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A neural network for tics: insights from
causal brain lesions and deep brain
stimulation
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Brain lesions are a rare cause of tic disorders. However, they can provide uniquely causal insights into tic pathophysi-
ology and can also inform on possible neuromodulatory therapeutic targets. Based on a systematic literature review,
we identified 22 cases of tics causally attributed to brain lesions and employed ‘lesion network mapping’ to interro-
gate whether tic-inducing lesions would be associated with a common network in the average human brain. We
probed this using a normative functional connectome acquired in 1000 healthy participants. We then examined
the specificity of the identified network by contrasting tic-lesion connectivity maps to those seeding from 717 lesions
associated with a wide array of neurological and/or psychiatric symptoms within the Harvard Lesion Repository.
Finally, we determined the predictive utility of the tic-inducing lesion network as a therapeutic target for neuromo-
dulation. Specifically, we collected retrospective data of 30 individuals with Tourette disorder, who underwent either
thalamic (n=15; centromedian/ventrooralis internus) or pallidal (n = 15; anterior segment of globus pallidus internus)
deep brain stimulation and calculated whether connectivity between deep brain stimulation sites and the lesion net-
work map could predict clinical improvements.

Despite spatial heterogeneity, tic-inducing lesions mapped to a common network map, which comprised the insular
cortices, cingulate gyrus, striatum, globus pallidus internus, thalami and cerebellum. Connectivity to a region within
the anterior striatum (putamen) was specific to tic-inducing lesions when compared with control lesions.
Connectivity between deep brain stimulation electrodes and the lesion network map was predictive of tic improve-
ment, regardless of the deep brain stimulation target.

Taken together, our results reveal a common brain network involved in tic generation, which shows potential as a
therapeutic target for neuromodulation.
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Introduction

Tics are brief and sudden movements or sounds that resemble vol-
untary actions but occur repetitively and without embedment to
discernible context.’ Tics may have multiple aetiologies, but they
are most encountered as part of a neurodevelopmental disorder
spectrum, including Tourette disorder, which affects ~1% of chil-
dren. There has been a long-standing debate about the patho-
physiological underpinnings of tics and in the past few decades
there have been numerous efforts to identify the neuronal
locus—or network—that leads to their emergence.??

The basal ganglia have been suggested as key neuronal struc-
tures in tic genesis.* This was driven by neuropathological studies,
which identified abnormalities within motor and associative func-
tional domains of the striatum and globus pallidus internus (GPi),>®
and therapeutic interventions, such as deep brain stimulation
(DBS) that targeted these areas. Building on ablational studies by
Hassler and Dieckmann,” a first report on a patient treated with
DBS targeting the border between centromedian and ventrooralis
internus nuclei of the thalamus (CM-Voi) was published in 1999.2
Since then, DBS targeting (i) this target™?; (ii) the anterior versus
posterior ventrooralis nuclei in Hassler nomenclature (or ven-
troanterior/ventrolateral thalamus according to Jones nomencla-
ture'?); (iii) the anteromedial®®>**; and (iv) the posteroventral®® GPi
has been demonstrated to effectively reduce tics. More recently
low-frequency tic-related neuronal activity was recorded in GPi
and CM-Voi in Tourette patients undergoing DBS suggesting an
electrophysiological correlate in tic pathophysiology.'®*"+'8

Outside the basal ganglia, cortical neurophysiology studies
have implicated the supplementary motor area and primary
motor cortex in tic occurrence.'’"92%21:22 Stryctural and func-
tional neuroimaging studies further revealed an extensive net-
work of additional brain areas involved in the generation of tics
(reviewed by Martino et al.?%), including the prefrontal and cingu-
late cortices,?*?>?® the primary somatosensory area,’*?*"
27,28,29.30 the parietal operculum®!*? and the insula.?’~31:32:33

These and other studies suggest that tics are not the result of a
single dysfunctional brain region, but rather emerge in conse-
quence of critical alterations at different cortical and subcortical
hubs within a widespread neural circuit.?*** However, a causal

role of different brain regions for tic generation remains elusive.
Moreover, while some regions described in functional (correlative)
studies may contribute to tic expression, others could indeed be in-
volved in symptom compensation.

