) was used to produce a
train of low-frequency biphasic pulses (pulse frequency 60 Hz, single-pulse phase duration 1

ms, amplitude 2 to 8 mA). The duration of the stimulation varied from 2 to 5 seconds. Initial
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stimulus intensity was set to 2 mA and was then increased to 4 mA and 8 mA. If no motor
response was observed at the highest intensity, the site was classified as "silent" (or non-
responsive).

Motor control sites (MCS). MCS were characterized as sites which stimulation (i) did not
evoked MEP at rest; but (i) disrupted an ongoing movement. To identify these sites the patients
were requested to perform continuous open-close hand movements (= 1 Hz). Electrical
stimulation was delivered using standard parameters (see above) just before the patients were
instructed to start their movements or during movement execution. Patients were briefly trained
to perform this open-close task the day before surgery.

Electromyography (EMG). During the pre-operative phase of the surgery, the patients were
prepared for EMG recordings. Disposable surface Ag/AgCl electrodes (Viasys) were placed
bilaterally on the face (orbicularis oris) upper limb (biceps, triceps, extensor digitorum
communis, flexor carpi radialis, thenar eminence, hypothenar eminence) and lower-limb
(tibialis anterior, gastrocnemius). During surgery EMG signals were differentially amplified,
sampled at 10kHz, filtered in a 30-300 Hz frequency band, displayed on a computer screen,
and visually assessed. These signals were then stored for further processing (see quantification
and statistical analyses below).

Somatosensory evoked potentials (SEP). Like MEP, SEP were investigated using standard
procedures [41, 46]. The surface electrodes positioned during the pre-operative phase for EMG
recording (see above) were electrically simulated to provoke muscle contractions. In this
protocol, commonly employed in rehabilitation and research settings to mimic voluntary
movements [47], the afferent signals collected in the sensorimotor regions reflect the
recruitment of cutaneous and proprioceptive afferent fibers (group I and II) [48, 49].
Stimulation consisted in standard electrical trains (9 pulses, 500 us wide, 10 ms interpulse

interval) delivered at a 2.7 Hz frequency. Stimulation intensity varied from 5 to 20 mA,
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depending on patients, target muscle and measured impedances. SEP were recorded on the
cerebral cortex in a bipolar way using cortex strip electrodes (1 or 2 grids of 4 to 6 contacts).
During surgery SEP were collected at a 10 kHz sampling rate and filtered within a 0.5 to 300
Hz frequency band. A period of 120 ms was considered after each stimulus onset. For each
cortical site and peripheral muscle, mean curves were obtained in real time by averaging 200
individual trials. The resulting curves were displayed on a computer screen, and visually
assessed. Then, they were saved for off-line processing.

Localization of brain sites. The procedure for localizing stimulation sites has been described
in a previous publication (see supplemental information in [13]). A neuronavigation system
was used to guide surgeries. This system was used to record coordinates of the stimulation sites
on individual high resolution MR images. Spatial normalization of preoperative MR images
into the MNI space (ICBM152) was performed using the robust [50] segmentation procedure
of SPM12. Lesion areas were manually defined from preoperative MR images and excluded
from the normalization transformation. Anatomical localization within the parietal cortex were
determined from MNI coordinates using the probabilistic cytoarchitectonic maps provided by
the Jilich Research Center [51], as available in the Anatomy toolbox of SPM. 3D surface
rendering images, combining data from all subjects, were the generated using a surface-based
template labelled with FreeSurfer 5.3 (https://surfer.nmr.mgh.harvard.edu/) according to the

Mindboggle atlas [52].

QUANTIFICATION AND STATISTICAL ANALYSES

Motor responses and latencies. Standard off-line treatments were applied to the stored EMG
signals to identify significant motor responses and their latencies [41, 53]. The envelope of the
surface EMG was estimated by a scheme of demodulation, smoothing, and relinearization [54].

Rest EMG (mean -M- and standard deviation -SD-) was determined from the 1000 ms rest
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period preceding stimulation (MEP) or movement (hand motor task) onset. For MEPs, the site
was considered responsive if stimulation caused the EMG envelope to rise above the M + 3*SD
threshold. EMG onset was defined as the first point of the first 100 ms epoch of the EMG
envelope located above this threshold. The same approach was used for the hand motor task.
EMG onset was defined as the first point of the first 100 ms epoch of the EMG envelope located
above the M + 3*SD threshold. EMG cessation (or inhibition) was defined as the first point
located below the M + 3*SD threshold. See Figure S2.

Somatosensory responses and latencies. Significance of stored SEP signals was assessed for
each subject using a standard procedure [41, 55, 56]. A baseline curve was first defined by
averaging all individual signals. For each time sample, a t-test was then computed between the
SEP and the baseline curves, using a 95% significance level. Periods showing more than 100
consecutive significant t-tests (corresponding to a 10 ms period) were considered significant.
Latencies were computed from significant curves as the onset of the first 10 ms period above
or below 3 standard deviations of the mean signal averaged from all non-significant curves. In
a last step, SEP activities were filtered with a 100 Hz low-pass filter for display purpose.
EMG group analyses. Individual EMG signals were segmented into 10 time bins (Figure 3).
The root mean square amplitude of the EMG signal of the Flexor Carpi Radialis muscle was
computed for each time bin. Friedman's Anova was then used for determining significant
differences accross time bins.

Distribution of stimulated sites. Permutation tests were used to determine statistical
significance of the differences observed between the densities of stimulation and recording
sites in the IPL and SPL regions (10* permutations [57]). Statistical threshold was set at o =
0.05.

Confidence ellipsoids for inhibition sites. The 3D Gaussian probability distribution of

inhibition sites (Figure 1A) was estimated and then approximated with a 2D Gaussian
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distribution in the plane defined by the two largest eigenvectors of the dataset. Confidence
isovalues (Chi-Square probabilities [58]) associated with this Gaussian distribution were then
drawn on the template cortical surface using a color scale from 99.5% (for cortical points of
the regions containing at least 99.5% of the sites -yellow-) to 0.005% (for cortical points of the
regions containing at most 0.005% of the sites -red-).

Monte Carlo Simulation. We investigated how many subjects of our sample (n = 16) are
expected to show a lack of inhibitory response. A Monte Carlo simulation was performed
(100,000 repetitions) knowing: the proportion "p" of eloquent sites within DPPr (i.e. the
proportion of sites that evoke motor inhibition when stimulated; p was varied from 25 % -
inferred from our data- to 50 % -artificially high-); the number "n" of sites stimulated in each
subject within DPPr (n ranged from 7 to 0 -one subject was only stimulated in the inferior
parietal lobe-). Each repetition involved 2 steps: (1) for each subject, given p, we randomly
drew n sites and determined whether one of them was eloquent; (2) we determined the total
number of "silent subjects". Finally, the 95% confidence interval of the simulated distribution

was computed (i.e. the 95% interval within which, for any study, the number of silent subjects

should fall).

DATA AND SOFTWARE AVAILABILITY

Analysis-specific code and data are available by request to the Lead Contact: Angela Sirigu

(sirigu@jisc.cnrs.fr)
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9) SUPPLEMENTAL DATA

(points / cm?)

o

Distribution Density

Figure S1. Distribution of all the parietal sites stimulated in 16 awake patients (n = 114).
Related to Figure 1. Black points represent cortical locations that failed to evoke any sensory
or motor response when stimulated. Red points represent locations where conscious sensory
feelings were reported by the patient in response to electrical stimulation (ex: tingling or

illusions of movement). Yellow points represent locations where motor inhibitions were found
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(same points as in Figure 1). Data are shown after registration of the individual MRI on the
ICBM152 template [1] segmented with the Mindboggle cortical labeling [2] using FreeSurfer
5.3 (https://surfer.nmr.mgh.harvard.edu/). Right stimulations are reported on the Ileft
hemisphere. Superior parietal lobule (SPL) is shown in red, inferior parietal lobule (IPL) in
shown in blue (IPL includes the 2 regions designated supramarginal lobule and inferior parietal
lobule in the Mindboggle labeling atlas). Pies show the percentage of stimulations performed
in each of these regions. Bar-graphs display corresponding densities (stim / cm?). Permutation
tests (see Methods) indicate that these densities are statistically comparable within the two

regions (p > .70).
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Rectified EMG (FCR)

Inhibition
delay

EMG envelope

Rest Threshold
Mean + 3*SD

Rectified EMG (FCR)

Stim

1s 1_5

Unrectified EMG (FCR)

Parietal Site Frontal Site

Figure S2. Illustration of the computational procedure used for extracting the delay of
EMG cessation after cortical stimulation. Related to Figures 2 and 4 and Star Methods
(section "motor responses and latencies'). Examples are shown for a parietal (left panels)
and frontal (right panels) site. Bottom panels display the initial filtered non rectified EMG
signals for the flexor carpi radialis muscle (FCR; as shown in figures 3 and 4). Middle panels
show the rectified signals with their envelopes (red curves, see Methods for computational
details) and the rest thresholds (green lines, 3*SD above the mean the rest signal, see Methods
for computational details). Top panels show a time expanded version of the peri-stimulation
period. Values reported on each graph (118 ms and 328 ms) correspond to the EMG cessation

(or inhibition) delay.
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Patients Sex Age Tumor Pre-operative
symptoms
Left superior parietal e s
S1 Female 48 : Speech difficulties
glioma
S2 Female 19 LG TguRfs et Headaches
cavernoma
S3 Female 62 S e - femp i) Headaches
glioma
Left superior parietal Vertigo
54 e 61 meningioma Right hand paresthesia
S5 Male 35 gl sttt Headaches / Vomiting
cavernoma
S6 Female 16 £ mfe?‘or L Headaches
glioma
S7 Male 46 Rl.g.ht cgntrgl Seizures
aspecific glial tissue
S8 Male 53 LSRN e ontel Seizures
glioma
S9 Female 63 S parlgto—temporal Seizures
glioma
S10 Male 17 gt parte o liampoit) Headaches / Vomiting
glioma
311 Female 35 Left 1ntra—parletal sulcus Seizures
glioma
S12 Female 14 el 1nfe¥10r ST Quadranopsia
glioma
S13 Female 16 L parlqto—temporal Diplopia
glioma
S14 Female 14 nght. S Seizures
glioma
315 Female 15 Left' ceptral Right uppsar—lnpb
meningioma motor difficulties
Left inferior parietal Headaches
S R 15 glioma School difficulties
S17 Male 36 Right precentral Seizures
glioma
S18 Female 14 Right precentral Seizures
glioma
S19 Female 62 Right precentral Headaches
ependymoma
S20 Female 22 Right precentral Headaches
cavernoma