Studies of brain lesions and brain stimulation results are among
the few general concepts that may justify causal inference.?® More
recently, it has become possible to map the impact of specific le-
sions on distributed ‘brain networks’. The technique, termed ‘le-
sion network mapping’*® uses normative functional connectomes
acquired in large samples of healthy participants to investigate
into which network a specific lesion would fall in the average hu-
man brain. So far, the method has provided insights into different
neuropsychiatric symptoms,®® including movement disor-
ders®”*839 and disorders of volition.***! In a similar vein, a novel
concept termed ‘DBS network mapping’ has applied the same con-
cept to stimulation sites.*? Again, the method asks the question of
which functional brain network a specific DBS stimulation site
would fall within the average human brain. So far, the method
has provided insights into effective neuromodulation networks in
neurological disorders of movement****** and psychiatric disor-
ders.*>*® Importantly, several papers have shown that both lesion
and DBS network mapping provide convergent results, as for ex-
ample in parkinsonism,® dystonia®® and depression.*’

The aim of this study was to shed light onto the networks asso-
ciated with tic generation using combined brain lesion and DBS net-
work mapping. To this end, we carried out a systematic review of
the medical literature to collect brain lesions that were involved
in the occurrence of tics and determined the common functional
network underlying most lesions. To assess the therapeutic rele-
vance of this network, we predicted clinical outcomes in patients
with Tourette disorder who received therapeutic DBS (either in
the CM-Voi of thalamus or GPi) from three different centres
(Cologne, Paris and Maastricht).

Materials and methods

Methods of the review were developed by two members of the au-
thor team (C.G., J.F.F.) prior to conducting the review. In March 2020
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PubMed (MEDLINE 1966-2020) and EMBASE (1947-2020) were
searched with a combination of free-text, MeSH terms, and trun-
cated words (Supplementary material). To be included, papers
needed to meet predefined inclusion criteria: (i) English reports; de-
scribing (ii) patients (case reports, case series, letters and observa-
tional studies); with (iii) new-onset tics; attributed to (iv) lesions
of the CNS; and (v) lesion location shown by neuroimaging that
was further described in writing. After removal of duplicates results
were screened by title and abstract. The first 50 abstracts were
screened by two reviewers (J.F.F., C.G.) to control for interpersonal
agreement and subsequent results were screened by one author
(J.E.F.). Eligible, and available records were then read in full text sub-
sequently. If the single reviewer had questions about the potential
full-text inclusion of an article, the full text was then reviewed with
the first author (C.G.) for discussion. Risk of bias assessment was
not applicable. Details on the number of results and the process
of literature search are listed in Supplementary Fig. 1. We did not
apply a temporal restriction criterion between the clinical mani-
festation of tics and the documentation of brain lesions to capture
as many different aetiologies as possible. In cases where the mani-
festation of tics was the only clinical event associated with a brain
lesion, we captured the latency between the two. In all other cases,
where an additional clinical syndrome preceded the onset of tics
and was attributed to documented brain damage, we captured
the time lag between this event, tic behaviours and lesion confirm-
ation. We excluded reports about ‘tic-like’ phenomena, which may
subsume functional tic disorders or overlap syndromes, as well as
drug-induced tics and cases of tics associated with traumatic
events of the peripheral nervous system. Reports of tic improve-
ment associated with brain lesions (e.g. through neurosurgery)
were not considered. Cases with characteristic brain malforma-
tions associated with known, mostly neurodevelopmental, genetic
syndromes and tic disorders were also excluded. Review articles
were included for cross-referencing in the first step.

From the included reports we extracted the following data: (i)
study characteristics (study type, year of publication); (ii) patient
characteristics (age of assessment, sex, medical history, type of
clinical event and age at time of occurrence); (iii) clinical character-
istics of tics (predisposing factors, pre-existing tics and their char-
acteristics, latency between first confirmation of lesions and tic
onset/worsening, motor/vocal forms, tic somatotopy, suppressibil-
ity/premonitory urges, waxing and waning course, neuropsychi-
atric comorbidities, therapeutic strategy and outcome and
additional video documentation); and (iv) characteristics of docu-
mented brain lesion (attributed aetiology, anatomical localization
and modality of neuroimaging, age at confirmation of lesion).

Lesion locations were identified from corresponding publication
figures and manually traced using 3D Slicer (www.slicer.org) on a
common T; template available within ICBM2009b NLIN Asym
(‘MNT’) space.

Each binary lesion mask was entered as a seed using the Lead con-
nectome mapper toolbox openly available within Lead-DBS (www.
lead-dbs.org®). Seed-based connectivity was calculated using a
normative functional MRI connectome acquired at rest in 1000 par-
ticipants*® that had been preprocessed as described elsewhere.*°
For each subject in the connectome, blood oxygen level-dependent
(BOLD) signal fluctuations across all voxels within the lesion mask
were averaged and correlated to the BOLD signal of all other brain
voxels using the Pearson correlation coefficient. This resulted in

BRAIN 2022: 145; 4385-4397 | 4387

1000 R-values for each brain voxel (one per subject) which were
Fisher z-transformed. Using voxel-wise one-sample T-tests, these
1000 z-values were summed up to an average connectivity profile
map of T-scores. We will refer to this map as the T-map. Every le-
sion specific T-map was then thresholded to a T-score of 7 and bi-
narized to represent the significant positive T-scores in each
T-map. This threshold level was chosen based on previous experi-
ence in multiple lesion network mapping publications (see Cohen
and Fox>" for a discussion). Choosing a range of different thresholds
largely did not alter the overall pattern of the result (Supplementary
Fig. 2). In a next step, all lesion-specific binarized T-maps (n=22)
were summed up into a single N-map which represented a
tic-inducing lesion network map (LNM). The LNM was then thre-
sholded to include only voxels that received contribution from
>19/22 lesions (86% of cases). This threshold was chosen upon vis-
ual inspection and the number of retained voxels, to define a set of
regions most specifically connected to a maximum number of le-
sion cases (higher thresholds >20 or >21 retained little to no voxels,
see Supplementary Fig. 3 for results with different thresholds).

We then aimed to explore whether specific sites within the
tic-lesion network were not only sensitive but also specific to tics
compared to other naturally occurring brain lesions. In order to
do so, connectivity T-maps derived from tic-inducing lesions
were compared to the ones from a total of 717 other brain lesions
from the Harvard Lesion Repository.® This repository contains le-
sions associated with various neurological and/or psychiatric
symptoms which are (numbers indicate lesion counts in each spe-
cific category): Akinetic Mutism, 28; Alien Limb, 53; Amnesia, 53;
Aphasia, 12; Asterixis, 30; Cervical Dystonia, 25; Criminality, 17;
Delusions, 32; Depression, 58; Freezing of gait, 14; Hemichorea 29,
Hallucination: 89, Holmes’ tremor, 36; Infantile Spasms, 74; Loss
of consciousness, 16; Mania, 56; Pain, 22; Parkinsonism, 29;
Prosopagnosia, 44. The specificity map was calculated using a
voxel-wise permutation-based two-sample T-test performed
(with 1000 permutations) within FSL PALM (https:/fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Randomise/UserGuide). A rigorous
family-wise error (FWE) correction was then applied at a<0.05 to
reduce false positive results®® and highlight only the significant
findings. Based on these results, we subsequently computed a ‘con-
junction map’, on which voxels that were both specific and sensi-
tive to tics were retained by multiplying the sensitivity (lesion
network) map and the specificity map.

voxel-wise

In a further step, we sought to investigate the relevance and poten-
tial clinical utility of the tic-inducing lesion network. We tested
whether specific stimulation sites in a retrospective cohort of
Tourette disorder patients treated with DBS that were maximally
connected to the lesion network map would be associated with op-
timal outcomes. Pre- and postoperative imaging data from a total of
30 adult patients from three DBS centres with a diagnosis of
Tourette disorder that underwent DBS surgery were used to localize
DBS electrodes and specify stimulation sites in each patient.
Fifteen adult patients with Tourette disorder underwent DBS to
thalamus nuclei (Cologne cohort; n=12 in the centromedian-
ventro-oralis and n=3 in the nucleus ventroanterior/ventrolateral
nucleus with the most distal contacts residing in the field of
Forel/subthalamic nucleus) and 15 to the GPi (Paris and
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Maastricht cohorts). Localization of electrodes and estimation of
stimulation volumes were carried out using Lead-DBS software
(www.lead-dbs.org*®). We applied default parameters of the revised
pipeline.>® Briefly, this involved co-registration between post-
operative MRI (n=2) or CT (n =28 patients) to preoperative anatom-
ical MRIs using advanced normalization tools (ANTs; http:/stnava.
github.io/ANTs/>*). The resulting co-registered images were then
normalized to MNI space using the ANTs SyN Symmetric
Diffeomorphic algorithm®* using the ‘effective: low variance + sub-
cortical refinement’ preset in Lead-DBS. Electrodes were recon-
structed using the PaCER> algorithm and manually refined, if
necessary. Stimulation volumes were estimated using a finite
element approach based on a four-compartment tetrahedral
mesh (including white or grey matter, electrode insulating and con-
ducting regions).>> The estimated E-field was thresholded to a heur-
istic value of 0.2 V/mm to calculate the extent of a binary volume.
These were then used as seed regions to calculate functional con-
nectivity average T-scores, representing average connectivity
strength, to voxels within the tic-inducing lesion network.
T-scores were z-transformed to a Gaussian distribution following
the approach of van Albada et al.>® to serve as predictors of DBS as-
sociated tic-improvements.