Table S1. Demographic and clinical characteristics of the patients (n = 20). Related to
table S2 and Star Methods (section "experimental model and subject details'). The shaded

part of the table relates to parietal patients; the non-shaded part to frontal patients.
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Hand Hand Both Passive Spontaneo | Somatosensory
Rest . o Speech us evoked-
Contralesional Ipsilesional Hands Muscles .
Movement potentials
Ongoing |Initiation |Ongoin |Initiatio Ongoing Hand |Fac [Foot
g n e
Tested | 12 12 5 8 0 1 12 2 - 12 12| 12
Positiv| 0 12 5 0 - 1 12 0 5 10 | O 0

e 100 % 100 % 0% 0% 83% (0 %| 0%
(inhibition | (inhibition (inhibition Sﬁ%ggghilz
) ) ) hand ibsi: 1

foot: 1

Table S2. Summary of the mapping protocol and results for the 12 inhibition sites
identified in parietal patients. Related to Figures 2 and 3 and Result section "evoking
motor inhibition by stimulating the dorsoposterior parietal cortex". "Rest": stimulation was
delivered while the patient was at rest, doing no task. "Ongoing": stimulation was delivered
while the patient was performing the task (open/close the hand or speaking). "Initiation":
stimulation was delivered before the instruction to move. "Spontaneous movements" refer to
movements performed spontaneously by the patient during ongoing inhibition of the
contralateral hand. "Passive Muscles" refer to a condition in which movements of the hand
were evoked passively through peripheral electrical stimulation of hand muscles (using a
stimulation protocol described in the Methods -section "somatosensory evoked potentials'-).
This condition was investigated for two reasons. First, to determine whether inhibition sites
could be identified in patients who cannot be submitted to awake surgeries (such as young
children). Second, to investigate the hypothesis that cortical stimulation causes hand movement
inhibition by recruiting the spinal inhibitory interneurons that control hand muscle
motoneurons. We found no effect of stimulating the parietal inhibition sites on these passively-

evoked movements (see also video S2).
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Hand Contra Hand Ipsi Speech SEP Inhibition
(ongoing) (ongoing) (ongoing) (Hand contra) delay
3/5 (arrest)
Frontal inhibition 5/5 2/5 (drop in | /g/ fd(azrret;?ia) 0/5 546 ms
Sites (100 %) magnitude) (100 (Vydsi rupted) (0 %) (£347)
(100 % disrupted) o distup
Parietal 12/12 0/8 0/12 10/12 126 ms
inhibition Sites (100 %) (0 %) (0 %) (83 %) (x30)
Mann
Statistics _ Proportion Test Proportion Test Proportion Test | Withney
(frontal vs parietal) p<0.01 p < 0.0005 p<0.01 U-Test
p <0.0005
. . . All SEP (n=
All disruption sites (n All ﬁ‘smp tion sites 10) are at
B ; (n=15) are in the X ;
= 5) are in the frontal frontal resion "b parietal sites
Probabilities - region "by chance" chan%:e" Y "by chance" -
p=.00078 p=.00016 p=.0034
S51x 8!/13! 5!xi2!/17! (12!x 7/ 2'x

171)

Table S3. Summary of the functional differences between frontal and parietal arrest sites.

Related to Figures 3 and 4 and Result section (""evoking motor inhibition by stimulating

precentral areas"). Statistics (Chi-square test of proportions [3]) and probability calculations

are reported to show that functional differences between frontal and parietal sites are

significant.
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1) SUMMARY

A recent per-operative study indicates that stimulation of a specific posterior parietal
subregion, receiving sensory afferences from intrinsic hand muscles, instantly inhibits ongoing
hand movements when stimulated. We tried to identify the anatomical bases of this observation
using diffusion MRI tractography. To this end, we analyzed multiple-shell data from 26 right-
handed subjects of the Human Connectome Project (HCP). In both hemispheres, we found
significant ipsilateral connections between the parietal subregion of interest and the cortical
territories devoted to hand control in the primary motor (M1) and primary somatosensory (S1)
cortex. These results suggest the existence of a sensorimotor control loop specifically dedicated

to the execution of hand movements.

2) INTRODUCTION

Inhibition is an essential component of sensorimotor control. It is commonly attributed
to frontal processing (Filevich et al., 2012; Aron et al., 2014). However, recent evidence has
also demonstrated a specific contribution of the posterior parietal cortex (PPC). This
anatomical duality is assumed to reflect a functional dissociation: while frontal areas would
support a global suppressive mechanism recruited, for instance, in response to sudden
unexpected events (Wessel and Aron, 2017), parietal networks would rather be involved in the
selective inhibition of unwanted action during the preparation and execution of voluntary
movements (Lindner, 2018). In agreement with this later view a recent per-operative study
(Desmurget et al., 2018) showed that direct cortical stimulation of frontal areas (in the dorsal
part of the premotor cortex) result in a general freezing of the motor system; as already
observed in previous studies (Luders et al., 1992; Chauvel et al., 1996; Nii et al., 1996;

Chassagnon et al., 2008). By contrast, parietal stimulations caused a selective inhibition of
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contralateral hand responses during movement planning or execution. In other words, as a result
of parietal stimulation the subjects were unable to initiate or carry on an open/close movement
of the hand, but they remained able to talk, move the ipislateral hand or raise the foot. Parietal
inhibitory sites were reported to be located in the dorsoposterior parietal region (DPPr; figure
1), within the human homologue of the medial intraparietal area (MIP) in macaque or more
generally of the so-called parietal reach region (PRR) (Grefkes and Fink, 2005; Vesia and
Crawford, 2012; Konen et al., 2013). DPPr stimulation was claimed to act by inhibiting primary
motor cortex (M1) activity. In agreement with this hypothesis, anatomical studies, in non-
human primates, have identified direct and indirect (via the premotor regions in particular)
projections from DPPr to M1 areas controlling hand/arm movements (Rizzolatti et al., 1998;
Kaas and Stepniewska, 2016; Borra and Luppino, 2017). Also, it was shown that a
conditioning-TMS pulse delivered over DPPr could significantly depress motor evoked
potentials triggered, in hand muscles, by a test pulse delivered over the ipsilateral M1 (Koch ef
al., 2007; Mackenzie et al., 2016). Moreover, when DPPr is focally lesioned, alien hand
movements have been reported due to the emergence of unwanted (spontaneous) activity with
M1 (Assal et al., 2007). Finally, in monkeys, anatomical studies have identified direct and
indirect projections from DPPr to M1 areas controlling hand/arm movements (Rizzolatti et al.,
1998; Kaas and Stepniewska, 2016; Borra and Luppino, 2017).

Beyond these observations, recording of somatosensory evoked potentials (SEP) also
revealed that parietal inhibitory sites received short-latency afferent inputs from intrinsic hand
muscles; which was not the case of frontal freezing sites. These sensory inputs were claimed
to be routed through the primary somatosensory cortex (S1) (Desmurget et al., 2018) in light
of existing evidence showing, in humans an monkeys, that S1 excision abolishes posterior

parietal SEP (Allison et al., 1991a; Allison et al., 1991b). Functionally, this type of afferent
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inputs was believed to be important for maintaining motor inhibition in response to
spontaneous, unwanted motor activity in arm muscles.

So, taken together, these observations suggest that DPPr is part of a functional network
receiving afferent inputs from S1 hand area and sending efferent outputs to M1 hand area
(figure 2). However, direct evidence supporting this claim is still lacking, especially in humans.
In particular, the issue whether this functional network is specifically related to hand control
remains unclear. To date, no evidence has been reported regarding the potential impact of DPPr
stimulation on whole upper-limb movements. Also, even if the model above is true, it remains
unclear how neural signals are transmitted across cortical regions. The heavy temporal
constraints acting on motor control / inhibitory systems, suggest that these connections should
be direct. However, evidence supporting these predictions is still missing.

The present study aims to address the issues above using diffusion MRI (dMRI). This
unique non-invasive technique scans the movement of water molecules along nervous fibers.
By following this movement, neural pathways, hereafter named streamlines, can be
reconstructed (Poupon et al., 2000; Ito ef al., 2002; Jeurissen ef al., 2019). Overall, connectivity
data here obtained from this method validate the existence of the sensory-parieto-motor
functional loop postulated in figure 2. They also confirm that this loop is specifically related to

fine distal hand control.

3) METHODS

The Human Connectome Project (HCP) is a unique dataset of more than 500 healthy
volunteers aiming to be used by the scientific community to shed light on the anatomical and
functional connectivity of the human brain (Van Essen et al., 2013). The dMRI preprocessed

scans we used from this dataset are made of multiple-shell samples (b=1000, 2000 and 3000
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s/mm? with 90 gradient directions each) and 18 b=0 s/mm?. All these scans have been corrected
for artefact distortions (Sotiropoulos et al., 2013) and their spatial resolution is 1.25 mm
isotropic.

Within the database, we randomly identified 26 right-handed subjects. Then, for each
subject, we identified the DPPr region of interest (ROI) using the boundaries of the 95 %
confidence area determined from our previous per-operative study (figure 1) (Desmurget ef al.,
2018). As illustrated in supplemental figure S1, we did this for both hemispheres using the
individual white and pial surfaces computed with FreeSurfer (Fischl, 2012).

Next, we used standard computational procedure to identify the streamlines connecting
our region of interest with M1 and S1. First, we performed a spherical deconvolution based
post-processing steps. These steps led to the probabilistic reconstruction of the tractogram with
the MRtrix3 software (Tournier et al, 2019). Second, we filtered the final whole brain
tractogram to identify ipsilateral streamlines connecting our areas of interest (parietal / S1 and
parietal / M1). M1 and S1 were defined from Destrieux’s parcellation (Destrieux et al., 2010).
Third, for each subject and the identified streamlines we computed the streamlines density
volume using the classical track-density imaging method (Calamante et al., 2011). This volume
was projected onto the individual pial surface to get a surface distribution of the streamlines
density on the sensory and motor areas of interest. In a last step, we averaged these streamlines
density textures and created the average pial mesh for all subjects. These density textures were

finally mapped on the average pial mesh.

4) RESULTS
As illustrated in figure 3, we found the mean streamlines density to converge within

circumscribed areas of the pre- and postcentral gyri. These areas were in the part of the
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sensorimotor strip where upper-limb functions are represented (Penfield and Boldrey, 1937;
Desmurget ef al., 2014). More precisely, they were within the middle knee of the central lobe
(Ribas, 2010), an anatomical marker that is typically assumed to define the functional hot-spot
for distal hand control, both in the primary motor (Yousry et al., 1997; Vigano et al., 2019)
and the primary sensorimotor (White et al., 1997; Sastre-Janer et al., 1998) cortex. The results
and streamline distributions were identical for both hemispheres.

As observed in our previous per-operative study (Desmurget et al., 2018) and as
postulated by in figure 2, streamlines identified in M1 and S1 originated in the same area of
DPPr (figure 4). In other words, the same parietal region was connected to M1 and S1. This,

also, was true for both hemispheres.

5) DISCUSSION

To summarize, these results identify two white matter pathways linking the same
subregion of DPPr with the hand areas of (i) the primary somatosensory cortex and (ii) the
primary motor cortex. This finding is consistent with the conclusion of the per-operative study
that drove the present research. As shown by this study a localized area within DPPr receives
short-latency somatosensory signals from the hand muscles and instantly inhibits ongoing hand
responses (or prevents their initiation) when electrically stimulated (Desmurget et al., 2018).

Before going further in the discussion, it seems worth mentioning that the hypothesis-
driven approach used in the present research minimizes the risk that the anatomical connections
we identified reflect the tendency of current diffusion tractography algorithms to produce a
large amount of false-positive bundles (Maier-Hein et al., 2017). In other words, while
diffusion tractography might produce disputable conclusions when used in isolation (David et

al., 2019), it represents a powerful cross-validation tool when used in conjunction with other
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techniques such as functional MRI (Guye et al., 2003), histology (Dell’Acqua et al., 2013),
polarized light imaging (Mollink et al., 2017), tract-tracing (Jbabdi et al., 2013), deep brain
stimulation (Calabrese, 2016), direct electrical stimulation (Kamada et al., 2009). But this does
not mean that tractography is "just" a validation technique. It is also important for addressing
some limits of other methods, including per-operative ones. In particular, based on stimulation
protocols, the existence of remote activations can never be formally rejected (Karnath ef al.,
2010). It is thus possible that the motor blockages caused by parietal stimulations does not
reflect the inhibitory properties of this regions per-se but the indirect recruitment of some well-
known frontal inhibitory regions (Filevich et al., 2012). The present tractography study
weakens this claim by identifying a strong direct connection between DPPr and M1 hand area.
This finding is consistent with the observation that inhibition patterns observed in response to
frontal and parietal stimulations are strongly different (Desmurget et al., 2018).

Beyond these observations, another important issue concerns the possibility that motor
inhibition induced by stimulating DPPr reflects a general disruption of the process of movement
monitoring; a disruption that should not only affect hand movements but upper-limb volitional
responses as a whole. In agreement with this view, it has been shown that DPPr acts as a real-
time controller that continuously monitors ongoing reaching and grasping movements.
Typically, this controller is modeled in the form of a real-time optimal feedback loop that
steadily drives neural activity in M1, so as to progressively nullify the distance between the
ongoing state of the motor plant (indirectly estimated by integrating sensory inflows and motor
outflows (Wolpert et al., 1995)) and the goal of the movement (Todorov, 2004; Diedrichsen et
al., 2010; Franklin and Wolpert, 2011). When the error reaches zero, the movement ceases. It
is now well admitted that DPPr is involved in state estimation and the on-line control of action
(Desmurget and Grafton, 2000; Andersen et al., 2014; Archambault ef al., 2015). In monkeys,

parietal neurons in area 5 have been reported to encode instantaneous movement trajectories
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(Mulliken et al., 2008) through processing proprioceptive sensory signals related to joint
excursions (Hyvarinen, 1982). In this area, neural activity correlates with hand path
adjustments observed when the location of a visual target changes unexpectedly at movement
onset (Battaglia-Mayer et al., 2013). In humans, lesions of the superior parietal lobe (SPL)
impair state estimation (Wolpert et al., 1998). Also, transient neural inactivation produced
through transcranial magnetic stimulation (TMS) over the intraparietal sulcus disrupts
automatic motor corrections in visually-directed reach and grasp tasks (Desmurget et al., 1999;
Tunik et al., 2005; Chib et al., 2009; Reichenbach et al., 2014). Compatible results have been
provided by neuroimaging studies showing robust feedback-related responses in SPL for point-
to-point hand movements (Desmurget et al., 2001; Diedrichsen et al., 2005; Reichenbach et
al., 2011).

Our tractography results are not compatible with this general model. Indeed, we found
DPPr connections to be concentrated within the pre and postcentral territories dedicated to hand
movements. The "motor control" hypothesis would predict more widespread projections to the
regions where arm and wrist muscles are represented. Indeed, the evidence provided above is
not limited to hand movements. It mostly concerns whole-arm reaching movements. Thus, our
data support the existence of a specific sensori-parieto-motor network devoted to hand distal
control, including inhibition. Within this network, stimulation of DPPr could cause movement
inhibition through a direct recruitment of M1 inhibitory neurons (hypothesis of a decidacted
inhibitory network). However, it could also act by preventing affecting hand motor control
(hypothesis of a motor control network). In this case, the transmission of the motor command
to M1 or by forcing the transmission of a null error signal. Under natural conditions, these two
mechanisms would be very parsimonious and efficient ways of achieving selective motor
inhibition. Planning and monitoring of reaching movements could rely on more dorsal premotor

areas (Wise et al., 1997; Christensen et al., 2007; Kaas and Stepniewska, 2016). Based on the
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evidence available, it cannot be decided which hypothesis is valid: the inhibition network
hypothesis or the motor control hypothesis. Still, it seems likely that neural signals flows, at
least for a part, from S1 to DPPr to M1. But, here again, the extent to which M1 also retro-
projects to DPPr and DPPR to S1 cannot be evaluated. In other words, whether the white matter
pathways identified in these study are uni- or bidirectional (and in what proportion) cannot be
addressed from our data.

One last point remains to be discussed regarding the novelty of our results. In a recent
paper aiming at studying the superior longitudinal fasciculus (SLF) Hecht and colleagues used
dMRI tractography to perform a virtual dissection of this WM bundle (Hecht et al., 2015).
More specifically, they extracted the superior-most branch corresponding to the SLF-I linking
the SPL with the supplementary motor area (SMA), the posterior dorsolateral prefrontal cortex,
the dorsal premotor cortex, and the rostral part of primary motor cortex. It could be that the
parieto-motor pathway identified in the present study is a new, not yet identified, ramification
of this large bundle. To address this possibility, we performed a virtual dissection of the three
components of the SLF-I. In most case, results were inconclusive. Indeed, the DPPr-M1 bundle
described in the present experiment started and ended in two parietal and motor regions
previously identified as unconnected. At the same time however, this bundle followed (and
sometimes was included) within the SLF-1 tract. The same conclusion was reached for the S1-
DPPr bundle. These inconclusive results are illustrated for one representative subject in

supplemental figure S2.

To summarize, our results show the existence of a functional sensorimotor loop, linking
the cortical territories devoted to hand control in the primary motor and primary somatosensory
cortex, with a subregion of DPPr. This finding confirms, clarifies and generalizes recent per-

operative observations showing that specific sites in DPPr receives somatosensory signals from
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hand muscles and cause instantaneous inhibition of hand movements when stimulated. Whether

the bundles we identified should be considered a new branch of the SLF-1 remains unclear.
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6) FIGURES

Figure 1. Confidence ellipsoid of the dorso-posterior parietal inhibitory region, computed from
all the parietal sites which electrical stimulation was found to trigger a selective inhibition of
hand movements (n=12). The yellow border displays the 95% confidence border of this

ellipsoid. Adapted from (Desmurget et al., 2018)
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Figure 2. Putative anatomy of the parietal inhibitory network. S1: primary somatosensory

cortex. M1: primary motor cortex. DPPr: dorso-posterior parietal region
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Figure 3. Normalized streamlines density maps for the pre and post central gyri (defined from
Destrieux’s parcellation (Destrieux et al., 2010), projected on to the pial surface of an

individual brain. Top line: left hemisphere. Bottom line: right hemisphere.
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Figure 4. Normalized streamlines density maps identified within the dorso-posterior parietal
cortex (DPPr; defined per-operatively, Desmurget et al., 2018), projected on to the pial surface

of an individual brain.
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7) SUPPLEMENTAL DATA

Figure S1. (A) Dorso-posterior parietal inhibitory region (see also figure 1). (B) Corresponding

confidence area projected onto the pial surface of an individual brain.

Figure S2. Virtual dissection of the SLF based on the Destrieux’s parcellation (Destrieux et
al., 2010) and on the known projections of the SLF subcomponents (Hecht et al., 2015). (A)
the three main components of the SLF are represented: SLF-I, dark blue; SLF-II, light blue;
and SLF-III, red. The black bundle shows the DPRR-M1 pathway. (B) Independent

representation of the DPPr-M1 pathway (light blue).
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C) ROLE OF THE CEREBELLUM
IN SENSORI-MOTOR AND
HIGHER-LEVEL FUNCTIONS
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C-1) Scientific Background

The cerebellum has been traditionally associated with motor control and coordination
(Holmes 1939; Horne and Butler 1995; Bastian 2006; Ito 2006; Timmann et al. 2010; Manto et
al. 2012; Lisberger 2013; Mottolese et al. 2013). However, more recent evidence has also
revealed the link between cerebellar processing and high order cognitive functions, including
learning and affective regulations (Schmahmann and Sherman 1998; Strick, Dum, and Fiez
2009; Schmahmann 2010; Stoodley 2012).

In a pioneering series of studies, our research group was the first to investigate motor
(efferent) cerebellar somatotopy in patients harboring small extra-cerebellar tumors (i.e. tumors
of small size located outside the cerebellum but that required uncovering the cerebellar cortex
for their excision; e.g. figure 6 (Mottolese et al. 2013; Mottolese et al. 2015). DES evoked focal
responses in the ipsilesional hemibody (figure 7) (Mottolese et al. 2013; Mottolese et al. 2015).
Different body segments were represented in different cerebellar regions: head in the vermal
lobule VI; face in the hemispheric lobule VI; lower limb in the hemispheric lobules VIIb-I1X;
and upper limb in the hemispheric lobule VI and hemispheric lobules VIIb-IX. The
intermediate regions of the posterior cerebellum (crus) were essentially silent. Strikingly, our
results failed to identify any intra or inter-limb somatotopy in the areas where body movements
were evoked by stimulation. From a functional point of view, overlapping representations of
the upper limb/mouth in the superior posterior lobe and upper limb/lower limb in the inferior
posterior lobe might favor the production of integrated motor behaviors between these pairs of
segments. Together with latency data existing electrophysiological evidence in animals suggest

that these evoked responses were mediated by a descending brainstem pathway.
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Patients with extra-cerebellar tumorss

N x‘

Pineal Midbrain Healthy uncoverd
cerebellum

Figure 6 : left Panel : sagittal MRI post gadolinium T1 weighted image showing an extra-
cerebellar tumor in the pineal region ; middle panel : axial MRI post gadolinium T1 weighted
image showing an extra-cerebellar tumor in midbrain ; right panel : per-operative view of a

healthy cerebellum uncover for surgical reason (tumor removal of an extra-cerebellar tumor)

Cerebellar Anatomy Head Responses

Upper Limb Responses Lower Limb Responses
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Figure 7 : Location of the evoked motor responses for the head (neck (N), face/mouth (F),
upper limb (upper arm (U), wrist (W), hand (H), multi-joint hand/wrist (M)) and lower limb
(ankle (4)). (Reprinted with permission from Mottolese at al 2013).