In a last step, we sought to investigate how connectivity
strength from stimulation sites of DBS cohorts to both sensitive
and specific voxels of the maps, and their overlap (conjunction
map) could explain tic-improvement. Similar to the analysis above,
connectivity strength was again calculated between DBS stimula-
tion sites and the respective map. These coefficients were then cor-
related to tic-improvement.

In a final analysis, we aimed at characterizing the networks opti-
mally modulated by each DBS site in a data-driven fashion. To do
so, we applied DBS network mapping following the approach by
Horn et al.,*? which follows a highly similar logic as the lesion net-
work mapping approach. Briefly, DBS network maps were calcu-
lated in identical fashion to lesion network maps. We then
correlated connectivity strength in each voxel with tic improve-
ments, across patients, resulting in R-map models that approxi-
mate optimal connectivity profiles. Voxels with high values on
these maps embody locations to which DBS electrodes that led to
optimal improvement were strongly connected. We calculated
these R-map models for each target cohort separately (pallidal
and thalamic target). In a second step, we multiplied resulting
maps with each other, but only retaining voxels that were positive
on both maps. In doing so, we were able to pinpoint the network
from two angles (pallidal and thalamic DBS sites). Therefore, this
approach would likely clean the result from some spurious correla-
tions and retain a higher fraction of regions that could indeed have
causal implications.””

The DBS MRI/CT datasets generated and analysed during the cur-
rent study are not publicly available due to data privacy regulations
of patient data but are available from the corresponding author
upon reasonable request. Lesion network map and code used to
analyse the datasets is available within Lead-DBS/-Connectome
software (https:/github.com/leaddbs/leaddbs).

C. Ganos et al.

Results

The systematic review (see Supplementary Fig. 1 for flow chart)
identified 22 cases with new onset of tics attributed to brain lesions
(Supplementary Table 1). The mean age at tic onset was 25.3 years
[+20.7 standard deviation (SD), range 5-73 y; in two cases tic-onset
age was not provided]. In 12 cases, the latency between brain injury
and tic onset could be reconstructed (Supplementary Table 1).
There were two cases with isolated motor tics and two with isolated
vocal tics. The remaining 18 cases had both motor and vocal tics.
Premonitory urges and tic suppressibility were documented in 10
and 12 cases, respectively. In 10 cases, additional movement disor-
ders were also noted, including dystonia (n=4), parkinsonism (n=
3), cerebellar ataxia (n=2), tremor (n=1) and stereotypies (n=1).
However, again, in these cases occurrence of tics was salient and
novel following the brain lesion. Neuropsychiatric features, such
as impulsivity and/or hyperactivity (n=9), obsessive-compulsive
(n=5) and self-injurious behaviours (n=3) were also reported.

Although the basal ganglia were the most commonly documen-
ted lesion site (n=17), the locus of neuronal damage varied among
cases, and often involved multiple brain areas (Fig. 1). Other brain
areas included the temporal and parietal lobes, the insula, corpus
callosum, thalamus, internal capsule, midbrain, pons and medulla
oblongata. Brain lesions occurred for different aetiological reasons,
ranging from traumatic brain injury to stroke, as well as infectious
and inflammatory causes (Supplementary Table 1 provides the
complete list of clinical and paraclinical case characteristics).