To date, little is known about the involvement the cerebellum in sensory functions.
Anatomical evidence in primates showed that this structure receives cortical projections from
the different sensory systems (Brodal 1978; Brodal 1981). Electrophysiological studies in non-
human primate demonstrated the activation of the Purkinje cells and mossy fiber of the
cerebellum during passive movement (Bauswein et al. 1983; Bauswein, Kolb, and Rubia 1984),
in agreement with the fact that cerebellar neurons receive cortical inputs from all the sensory
modalities (Brodal 1978; Brodal 1981). However, early clinical studies failed to report gross
sensory deficits after cerebellar damages in humans (Holmes 1939), leading to the idea that the
cerebellum did not have a major sensory function. Recently, functional neuroimaging studies
have reinvestigated this issue. To say the least, evidence was mixed. A few studies confirmed
that the cerebellum had no role in the sensory processing: they failed, for instance, to identify
cerebellar activation during passive movement tasks (Seitz and Roland 1992; Tempel and
Perlmutter 1992; Burton, Videen, and Raichle 1993; Casey et al. 1996; Mima et al. 1999;
Weeks et al. 1999). By contrast, using similar paradigms (passive movement or tactile
stimulation), other studies found significant responses not only in the cerebellar cortex but also
in the deep cerebellar nuclei (Gao et al. 1996; Jueptner et al. 1997; Liu et al. 2000; Bushara et
al. 2001; Takanashi et al. 2003; Thickbroom, Byrnes, and Mastaglia 2003; Habas, Axelrad, and
Cabanis 2004; Ciccarelli et al. 2005; Guzzetta et al. 2007; Macaluso, Cherubini, and Sabatini
2007; Kavounoudias et al. 2008; Francis et al. 2009; Gentile, Petkova, and Ehrsson 2011;
Wiestler, McGonigle, and Diedrichsen 2011; Van de Winckel et al. 2013; van der Zwaag et al.
2013; Boscolo Galazzo et al. 2014). However, these studies did not report a clear somatotopic

organization and multiple (generally different) loci of activation were found in the anterior
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and/or posterior lobe. In addition, while some studies found only ipsilateral activations, others
found bilateral or even only contralateral responses (Macaluso, Cherubini, and Sabatini 2007,

van der Zwaag et al. 2013; Boscolo Galazzo et al. 2014).
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age predict poorer long-term recovery
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1) ABSTRACT

Early studies on long-term functional recovery after motor and premotor lesions showed
better outcomes in younger than older monkeys. This finding led to the widespread belief that
brain injuries cause less impairment in children than adults. However, this view has limitations
and a large body of evidence now indicates that cerebral damages can be more harmful when
inflicted at young age, during critical periods of neural development.

To date, this issue has been mainly investigated in the context of focal and diffuse cortical
lesions. Much less is known about the potential influence of early cerebellar damages. Several
studies exist in survivor of posterior fossa tumors. However, in these studies critical
confounders were not always considered and contradictory conclusions were provided.

Here, we studied the impact or early cerebellar damage on long-term functional recovery in
3 groups of fifteen posterior fossa survivors, comparable with respect to their tumoural
characteristics (nature size and location) but operated at different ages: young (< 7 years),
middle (> 7 years and < 13 years) and old (> 13 years). Daily (Health-related Quality of Life -
hrQol-, Performance Status -PS-), motor (International Cooperative Ataxia Rating Scale -
ICARS-, Pegboard Purdue Test -PegBoard-) and cognitive (Full Scale Intelligence Quotient -
FSIQ-) functioning were measured. A General Linear Model controlling for age at surgery,
radiotherapy, preservation of deep-cerebellar nuclei, tumor volume and delay between surgery
and assessment, was used to investigate significant variations in outcome measures.

Early age at surgery, lesion of deep cerebellar nuclei and post-operative radiotherapy had a
significant, independent negative influence on long term recovery. Tumor volume and delay
between surgery and assessment had no statistically detectable impact. The negative influence
of early age at surgery was significant in all domains: daily functioning (hrQoL; PS), motor

functioning (ICARS; Pegboard) and cognitive functioning (FSIQ).
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These results support the existence of an early critical period of development during which
the cerebellar "learning machine" is of critical importance. Although the extent to which the
early deficits here observed can be reversed needs now to be established, our data plead for the
implementation of prompt and intense rehabilitation interventions in children operated before

7 years of age.

Keywords. Cerebellum; Kennard principle; posterior fossa tumor; cognitive recovery;

sensorimotor recovery; quality of life; age at surgery.

2) INTRODUCTION

Eighty years ago, Margaret Kennard showed that long-term functional recovery was better
in younger than older monkeys following experimental lesions of the motor and premotor
cortices (Kennard, 1942). This finding, later coined the "Kennard principle", led to the
widespread belief that brain injuries cause less impairment in children than adults (Webb et al.,
1996; Johnson et al., 2003). However, as first emphasized by Kennard herself (Dennis, 2010),
this view has limitations. Indeed, a large body of evidence now indicates that cerebral damages
can actually be more harmful when inflicted at a young age, during critical periods of neural
development (Taylor and Alden, 1997; Forsyth, 2010; Anderson et al., 2011; Krageloh-Mann
etal.,2017).

To date, the impact of age on functional recovery has been mainly investigated in the
context of focal and diffuse cortical injuries (Taylor and Alden, 1997; Forsyth, 2010; Anderson
et al., 2011; Krageloh-Mann et al., 2017). Much less attention has been given to the issue
whether the "Kennard Principle" holds for cerebellar lesions. This is regrettable for at least two

reasons. First, the cerebellum is an essential motor and cognitive structure of the nervous
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system (Horne and Butler, 1995; Ito, 2006; Strick ef al., 2009; Timmann et al., 2010; Stoodley,
2012; Koziol et al., 2014). Second, and perhaps more importantly, this structure is the most
frequent surgical target for tumor removal in children (Kaye and Laws, 2001; McKean-Cowdin
etal.,2013).

Previous studies have reported that cerebellar surgeries performed at a young age tend to
produce more severe, long-lasting deficits in both the motor and cognitive domains (Dennis et
al., 1996; von Hoff et al., 2008; Robinson et al., 2013; Hanzlik et al., 2015). However, the
origin of this observation remains debated. It is often claimed to reflect the more deleterious
impact of post-operative radiation therapies in young children (Packer ef al., 1989; Hoppe-
Hirsch et al., 1990; Copeland et al., 1999; Conklin et al., 2008; Moxon-Emre et al., 2014).
Consistent with this explanation, several studies have identified either no effect (Steinlin ef al.,
2003; Konczak et al., 2005; Ronning et al., 2005) or positive effects (Levisohn et al., 2000) of
age at surgery on long-term sensorimotor and cognitive functions, in non-irradiated patients.
However, other studies have reported contradictory findings (Aarsen et al., 2006; Aarsen et al.,
2009). In agreement with these studies, pioneering observations, in animals, have shown that
early hemicerebellectomies predict higher levels of functional deficits than late
hemicerebellectomies (Smith et al., 1974; Gramsbergen, 1982); although contradictory
conclusion have been reported (Molinari et al., 1990).

Most probably, the inconsistencies above are related to experimental factors. Indeed,
despite their major contribution to the field, most studies that have investigated the effect of
age at surgery on functional recovery have either based their conclusions on very small samples
of young patients (Konczak et al., 2005) or have failed to control for important potential
confounders, including tumor size, delay between surgery and assessment time, and/or damages
to the deep cerebellar nuclei (Steinlin ef al., 2003; Ronning et al., 2005; Aarsen et al., 2006;

Aarsen et al., 2009).
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Given the importance of developing the best intervention strategies in children and adults
affected by cerebellar tumor, solving the existing contradictions in our current knowledge is
highly desirable. This is the goal of the present study which aims to evaluate the validity of
Kennard principle in the context of cerebellar injuries. In keeping with previous studies, we set
the cutoff for "young age" at 7 years (Chin and Maruyama, 1984; Ellenberg ef al., 1987; Packer
et al., 1989; Chapman et al., 1995; Riva et al., 2002; Mitby et al., 2003; Conklin et al., 2008;
Robinson et al., 2013). Our results show that early damages (< 7 years old) predict poorer
recovery than late damage (> 7 years old) independent of radiotherapy, tumor characteristics,

delay between surgery and assessment time, and damages to the deep cerebellar nuclei.

3) PATIENTS AND METHODS
a) Patients

Over a 18-month period, 45 patients were recruited. They were all operated under
general anesthesia between 2001 and 2016 by the same neurosurgeons (CM, ASz). Within two
weeks of their routine follow-up appointment (annual or bi-annual), these patients were
contacted (or their legal guardians for minors) and invited to participate in a long-term follow-
up study, in addition to their standard clinical evaluation. They were told that this additional
evaluation would last around 2 hours and require the fulfillment of a series of non-invasive
cognitive and motor tests (see below). If the patients (or their legal guardians for minors)
agreed, testing was scheduled on the day of their appointment and, if not possible, within the
following month. For all patients, formal consent was obtained (from the patients themselves
or their legal guardians for minors) according to a protocol approved by our local institutional

ethical committee and in agreement with the precepts of the Helsinki Declaration.
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Patient recruitment was framed by a dual goal. First, investigating the effect of age on
long-term recovery. Second, identifying potential interactions between age and other key
factors that have been shown to affect recovery (e.g. as observed above it is possible that early
age has a deleterious effect because post-operative radiotherapy or lesion of the deep-cerebellar
nuclei is more damaging in younger children; if this is the case, statistical analyses should
reveal a significant interaction between these factors -see below-). To achieve these goals, we
tried to minimize clinical disparities between experimental groups of different ages while
ensuring sufficient variations of the factors of interest within each group. Inclusion criteria
reflected these constraints. They were as follows: (i) having been subjected to a surgical
procedure for the removal of a cerebellar tumor, at least one year before evaluation; (ii)
exhibiting a total tumor removal with no subsequent recurrence; (iii) being free of chronic or
ongoing medical treatments; (iv) suffering no transient post-operative complications capable
of interfering with recovery (including mutism); (v) being older than six years at the time of
evaluation; (vi) speaking French as mother tongue.

First, all eligible patients younger than 7 years at the time of surgery were identified (n
=15). None declined to participate in the study. Second, we paired each of these young patients
with a middle (> 7 years and < 13 years) and older age (> 13 years) peer according to tumor
characteristics (type, location, volume) and radiation therapy. In other words, as emphasized
above, we recruited 3 groups of 15 patients that were both different according to their age
(younger, middle, older) but as comparable as possible with respect to their clinical
characteristics. The main demographic and clinical characteristics of these patients are
summarized in supplementary table S1. This table also reports statistical analyses showing the
comparability of the three age-groups for these characteristics.

To avoid ambiguity, it must be mentioned that the vast majority of cerebellar tumors, in

young children, are located within the midline (vermal) area, with or without hemispheric

114



extension (Poretti et al., 2012; Koob and Girard, 2014). Our clinical sample reflects this
epidemiological "bias": all the patients of the young age group exhibited lesions encompassing
the vermis with or without hemispheric extension. Due to the pairing procedure used for
ensuring clinical comparability across age groups (see above), the same spatial distribution was
observed in the older patients (middle, old). Supplementary figure S1 displays a lesion overlap

map for the three age groups.

b) Clinical assessments
Patients were first submitted to a series of clinical questionnaires to measure their
overall quality of life, their ability to live an independent life and the intensity of their ataxic
symptoms. These evaluations were carried out by a trained physician (PAB) who was blind to
patients’ clinical history and imaging results.