Although tic-inducing brain lesions expressed spatial hetero-
geneity, they mapped to a common functional brain network
(Figs 2 and 3). Namely, voxels within a network comprising the in-
sular cortices, cingulate gyrus, striatum, GPi, thalami, and the cere-
bellum were connected to a majority of lesions (Fig. 3 and Table 1).
This included thalamic and pallidal DBS targets (Fig. 3 insets).

However, while the identified network seemed sensitive to
tic-inducing lesions, it did not provide insights into how specific it
would be to tics. In other words, while spontaneously occurring le-
sions associated with tics formed part of the network, this did not
preclude lesions associated with different symptoms would not
fall into the network, as likely. To account for this, we probed the
specificity of the identified network by contrasting tic lesion con-
nectivity maps with connectivity maps seeding from 717 lesions
within the Harvard Lesion Repository that were associated with a
wider array of neurological and/or psychiatric symptoms. This
showed significantly higher connectivity of tic-inducing (versus
control) lesions to the anterior striatum (Fig. 4B). Subsequent con-
junction analysis identified voxels that were both sensitive and
specific to tics (Fig. 4C).

To probe the predictive utility and therapeutic significance of
the identified tic-inducing network, we calculated connectivity be-
tween DBS stimulation sites in 30 patients with Tourette disorder
(Fig. 5) and the lesion network. Connectivity strength correlated
with respective tic improvements in both pallidal and thalamic co-
horts when analysed together (R=0.45 at P=0.01) and each DBS tar-
get separately (thalamic target: R=0.54 at P=0.01; GPi target: R=
0.45 at P=0.04; Fig. 6). Connectivity between DBS stimulation sites
and the specific and conjunction maps also correlated with clinical
improvements (R=0.43 at P=0.004, R =0.43 at P=0.006; Fig. 6B).

In a final analysis, we wanted to probe optimal DBS connectivity
profiles in a data-driven fashion. We did so by correlating connect-
ivity values with clinical improvements for each cohort, in a voxel-
wise fashion (following the approach of Horn et al.*?). This resulted
in a set of connections with differences and similarities for the
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Case #18
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Figure 1 Tic-inducing lesions. The spatial distribution of lesion masks extracted from 22 case reports included in the current study mapped to a wide
extent of brain regions. All binary masks were drawn in MNI space and visualized on an ultra-high resolution post-mortem template for anatomical

reference.>®

pallidal and thalamic DBS sites. While some sites of optimal con-
nectivity agreed between DBS sites, the two maps were largely dif-
ferent (Fig. 7). However, when probing which regions had positive
associations with clinical outcomes for both sites (thalamic and
pallidal DBS), this carved out a network that included a highly
similar pattern of regions as did the lesion network (Fig. 7 and
Table 1). Hence, by pinpointing the sites of optimal connectivity
for effective DBS from two DBS targets, a more specific network
emerged that matched the one defined by tic-inducing brain
lesions.

Discussion

Three major conclusions can be drawn from this study. First, our re-
sults confirm that a network of brain regions is involved in tic gen-
eration. Second, we show that a sub-region of the anterior striatum
shows specificity to tics when comparing lesion network results to
a larger database of lesions associated with other neurological and/
or psychiatric symptoms. Third, the identified network was able to
predict outcomes following DBS in cohorts with two subcortical
stimulation targets.

A tic-inducing neural network

Contemporary neurology and neuropsychiatry in part explain
pathological changes of behaviour as a result of damage to distrib-
uted brain networks rather than to isolated brain regions.* In this
sense, behavioural brain network disorders have been described as
‘circuitopathies’ or ‘connectopathies’.*®®® In the rare cases of
lesion-induced tics identified by our systematic search, the inciting
lesions were connected to a common neural circuit, which encom-
passed structures of the cortico-basal-ganglia-thalamo-cortical cir-
cuit, as well as the insular and anterior cingulate cortex (ACC).
These regions have previously been implicated in the pathophysi-
ology of tic disorders.”® For example, in their seminal functional
MRI study on the neural correlates of tics, Bohlhalter et al.>* identi-
fied a network that preceded tic onset which largely overlapped
with the present network, including the insular cortex, ACC, puta-
men, and thalamus. The relevance of these structures was con-
firmed in a subsequent study, which employed a similar design
with careful time-locked monitoring of tics, providing further sup-
port to their involvement in tic occurrence.?” Moreover, the insular
cortex and the ACC have also been associated with specific patho-
physiologic aspects of tic occurrence, including premonitory
urges® and vocalizations.®” Of note, the role of the input and output
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Lesion Network Map