Health-related Quality of Life (hrQoL). This scale measures the self-perceived well-

being of the patients. In patients older than 16 years, this dimension was assessed with a
standardized questionnaire: the EORTC Quality of Life Questionnaire (EORTC QLQ-C30)
(Aaronson et al., 1993). In children younger than 16 years, hrQoL was assessed with the
corresponding pediatric questionnaire: the Pediatric Quality of Life Inventory (PedQol 4.0)
(Varni et al., 2001). In this case, self-reports were privileged, but parent proxy-report were
sometimes used when the children were too young or too cognitively impaired to complete the
questionnaire (Varni et al., 2007). For both scales, final mean scores between 0 and 100 were
obtained after linear normalization of raw scores. Based on previous studies in healthy adults
and children populations, we used a conservative mean score of 60, as the threshold value for
defining a "good quality of life" (Dancey et al., 1997; van de Poll-Franse et al., 2011).

Performance Status (PS). PS is a standardized scale designed to evaluate patients' ability

to carry out (ordinary) daily activities. Depending on patient age, we used the Karnofsy
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Performance Status (> 16 years) (Sachsenheimer et al., 1992) or Lansky Scale (< 16 years)
(Lansky et al., 1987). The final score ranges from 0 to 100. A higher score reflects a better
ability to live an independent life. The score of 70 is considered the threshold above which the
patient can care for himself and is able to carry out normal daily activity independently.

International Cooperative Ataxia Rating Scale (ICARS). ICARS is a standardized scale

designed to measure severity of cerebellar ataxia in patients (Trouillas ef al., 1997). The final
score grows with disease severity from 0 to 100. For healthy subjects ICARS score is typically

below 7 (Storey et al., 2004).

¢) Cognitive and sensorimotor assessments
These evaluations were carried out to measure fine sensorimotor functions and general
intelligence of the patients. They were completed under the supervision of a licensed
neuropsychologist (MD) who was blind to the patients’ clinical history and imaging results.

Pegboard Purdue Bimanual Assembly Task (PegBoard). PegBoard assesses upper-limb

movements with a special emphasis on manual dexterity (Tiffin and Asher, 1948). The material
consists of a wood board of two parallel rows of 25 holes each. The bimanual assembly task
captures sensorimotor deficits irrespective of hand dominance and tumor laterality. The subject
is instructed to use both hands alternatively to build as many object assemblies over a 60 s time
period: put a pin in the hole with one hand, then a washer on the pin with the other hand, then
a collar with the first hand, then another a washer with the other hand. The final score is
obtained through averaging of 3 consecutive repetitions. For each participant, this score is then
evaluated as a deviation (in percent) with respect to the mean expected performance (adjusted

for age and sex).

Intelligence Quotient (IQ). The Full Scale Intelligence Quotient (FSIQ) of the Wechsler

Intelligence Scale was administered as a gold standard measure of cognitive functions. The
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Wechsler Adult Intelligence Scale fourth edition (WAIS-IV, French version) (Wechsler, 2011)
was used for patients older than 17 years. The Wechsler Intelligence Scale for Children fourth
edition (WISC-IV, French version) (Wechsler, 2005) was used for patients younger than 17

years.

d) Tumor volume and preservation of cerebellar nuclei
For each patient, anatomical normalization of the cerebellum was performed on pre-
operative high resolution magnetic resonance image (MRI) with the SUIT toolbox of the
SPM12b software (http://www.diedrichsenlab.org/imaging/suit.htm). Tumors were manually
drawn on individual MRI and excluded from the normalization procedure. Damages within the
deep cerebellar nuclei were automatically determined from normalized images by identifying
areas of overlap between the tumors mesh and deep nuclei. Outcomes of this automatic
procedure were visually reviewed on individual MRI images.
Statistical analysis
A General Linear Model was used to investigate the origin of significant variations in
the outcome measures described above. The following predictors were entered in the model.
Age at surgery, three levels: younger (< 7 years); middle (> 7 years and < 13 years); older (>
13 years). Radiation therapy, two levels: no; yes. Deep cerebellar nuclei, two levels: preserved
(all nuclei intact); lesioned (nuclei lesioned). Tumor volume and delay between surgery and
assessment, which could not be unambiguously categorized, were entered as continuous factors
in the model. All analyses were performed with the statistical software Statistica (version 8.0;
StatSoft®). Duncan significant difference test was used for post-hoc comparisons (Winer,

1971). Threshold for statistical significance was set at p =.05.
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4) RESULTS

From a clinical point of view, the patients of our sample fared quite well. In majority, they
reported a good quality of life (hrQoL > 60; 80 %) and were able to carry out daily activities
independently (PS > 70; 93 %). At the time of the evaluation, all children below 18 (n = 29)
were enrolled in regular school programs (7 showed academic backwardness). Among adults
(n=16), 11 owned a driving license (in France, only adults older than 18 can have a driving
license); 5 were working full time, 7 were enrolled in post-graduate programs (academic or
vocational), 4 were unemployed. Severe cognitive impairments were relatively rare.
Intellectual disabilities, characterized by a Full Scale IQ score below 70, were only observed
in 9 % of the patients (3.9 times the proportion expected from the theoretical 1Q distribution -
2.3 %-). Mild deficits, characterized by a Full Scale I1Q score between 70 and 85, were found
in 20 % of the patients (1.5 times the proportion expected from the theoretical IQ distribution
-13.6 %-). Still, more than half of the patients displayed detectable signs of cerebellar ataxia
(ICARS > 7; 51 %). More than a third had difficulties performing fine distal motor tasks
(PegBoard < Mean - 2*SD of the norm; 36 %).

This general pattern of favorable outcomes was accompanied by a substantial level of inter-
individual variability. Several factors accounted for this observation including age at surgery
(see supplementary table S2 for statistical details). When surgery was performed before 7 years
of age, all markers of functional recovery were significantly deteriorated (figure 1). As shown
by post-hoc analyses, the performance average of the young age group was systematically
degraded with respect to the performance of the middle and old age groups (all ps < .045).
These latter two groups were not different from each other (all ps > .450). Overall, young
patients experienced a lower quality of life (hrQoL; F31)= 4.50, p = .019) and a degraded
ability to carry out common daily activities (PS; Fp,31)= 3.68, p = .037). Also, these patients

exhibited stronger ataxic symptoms (ICARS; Fp31)= 4.62, p = .018), a greater inability to
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perform fine manual movements (PegBoard; Fi231)= 3.34, p = .048) and a lower intelligence
quotient (FSIQ; Fp31y=4.39, p = .021). The effect of age was statistically independent of the
influence of the other factors included in the model (interactions, all ps > .130).

Beyond age at surgery, lesion of the deep cerebellar nuclei was also an important negative,
independent (no interactions; all ps > .240) predictor of functional recovery (figure 2). When
these nuclei were injured, patients' ability to perform regular daily activities was lessened (PS;
Fai.31)=5.60, p =.024), ataxic symptoms were stronger (ICARS; F131)=7.97, p =.008), manual
dexterity was degraded (PegBoard; F 3= 16.00, p = .0004) and intelligence quotient was
diminished (FSIQ; F131)= 16.66, p =.0003). Differences observed for the quality of life scale
failed to reach statistical significance (hrQoL; F 3= 1.46, p =.236).

Finally, a significant, independent (no interactions; all ps >.130) negative influence of post-
operative radiotherapy was observed for fine motor abilities (PegBoard; F(131)=4.84, p =.035)
and quality of life (hrQOL; F(131)= 4.34, p = .0.45). Negative trends were also identified for
cognitive outcomes (FSIQ), ataxic symptoms (ICARS) and regular daily activities (PS) (figure
3). However, none reached statistical significance (all Fs(131) < 2.43, ps > .130).

Tumor volume and the time elapsed from surgery to assessment had no statistically

detectable impact on the measured variables (all Fs(i,31) < 3.61, ps >.065).

5) DISCUSSION

To sum up, the main aim of the present study was to clarify the debated issue whether young
age at surgery is, in itself, an independent predictive factor of poor functional recovery in
survivors of posterior fossa tumors. Our results provide a positive answer to this question.
Indeed, we observe that patients operated before 7 years of age show degraded outcomes with

respect to patients operated after this age. This negative influence is observed across all the
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dependent measures considered in this study: daily functioning (hrQoL, PS); motor functioning
(ICARS, PegBoard); and cognitive functioning (FSIQ).

Two complementary lines of evidence may account for the identified relationship between
early cerebellar lesions and impaired recovery: (i) the cerebellum plays a central role in motor
and cognitive learning (Ito, 2006; Koziol ef al., 2014; Sokolov et al., 2017); (ii) during early
childhood, sensitive periods cascade to lay the foundations for future acquisitions (Anderson
et al.,2011). Within this framework, it may be speculated that early lesions of the cerebellum,
a structure seen as a "broad learning machine" (Ito, 2006), damage the development of cardinal
functional skills (motor and cognitive) upon which later acquisitions are built.

Although the extent to which this negative impact of early cerebellar lesions can be reversed
needs now to be established, our results clearly plead for the implementation of heavy
rehabilitation programs in children operated before 7 years of age. Evidence exist that these
programs are efficient at remediating existing deficits and preventing gradual deterioration
(Castellino et al., 2014; Olson and Sands, 2016). With regard to this latter point, it is worth
noting that we found no sign of functional worsening over time. A similar observation was
reported in previous studies (Copeland et al., 1999; Konczak et al., 2005; von Hoff ez al., 2008).
Others, however, have described a progressive worsening (Hoppe-Hirsch et al., 1990; Dennis
et al., 1996; Aarsen et al., 2006, Conklin et al., 2008). We cannot rule out the possibility that
our follow up-duration (5 years on average) was too short to allow for such a gradual
deterioration to reach a detectable threshold. Alternatively, it is also possible that our study
was not sensitive enough for identifying longitudinal changes, due to the high inter-subject
variability inherent to cross-sectional designs.

Another interesting finding of the present study concerns the potential impact of tumor
volume on functional recovery. The existing literature provides conflicting observations on this

issue. Some studies have reported a significant relation (Catsman-Berrevoets et al., 1999; Law

120



et al., 2012) while others, like the present one, found no association (Steinlin et al., 2003;
Konczak et al., 2005; Kuper et al., 2013). It is tempting to speculate that this divergence reflects
the failure of positive studies to control for the anatomical status of the deep cerebellar nuclei.
Indeed, the risk for these nuclei to be damaged increases with tumor volume. Ours and previous
studies that have taken this factor into account found no effect of tumor volume on recovery
(Konczak et al., 2005; Kuper et al., 2013). This finding is not unexpected in light of ablation
experiments showing, in monkeys, that large lesions involving different lobes of the cerebellar
cortex produces very mild, often undetectable, deficits as long as the deep nuclei are spared
(Dow and Moruzzi, 1958). From a surgical point of view, this observation supports aggressive
gross-total resections as long as the cerebellar nuclei can be preserved. When this is not the
case, the possibility of near total resections protecting these nuclei should be considered (ex:
medulloblastomas (Thompson et al., 2016)). When complete resections are advised (ex:
ependymomas (Guyotat et al., 2009)), a special emphasis should be put on post-surgical
rehabilitation procedures.

Our results also confirm the well-established impact of post-surgical radiotherapy on
functional recovery (see introduction). However, this effect was only significant for fine motor
abilities (PegBoard) and the self-perceived well-being of the patients (hrQol). Only a trend was
found for ICARS, FSIQ and PS. Radiotherapy protocols might explain these results. Indeed,
past studies involving standard craniospinal irradiation have almost unanimously reported long
term intellectual deficits after radiotherapy (Packer et al., 1989; Hoppe-Hirsch et al., 1990;
Palmer et al., 2003). However, more recent researches have described more favorable outcomes
in the context of less aggressive protocols involving lower dose radiations (e.g., 25 Gy rather
than 36 Gy) (Grill et al., 1999; Moxon-Emre et al., 2014), hyperfractionated radiations (Gupta

et al., 2012; Kennedy et al., 2014) or radiations circumscribed to the posterior fossa (Fouladi
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et al., 2005; von Hoff et al., 2008). In our cohort, 88 % of the 25 patients exposed to
radiotherapy were submitted to these less aggressive protocols.

In summary, our results support the conclusion that cerebellar lesion have more negative
impact on long-term functional recovery when inflicted at a young age. This finding pleads for
the implementation of prompt and intense rehabilitation interventions in children with posterior
fossa tumors, operated before 7 years of age. Further studies are now required to confirm this
observation and extend it to more hemispheric lesions. Indeed, all our patients had tumors
centered on the midline (vermal) region, either purely or with some degree of hemispheric
extension. This bias reflects the over-representation of midline tumors in young children
(Poretti et al., 2012; Koob and Girard, 2014) and, in this sense, ensues directly from the goal
of this study. Whether our findings can be generalized to other subpopulation of patients with

more lateral lesion needs to be investigated.
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Figure 1. Effect of age at surgery on the different dependent outcome measures (one per

column). Vertical lines display the standard errors of the means. Y: young age group; M: middle

age group; O: old age group. hrQoL: Health-related Quality of Life; PS: Performance Status;

ICARS: International Cooperative Ataxia Rating Scale; Pegboard Purdue Test: PegBoard;

FSIQ: Full Scale Intelligence Quotient. For each panel, the symbol * before the vertical labels

indicate that the effect of age is statistically significant; letters on the bars identify significant

(different letters) or non-significant (same letters) post-hoc difference between means.
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Figure 2. Effect of anatomical damages to the deep cerebellar nuclei on the different dependent
outcome measures (one per column). Vertical lines display the standard errors of the means.
Lesioned: nuclei lesioned; Intact: nuclei intact. hrQoL: Health-related Quality of Life; PS:
Performance Status; ICARS: International Cooperative Ataxia Rating Scale; Pegboard Purdue
Test: PegBoard; FSIQ: Full Scale Intelligence Quotient. For each panel, the symbol * before
the vertical labels indicate that the effect of lesioning the deep cerebellar nuclei is statistically

significant.
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Figure 3. Effect of post-operative radiotherapy on the different dependent outcome measures
(one per column). Vertical lines display the standard errors of the means. Radio: radiotherapy;
NoRadio: no radiotherapy. hrQoL: Health-related Quality of Life; PS: Performance Status;
ICARS: International Cooperative Ataxia Rating Scale; Pegboard Purdue Test: PegBoard;
FSIQ: Full Scale Intelligence Quotient. For each panel, the symbol * before the vertical labels

indicate that the effect of post-operative radiotherapy is statistically significant.
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7) SUPPLEMENTAL INFORMATION

a)

Parameters Measures Age-group differences
Sex number (%) Maracuillo multiple proportion
Male 21 (47 %) test

Female 24 (53 %) non-significant (all p > .05)

Age at surgery (years)

number (%) / mean/

Young (£ 7) range

Middle (> 7 & < 13) 15(33%)/4.6/0.9-6.9 ANOVA

Old (> 13) 1533 %)/10.0/7.3 - significant (F42 =32.4;p <
12.5 .00001)

15(33%)/20.9/13.5 -

39.8

Follow-up mean (SD) / median ANOVA

Delay from surgery to assessment 5.0(2.9)/4.2 non-significant (F42) = 1.25; p >

(years) .25)

(pilocytic astrocytoma,
hemangioblastoma, ganglioglioma)

Radiotherapy number (%) Maracuillo multiple proportion

Yes 25 (56 %) test

No 20 (44 %) non-significant (all p > .05)

Tumor type number (%)

Malignant 25 (56 %) . . .

Maracuillo multiple proportion

(medulloblastoma, ependymoma) test

Benign 20 (44 %)

non-significant (all p > .05)

Tumor volume and location
Volume (mm?)

Location
Vermis
Vermis extending to the hemisphere

mean (SD) / median
42 (31)/ 36

number (%)
11 (24 %)
34 (76 %)

ANOVA
non-significant (F42) = 0.88; p >
42)

Maracuillo multiple proportion
test”
non-significant (all p > .05)

Deep Nuclei
Preserved

Lesioned

number (%)
24 (53 %)
21 (47 %)

Maracuillo multiple proportion
test
non-significant
(all p>.05)

* A MANOVA was also performed on the MNI coordinates (X, y, z) of the center of gravity of

the lesions. Results failed to reveal any difference between age-groups (Fe,80) = 1.57, p =.17)

Table S1. Characteristics of the patients (N = 45) and statistical differences between the three

age group for these characteristics (last column).
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hrQoL PS ICARS PegBoard FSIQ
ANOVA Fo31)=4.50 | Fo3=3.68 | Fean=4.62 | Fean=3.34 | Feay=4.39
p=.019 p=.037 p=.018 p=.048 p=.021
Age at young vs =.008 =.026 =.006 =.022 =.010
surgery ost-hoc middle P ) 4 ) 4 ) P ) P )
= young vs old p=.026 p=.043 p=.022 p=.019 p=.023
middle vs old p=.533 p=.747 p =.498 p=.862 p=.671
Nuclei
pr(:lsfef\l/e ANOVA F(1’31): 1.46 F(1’31)= 5.60 F(1,31)= 7.97 F(1,31)= 16.00 F(1,31)= 16.66
d p=.236 p=.024 p=.008 p=.0004 p=.0003
Radiati
O | anova Faa=4.34 | Foap=131 | Fa3=243 | Fas=4.84 | F;3)=0.02
therapy p=.045 p=.261 p=.130 p=.035 p=.894
Lesion ANOVA F(1,31): 2.99 F(1,31): 0.46 F(1,31): 0.01 F(1,31): 0.58 F(1,31): 3.61
volume p=.094 p=.502 p=.935 p=.451 p=.067
Delay to Faan=0.41 | Fuan=041 | Fus=039 | Fasn=0.01 | Fuasn=1.60
assessme | ANOVA a3n=0. a3n=0. a3n=0. a3n=0. asn=1.
at p=.526 p=.525 p=.535 p=.932 p=.216
Interacti | ANOVA all ps >
ons 335 all ps >.240 all ps > .245 all ps > .355 all ps >.130

Table S2. Summary of statistical results. Significant differences are highlighted in bold (p <.05).
Duncan significant difference test was used for post-hoc comparisons {Winer, 1971 #1846}.
Interactions between factors were not detailed but summarized within a single line (interactions)
considering that no interaction reached significance level. hrQoL: Health-related Quality of Life;
PS: Performance Status; ICARS: International Cooperative Ataxia Rating Scale; Pegboard Purdue

Test: PegBoard; FSIQ: Full Scale Intelligence Quotient.
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middle

Figure S1. Regional distribution of lesions for each age-group of the patient sample. Lesions
have been mapped on cerebellar horizontal sections using the SUIT Atlas (level of sections is
shown by the blue line on the right sagittal view). For the sake of legibility, all left-sided lesions
have been flipped to the right. The regional frequency of brain lesions in each cerebellar area

is expressed by the color scale.
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1) ABSTRACT

The cerebellum is a major sensorimotor structure. However, in humans, its
somatosensory topographical organization remains controversial and indirectly inferred from
neuroimaging and animal studies. To date, no map of cerebellar somatosensory inputs has been
reported using direct recording of somatosensory evoked potentials (SEP). To address this
lacunae, we recorded cerebellar SEP with cortical strip electrodes, in 10 patients undergoing
surgery because of focal tumors located outside the cerebellum (e.g. pineal gland,
quadrigeminal plate). Electrical stimulation was used to provoke active contractions in 9
muscles of the face (orbicularis oris), upper limb (biceps, triceps, extensor digitorum
communis, flexor carpi radialis, thenar eminence, hypothenar eminence) and lower-limb
(tibialis anterior, gastrocnemius). Results confirm that SEP reach the cerebellar cortex, but not
homogeneously. The quasi-totality of body inputs were located (i) in the anterior / superior-
posterior cerebellar region (lobules HV-HVI); and (ii) in the inferior posterior cerebellar region
(lobules HVIIb-HVIII). Although most SEP were ipsilateral, a substantial fraction of
contralateral afferences was found (around 30 %). No somatotopic arrangement was identified.
Mouth and upper-limb signals, in particular, overlapped greatly in the anterior / superior-
posterior cerebellar region. The potential role of this somatosensory afferent signals for fine

motor control is discussed.

Keywords: Cerebellum; Sensory; Somatosensory evoked potentials; Per-operative mapping,

Human.
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2) INTRODUCTION

The cerebellum is a major structure of our nervous system. While accounting for
only 10 % of the total brain mass, it houses more than 80 % of all neurons (Azevedo et al.,
2009). During the last century, numerous anatomical and functional studies have linked
cerebellar integrity to sensorimotor performance (Holmes, 1939; Thach ef al., 1992; Horne
and Butler, 1995; Wolpert et al., 1998; Strick et al., 2009). However, there is still no
consensus on what the cerebellum exactly does (Manto et al., 2012; Koziol et al., 2014;
Baumann et al., 2015). Even basic questions related to the anatomic organization of this
fundamental organ remain unanswered, in humans. For example, despites decades of
intense research, a map of cerebellar somatosensory inputs is still lacking. In other words,
in humans, we still do not know where afferent body signals reach the cerebellar cortex.