65 % 100

Lesions

Figure 2 Exemplary cases illustrating the methodological steps used to create the lesion network map. Each lesion mask (left) extracted from the lit-
erature (n=22) served as a seed region using normative rs-fMRI connectivity data acquired in 1000 healthy participants. The resulting connectivity pro-
files (in form of T-maps aggregated across the 1000 rs-fMRI scans) were then thresholded and summed to identify regions connected to most
tic-inducing lesions (right). The final lesion network map features brain regions connected to voxels encompassed by at least 19 of the 22 identified

patient-specific lesion maps.

structures of the basal ganglia in tic emergence had already been
highlighted by pioneering neuropathological studies in the
field>* % and Hassler's and Dieckman’s early neurosurgical thera-
peutic interventions for tics and obsessive-compulsive symptoms.’
Indeed, the thalamic and GPi clusters of the network we have iden-
tified precisely matched the ablational lesion locations probed by
these pioneering studies and showed overlap with the common
DBS targets used for the treatment of Tourette disorder (which
were inspired by them).®?

Finally, the network associated with tics identified here covers
the claustrum, which could be of potential interest. While the func-
tion of the claustrum remains somewhat elusive (and it has been
seen as an additional cortical layer by some authors, e.g.
Swanson®), lesion network mapping has associated a specific
part of the claustrum with the occurrence of lesion-induced parkin-
sonism.?® Similar to all parts of the basal ganglia, the claustrum is a
widespread structure with inputs and outputs from and to various
cortical regions, including connecting the anterior insula with the
ACC.%® Hence, specific parts of the structure could be involved in

motor processing (and potentially the occurrence of tics), while
others would be involved in cognitive or limbic processes.

A specific role for the anterior striatum in tic
induction

The comparison between individual tic lesion network profiles and
a large database of cases with lesions associated with neurological
and psychiatric disorders revealed a specific role of the anterior
striatum in tic induction, which was identified as a subset of the
tic-related lesion network. Conjunction analysis identified a region
within the anterior putamen, which was both sensitive and specific
to tics. This region mapped to the associative-limbic functional
zone of the striatum,®® well within the projection site of CM-Voi.
Importantly, this pre-commissural sub-region of the putamen con-
stitutes a complex information processing hub, driven by its excep-
tional level of input heterogeneity.?” Similarly, CM-Voi nuclei
receive input from and diffusely project to the entire cerebral cor-
tex.®® A compelling pathological study of brains of adults with
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Figure 3 Tic-inducing lesion network map. Lesion network mapping highlighted different cortical and subcortical regions including cingulate cortex
(A), cerebellum (lobule VI) (B), insula, thalamus, striatum, and the pallidum (C). Of note, main DBS neuroanatomical targets (GPi and CM-Pf-Voi) used to
treat primary tic-syndrome are included within the network. CM = centromedian nucleus of thalamus; GPe = globus pallidus externus; GPi = globus
pallidus internus; Pf = parafascicular nucleus of thalamus; Voi = ventralis oralis nucleus of thalamus.

Tourette disorder reported pronounced decreases of different
interneuronal populations in the associative and, to a lesser degree,
sensorimotor striatum.® At the same time, animal models of
pharmacologically-induced GABAergic disinhibition within this
sub-region of the striatum led to tic-like behaviors.®®’° This body
of pathological and behavioural animal model data suggests that
information processing within this striatal hub, and its functional
connectivity with other subcortical structures, could be altered in
primary tic disorders.

A tic-lesion network as a potential target for
neuromodulation

Tic disorders are characterized by clinical heterogeneity and vari-
ability in treatment response, including response to DBS.®
According to a recent estimate, ~30% of adults with Tourette dis-
order and moderate to severe tics are refractory to non-invasive

interventions, and would be eligible for DBS. In the USA alone,
this corresponds to more than 6000 individuals.”* However, robust
predictors of treatment outcome following DBS have not yet been
established, motivating the application of both the lesion and
DBS network mapping approaches in the present study. Indeed,
combining the two methods (as done here) allowed to predict clin-
ical outcomes following DBS in the treatment of Parkinson’s dis-
ease and major depression based on lesions causing
parkinsonism?® and depression.”? Another study focusing on dys-
tonia®® demonstrated anatomical overlap between a lesion-based
network and the network associated with positive outcome after
DBS.