In animals, anatomical studies have demonstrated that the cerebellar cortex receives
somatosensory inputs directly from muscles sensors (through spinocerebellar pathways)
and indirectly from the main cortical sensorimotor regions (through cortico-cerebellar
projections) (Ghez and Thach, 2000; Apps and Watson, 2013). These inputs have been
reported to reach the anterior lobe and paramedian lobule in a somatotopically organized
manner (Dow and Moruzzi, 1958; Manni and Petrosini, 2004). Strikingly, however, this
somatotopic arrangement is only apparent in animals deeply anesthetized with sodium
pentobarbital (Dow and Moruzzi, 1958; Manni and Petrosini, 2004). To account for this
observation, it has been suggested that this anesthetic (widely used in past studies) affects
either the diffusion of the sensory inputs over the cerebellar cortex or the conductivity of
some specific components of the spinocerebellar pathways. According to this latter view,
upcoming somatosensory signals would convey a dual body representation: one "local" with
strong somatotopic attributes, insensitive to sodium pentobarbital; one "diffuse" with

overlapping properties, inhibited by sodium pentobarbital (Bloedel, 1973).
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The issue whether the observations above can be generalized to humans was only
addressed recently, thanks to the development of neuroimaging techniques. Overall,
evidence is mixed and controversial, despite the use of rather basic and comparable
protocols relying on the investigation of externally-driven body movements (triggered
either mechanically or through electrical muscle stimulation). Many studies failed to
identify evoked responses in the cerebellar cortex (Seitz and Roland, 1992; Tempel and
Perlmutter, 1992; Burton et al., 1993; Mima et al., 1999; Weeks et al., 1999) and it was
argued that this structure should no longer be considered a "sensory organ" (Weeks et al.,
1999). In opposition to this bold conclusion, other investigations, generally more recent,
reported positive activations (Gao et al., 1996; Jueptner et al., 1997; Liu et al., 2000;
Bushara et al., 2001; Takanashi et al., 2003; Thickbroom et al., 2003; Habas et al., 2004;
Ciccarelli et al., 2005; Guzzetta et al., 2007; Macaluso et al., 2007; Kavounoudias et al.,
2008; Francis et al., 2009; Gentile et al., 2011; Wiestler ef al., 2011; Van de Winckel et al.,
2013; van der Zwaag et al., 2013; Boscolo Galazzo et al., 2014). However, as shown in
figure 1 for hand/finger inputs, an astonishing level of variability was found regarding the
location and laterality of somatosensory inputs. Based on these data, no clear conclusion
could be reached regarding the somatosensory organization of the cerebellum and the
existence of a somatotopic arrangement within this organization.

Here, we aim to address the uncertainties above. To this end, we recorded
somatosensory evoked-potential per-operatively, in ten patients undergoing brain surgery
for tumor removal. To minimize the possible impact of anatomo-functional adaptations
induced by the tumoral invasion (Desmurget et al., 2007; Mottolese et al., 2013), we
selected patients with focal extra-cerebellar tumors (e.g. pineal gland, quadrigeminal plate),
i.e. patients for whom the cerebellar cortex and deep cerebellar nuclei are not injured. Four

specific questions were addressed: (1) where are the somatosensory inputs from the upper-
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limb (arm, hand), lower-limb (foot) and face processed in the cerebellum? (2) Are these
inputs somatotopically organized within different cerebellar lobes or lobules? (3) How are
they lateralized? (4) How fast do they reach the cerebellar cortex (and are those latencies
similar across different lobules)? This latter question is important for determining whether
somatosensory evoked-potentials (SEP) are routed through ascending spinocerebellar
pathways or remote cortical sensorimotor regions areas, such as the primary sensorimotor

cortex.

3) MATERIAL AND METHODS
a) Subjects

Ten patients were recruited from the neurosurgical department of the neurological
hospital in Lyon. All patients were operated under general anesthesia. Their lesions (mainly
malformations and tumoral invasions) were located outside the cerebellum, in the posterior
fossa. The mean age was 20 years (range 10 - 58). Before surgery all patients were informed
about the surgical procedure by the senior surgeon (CM) and gave a formal consent (for
minors, consent was obtained from the parents). The protocol was approved by the local
ethics committee (CPP, Lyon Sud-Est IV, Centre Léon Berard, Lyon) and sponsored by

CNRS.

b) Peri-operative mapping
During the pre-operative phase of the surgery, disposable surface Ag/AgCl
electrodes (Viasys) were placed unilaterally over the face (orbicularis oris), upper limb
(biceps, triceps, extensor digitorum communis, flexor carpi radialis, thenar eminence,

hypothenar eminence) and lower-limb (tibialis anterior, gastrocnemius). These electrodes
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were then electrically simulated to provoke muscle contractions. In this protocol, commonly
employed in rehabilitation and research settings to mimic voluntary movements (Bickel et
al., 2011), the afferent signals collected in the sensorimotor regions reflect the recruitment
of cutaneous and proprioceptive afferent fibers (group I and II) (Niddam et al., 2002;
Niddam et al., 2005). Stimulations consisted in standard electrical trains (9 pulses, 500 us
wide, 10 ms interpulse interval) delivered at a 2.7 Hz frequency. Intensity varied from 5 to
20 mA, depending on patients, target muscle and measured impedances. SEP were recorded
on the cerebellar cortex in a bipolar way using cortex strip electrodes (1 to 4 grids of 4 to 6
contacts; figure 2). During surgery SEP were collected at a 10 kHz sampling rate and filtered
within a 0.5 to 300 Hz frequency band. A period of 120 ms was considered after each
stimulus onset. For each cortical site and peripheral muscle, mean curves were obtained in
real time by averaging 200 individual trials. The resulting curves were displayed on a
computer screen, and visually assessed. Then, they were saved for off-line processing.

Significance of stored SEP signals was determined, for each subject, using a standard
procedure (Blair and Karniski, 1993; Carota et al., 2010; Desmurget et al., 2014). A baseline
curve was first defined by averaging all individual signals. For each time sample, a t-test
was then computed between the SEP and the baseline curves, using a 95% significance
level. Periods showing more than 100 consecutive significant t-tests (corresponding to a 10
ms period) were considered significant. Latencies were computed from significant curves
as the onset of the first 10 ms period above or below 3 standard deviations of the mean
signal averaged from all non-significant curves. In a last step, SEP activities were filtered
with a 100 Hz low-pass filter for display purpose.

All surgeries were performed in a seated position, using an infratentorial
supracerebellar approach. This approach grants a bilateral access to the posterior (lobule VI

to IX) and some part of the anterior (lobule V) lobes of the cerebellum (figure 2). During
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surgery, anaesthesia was typically maintained with 1.5-2.5 vol% (minimum alveolar
concentration -MAC-) sevoflurane without nitrous oxide and remifentanil at 0.25
microgram per kilogram per minute. This protocol has been shown not to affect
intraoperative recording of motor evoked potentials (Reinacher ef al., 2006). Completion of

the stimulation protocol required around 15 minutes.

¢) Localizing stimulation sites
The procedure for localizing stimulation sites has been described in a previous publication
(Mottolese et al., 2013; Desmurget et al., 2018). In brief, stimulation site localization was
performed a posteriori using a home-build 3D interactive visualization tool. For each
patient, a high resolution MR image was obtained before the surgery. From this image, we
reconstructed a 3D view of the patient brain including meshes of the patient head, tumors
and cerebellar lobules. Lesion areas were manually drawn from preoperative MR images to
generate tumor meshes which were excluded from the normalization transformation (Brett
et al., 2001). Normalization of the Cerebellar areas was performed using the SUIT toolbox
(Diedrichsen, 2006) of the SPM12 software. This toolbox provides a high-resolution atlas
template of the human cerebellum and brainstem that preserves the anatomical detail of
cerebellar structures, as well as dedicated procedures to automatically isolate patient
cerebellar structures from the cerebral cortex and to normalize accurately patient cerebellar
structures to this template. Using the inverse of the resulting normalization transform, a
parcellation of patient cerebellum was obtained based on the probabilistic MR atlas of the
human cerebellum (Diedrichsen ef al., 2009) provided within the SUIT toolbox. Meshes of
patient anatomical structures included in the 3D view were computed using the Brainvisa
software from previously computed masks for the tumors and the cerebellar lobules and

from the MR image of the patient head using an automatic procedure. Masks were
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controlled visually before meshing. The home-build visualization software for interactive
localization of sites was developed using the ITK (http://www.itk.org/), VTK
(http://www.vtk.org/) and FLTK (http://www.fltk.org/) C/C++ toolkits. It allows displaying
the 3D brain view, to interactively cut the head mesh to recreate the bone flap opened during
the surgery and to manually position stimulation sites displayed as small spheres on the
cortical surface. Before surgery, the exact location of the four corners of the bone flap was
determined using relative distances from the anatomical markers of the skull (anion, nasion,
auriculars, CZ point), as is standardly done in electroencephalographic studies for electrode
placement (Jurcak et al., 2007). These locations were then used to place the surgical bone
flap on the MRI-based 3D skull of the individual subject. DES locations were then
reconstructed with respect to the edges of the bone flap using peri-operative images of the
tags positioned on each stimulation sites during the mapping procedure and distance
measures performed during the surgery from two small flexible rulers positioned at the

edges of the bone flap, one vertically, one horizontally.

4) RESULTS

A total of 92 sites were studied in 10 patients. Among these sites, 16 (17 %) were
found to receive somatosensory inputs from body muscles. Most of these inputs concerned
the upper-limb (n = 10), with a larger representation, in this case, of the distal segments
(wrist/hand, n = 7), than the proximal ones (arm, n = 3) (figure 3). Second to the upper-limb
was the mouth with five positive identifications. The foot was the least represented segment,
with only one significant response.

Anatomically, responsive sites were not homogeneously distributed across the

cerebellar surface. As shown in figure 3, SEP reached the cerebellum in two main regions;
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(1) the anterior / superior-posterior cerebellar region (lobules HV-HVI); (ii) in the inferior
posterior cerebellar region (lobules HVIIb-HVIII). Only one isolated response was found
in the median posterior cerebellum. No somatotopy emerged from these data, even as a
trend. In particular, upper-limb and mouth inputs could not be anatomically segregated.
They closely overlapped within the hemispheric lobules V and VI (figure 3B). Whether a
somatotopic map exist in the inferior posterior region cannot be determined from the present
data, due to the small number of responses recorded in this region.

For the upper and lower limb, most inputs were ispsilateral (figure 3B). However, 2
contralateral responses were recorded for the hand, which represents almost 30 % of the
SEP recorded for this segment (figure 3C). In one single subject, we found one site with
convergent inputs from the mouth and the ipsilateral hand.

On average, sensory inputs from the mouth reached the cerebellar cortex slightly
faster than sensory inputs from the upper-limb (54 ms versus 61 ms). However, this
difference did not reach statistical significance (t test, p>.10). With respect to this point it
may be worth noting that data are not compared within but between subjects. A substantial
level of inter-individual variability (i.e. of statistical noise), together with a limited number
of observations, may thus explain the non-significant nature of the observed differences in

SEP latencies.

5) DISCUSSION

To summarize, we used a peri-operative mapping procedure to study the
somatosensory afferent organization of the cerebellum. Our results confirm that SEP reach
the cerebellar cortex, but not homogeneously. The quasi-totality of body inputs were located

(1) in the anterior / superior-posterior cerebellar region (lobules HV-HVI); and (ii) in the
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inferior posterior cerebellar region (lobules HVIIb-HVIII). For the most part, the recorded
signals were ipsilateral, although a substantial fraction (around 30 %) of contralateral inputs
were observed for the hand. No somatotopic arrangement was identified, at least within the
anterior / superior-posterior region where mouth and upper-limb representations overlapped
without spatial segregation (or even a trend indicating that such a segregation may exist).

Functionally, these data support the contribution of the cerebellum to somatosensory
processing. This conclusion seems to contradict clinical observations that did not find gross
sensory deficits after cerebellar damage (Holmes, 1939). With respect to this point, it is
now widely acknowledged that the ability to estimate either the location of the hand or the
posture of the arm is not impaired in cerebellar patients, after externally-driven movements
(Holmes, 1917; Maschke et al., 2003; Bhanpuri et al., 2012, 2013). However, these data
should not be considered a proof that the cerebellum does not process somatosensory signals
in the context of more complex sensorimotor tasks. In particular, while passive
proprioception is not altered following anatomical damages to the cerebellum, the ability to
determine the location of the hand after active movements is deteriorated in cerebellar
patients (Bhanpuri et al., 2012, 2013). This result fits well with the conclusion that the
cerebellum is involved in dynamic state estimation and predictive sensorimotor control
(Wolpert et al., 1998; Therrien and Bastian, 2015; Sokolov et al., 2017)

Of course, some limitations must be acknowledged with respect to the present study.
The main one concerns the limited number of available observations. Patients with focal
extra-cerebellar tumors are not common which explains the relative smallness of our
sample. In the future, we expect to increase the present cohort to confirm and generalize
our observations. This being said, it is unlikely that (i) the lack of somatosensory responses
in the intermediate regions of the cerebellum, and (ii) the concentration of SEP in anterior

/ superior-posterior region and (to a lesser extent) in the inferior posterior, are meaningless
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and observed by chance. Indeed, beyond the existence of conflicting conclusions (see
introduction), several neuroimaging studies have related the two cerebellar regions here
identified on the bases of SEP to somatosensory processing (Bushara et al., 2001; Takanashi
et al., 2003; Thickbroom et al., 2003; Guzzetta et al., 2007; Kavounoudias et al., 2008;
Wiestler et al.,, 2011; Van de Winckel et al., 2013; van der Zwaag et al., 2013). To
substantiate this claim, we used permutation tests (1,000,000 permutations) (Good, 2000),
with the aim of determining the probability that 12 responses or more (over 16) could be
identified, by chance, in the anterior / superior posterior cerebellum. Two analyses were
conducted for which the cerebellum was divided in two (anterior / superior-posterior;
intermediate and inferior posterior together) or three (anterior / superior-posterior;
intermediate; inferior posterior) distinct areas. Both hypotheses allowed to reject the null
hypothesis at a 5% threshold (p values < .04 and .0001 respectively).

Another limitation of the present data concerns the identification of SEP pathways.
Indeed, based on the present data it is not possible to determine whether cerebellar SEP
were conveyed directly through the spinocerebellar tracts or indirectly through the main
cortical sensorimotor areas (especially S1). To address this issue, SEP latencies observed
in the present study will have to be compared with SEP latencies recorded in S1, under
similar surgical conditions.

To summarize, the debate over cerebellar somatosensory organization has been
going on for more than a century. Up to now most of the available knowledge has been
associated with anatomo-physiological studies in various animal species and fMRI
experiments in humans. Using peri-operative mapping in the posterior cerebellar cortex of
human subjects, we were able to expand this existing literature by identifying the first
"direct" map of cerebellar afferent projections. All our subjects had focal tumors outside

the cerebellum. We found that SEP reached mainly the anterior / superior-posterior (lobules
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HV-HVI) and (to a lesser extent) the inferior posterior (lobules HVIIb-HVIII) regions of
the cerebellar cortex. Within these regions, no clear somatotopy was identified. The exact

route from muscle sensors to the cerebellar cortex could not be determined from this study.
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6) CAPTIONS:

Anatomy

B enterior cerebellum centra

Hand/fingers somatotopy Hand/fingers somatotopy Hand/fingers somatotopy
~ Boscolo Galazzo et al. 2014 van der Waag et al. 2013 Macaluso et al. 2007

supenor postenior lobe

inferior posterior
W

hemhphere

Figure 1. (A) Unfolded view of the cerebellar cortex showing the main lobes, lobules and
fissures. (B-D) Illustration of the variability of hand/finger somatosensory organization, for
three representative neuroimaging studies (Macaluso et al., 2007; van der Zwaag et al.,
2013; Boscolo Galazzo et al.,, 2014). Single signs (one hand) illustrate ipsilateral
activations. Double signs (two hands) illustrate bilateral activations. PCF: preculminate
fissure. PF: Primary fissure. PSF: Posterior superior fissure. HF: Horizontal fissure AF:

Ansoparamedian fissure. PPF: Prepyramidal fissure. SF: Secondary fissure.
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Figure 2. Subdural grids used for SEP recording.
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Cerebellar
Anatomy

HVIID pvma

Figure 3. (A) Cerebellar anatomy. (B-C) Location and origin of the somatosensory inputs

recorded in response to electrical stimulations of the body muscles.
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GENERAL DISCUSSION
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The aim of the thesis was to investigate the mapping of the anatomofunctional organization
of the human sensorimotor system and how volitional movements are produced and
controlled in humans. Neuroimaging and especially DTI, fine anatomo-functional
observations in patients and DES were considered. This multi-modal approach permitted us
to improve our understanding of sensorimotor organization in humans. Indeed, our results
show that: DES is a useful tool and has potential benefit for tumor resections and
preservation of functions in a children; the posterior parietal cortex is involved in the control
(and inhibition) of hand movements and has a close anatomo-functional connection with
the primary motor and sensory cortex; sensory functions are somatotopically organized in
the cerebellum and finally, cerebellar lesions at a young age predict poorer long-term
recovery.

In the first study, we showed the use of DES during awake brain surgery is a safe
and efficient procedure to decrease post-operative neurological deficits in children. DES
improves accuracy in detecting eloquent areas in children, as previously shown in the adult
population, with a relatively good tolerance from a neuropsychological and psychological
perspective. Specific factors and age-related adaptions need to be considered such as an
extensive pre-operative work-up of each individual patient, including psychological and
neuropsychological assessment, essential for the success of the procedure. Age-adapted
intensive preparation may enable offering ABS even to younger children on an individual
basis. Subcortical stimulation ameliorates in our opinion the accuracy and extent of
functional discrimination with respect to depth and vascular supply.

In a second series of two studies, we showed that the dorso-posterior part of the
parietal cortex is a key structure in the complex organization of movements in human, with

a S1-DPPr-M1 loop.
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In the first study, DES over focal cortical sites in the dorso-posterior part of the
parietal cortex triggered inhibition of movement production and blocked ongoing
movement without producing muscle contraction or conscious movement sensations.
Several hypotheses about the underlying mechanisms are discussed. However, only two
hypotheses, in our view, deserve attention. The first one derives from recent data in
monkeys, in which long cortical connections between different functional areas in PPC
where shown to activate inhibitory neurons to block competing movements (Kaas and
Stepniewska 2016). In effect, considering that our parietal inhibition sites receive short-
latency sensory inputs, we can speculate that this inhibition is driven by an internal sensory-
to-motor feedback-loop. The entry of the loop would be a sensory signal that generates an
inhibitory signal to M1 from DPPr when an unwanted muscle response is detected. The
second hypothesis would be that DES prevents the transmission of the real-time error-signal
that drives motor activity in primary motor regions (or would cause these regions to
interpret the disorganized upcoming signal as a null-error signal). As a consequence, the
ongoing movement would promptly stop. Unfortunately, based on our clinical data, we
cannot determine the respective validity of this hypothesis and the previously evoked
possibility that movement inhibition relies on a dedicated circuit. Further investigation is
needed to address this issue.

In the second study, we aimed to find a direct projection from the PRR, defined in
the first study (Desmurget et al. 2018a), to the M1 and S1. Thanks to the DTI state-of-the-
art tractography, we succeeded in finding such major ipsilateral streamlines projecting in
the well-known hand knob region giving new insights of the white matter structures
involved in the inhibition of volitional hand movements. These observations confirm
clinical per-operative data showing that stimulating the counterpart of PRR in humans can

disrupt hand movements ipsilaterally, irrespective of the hemisphere. Moreover, our results
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shed light on the implication of the PRR for the volitional hand sensorimotor operating
behavior.

In the last part of the thesis, we studied one of the major structures of our central
nervous system yet far less known than the cerebrum: the cerebellum.

In the first one, we investigated the impact of early cerebellar damage on long-term
functional recovery in 3 groups of fifteen posterior fossa survivors, comparable with respect
to their tumoural characteristics (nature size and location), but operated at different ages:
young (< 7 years), middle (> 7 years and < 13 years) and old (> 13 years). Daily (Health-
related Quality of Life -hrQol-, Performance Status -PS-), motor (International Cooperative
Ataxia Rating Scale -ICARS-, Pegboard Purdue Test -PegBoard-) and cognitive (Full Scale
Intelligence Quotient -FSIQ-) functioning were measured. A General Linear Model
controlling for age at surgery, radiotherapy, preservation of deep-cerebellar nuclei, tumor
volume and delay between surgery and assessment, was used to investigate significant
variations in outcome measures. Early age at surgery, lesion of deep cerebellar nuclei and
post-operative radiotherapy had a significant, independent negative influence on long-term
recovery. Tumor volume and delay between surgery and assessment had no statistically
detectable impact. The negative influence of early age at surgery was significant in all
domains: daily functioning (hrQoL; PS), motor functioning (ICARS; Pegboard) and
cognitive functioning (FSIQ). These results support the existence of an early critical period
of development during which the cerebellar "learning machine" is of critical importance.
Although the extent to which the early deficits here observed can be reversed needs now to
be established, our data plead for the implementation of prompt and intense rehabilitation
interventions in children operated before 7 years of age.

In the second study, we aimed to address the controversies regarding the

somatosensory organization of the cerebellum and the existence of a somatotopic
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arrangement within this organization. In that purpose, we recorded cerebellar SEP with
cortical strip electrodes in 10 patients undergoing surgery because of focal tumors located
outside the cerebellum (e.g. pineal gland, quadrigeminal plate). Peripheral electrical
stimulation was used to induce contractions in 9 muscles of the face (orbicularis oris),
upper limb (biceps, triceps, extensor digitorum communis, flexor carpi radialis, thenar
eminence, hypothenar eminence) and lower-limb (tibialis anterior, gastrocnemius). We
showed that electrical stimulation of peripheral muscles was able to trigger SEP on the
cerebellar cortex, but not homogeneously. The quasi-totality of body inputs were located
(1) in the anterior/superior-posterior cerebellar region (lobules HV-HVI); and (ii) in the
inferior posterior cerebellar region (lobules HVIIb-HVIII). For the most part, the recorded
signals were ipsilateral, although a substantial fraction (around 30%) of contralateral inputs
were observed for the hand. No somatotopic arrangement was identified, at least within the
anterior/superior-posterior region where mouth and upper-limb representations overlapped
without spatial segregation (or even a trend indicating that such a segregation may exist).
From a functional point of view, the present study does not allow us to determine the
anatomical routes that convey the cerebellar SEP which could be the spinocerebellar tracts
or indirectly through the main cortical sensorimotor areas (especially S1).

To summarize, in this thesis I used a multi-modal approach to investigate the human
sensorimotor system. Significant advances were achieved at both the clinical
(generalization of awake surgeries in children) and fundamental (better understanding of
the anatomo-functional organization of the parietal and cerebellar cortex; identification of
a critical period for post-lesional recovery in posterior fossa patients) levels. Of course,
these results have now to be extended and generalized. Also, many issues remain to be

studied. This sets exciting challenges and tracks to explore for the years to come.
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