In Tourette disorder, a first study has applied DBS network map-
ping, before,”®but did not relate DBS network patterns to lesions as-
sociated with tics. Furthermore, the study applied normative
structural (instead of functional) connectivity and hence results
may not be directly comparable to ours. In the study, structural
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GPi R-Map

Agreement R-Map

Lesion network map

X/Y/Z (R-value)

X/Y/Z (R-value)

X/Y/Z (T-value)

Region Hemisphere Thalamus R-Map
X/Y/Z (R-value)
Sub-lobar insula (BA13) LH —42/-8/2 (0.66)
RH 46/-6/0 (0.67)
Putamen LH —32/-14/-2 (0.68)
RH 34/-18/6 (0.64)
Cingulate gyrus (limbic lobe) LH —6/-6/40 (0.63)
RH 4/-14/44 (0.65)
Precentral gyrus LH -66/0/10 (0.66)
RH 70/4/6 (0.67)
Mammillary body LH -10/-16/-2 (0.77)
RH 12/-20/0 (0.57)
Midbrain LH -8/-16/—4 (0.71)
RH 16/-22/-4 (0.62)
Medial dorsal nucleus LH -10/-18/4 (0.62)
RH 14/-20/4 (0.58)
Ventral posterior medial nucleus LH -14/-18/-2 (0.68)
RH 18/-20/-2 (0.62)
Cingulate gyrus (BA24) LH —10/-4/40 (0.64)
RH 12/-4/40 (0.64)
Claustrum LH —36/-22/4 (0.65)
RH 38/-20/4 (0.65)
Pulvinar LH —20/-24/2 (0.65)
RH 20/-28/2 (0.60)
Inferior frontal gyrus LH —64/12/12 (0.66)
RH 68/10/12 (0.61)
Globus pallidus, pars externa LH —26/-16/0 (0.48)
RH 30/-12/-2 (0.50)
Globus pallidus, pars interna LH —18/-10/0 (0.28)
RH 24/-14/-4 (0.32)

—34/-28/14 (0.45)
42/-18/14 (0.48)
~18/6/-6 (0.63)
24/4/-10 (0.59)
-4/-2/34 (0.64)
4/-2/34 (0.55)
~68/0/26 (0.46)
44/18/34 (0.63)
-8/-20/-2 (0.08)
12/-22/-2 (0.04)
0/-34/0 (0.44)
2/-34/0 (0.53)
-4/-12/8 (0.58)
4/-14/10 (0.57)
—14/-18/8 (0.17)
20/-20/8 (0.26)
~2/0/34 (0.65)
4/0/34 (0.59)
-28/6/12 (0.47)
34/-14/14 (0.44)
—6/-28/4 (0.40)
12/-26/12 (0.30)
—60/22/26 (0.52)
62/30/—4 (0.59)
~14/6/-2 (0.48)
22/2/-8 (0.50)
~12/2/-2 (0.17)
16/-2/-6 (0.18)

~34/-28/14 (0.28)
46/-16/10 (0.27)
~30/-6/-8 (0.25)
32/-12/12 (0.20)
0/-10/42 (0.31)
2/-12/42 (0.27)
~68/0/26 (0.26)
70/6/4 (0.30)
~10/-16/-2 (0.06)
12/-22/-2 (0.02)
-6/-30/0 (0.12)
16/-26/—4 (0.17)
-4/-14/6 (0.27)
4/-12/4 (0.25)
~14/-18/8 (0.08)
18/-20/8 (0.13)
-4/-14/40 (0.34)
4/0/34 (0.27)
~34/-24/8 (0.21)
34/-14/14 (0.25)
-10/-24/12 (0.17)
20/-22/14 (0.15)
-64/10/26 (0.22)
68/14/24 (0.28)
~26/-18/0 (0.08)
30/-14/-6 (0.14)
—20/-10/-6 (0)
24/-12/-6 (0.02)

—44/10/-8 (20)
44/12/-8 (19)
—20/4/-14 (20)
20/4/-14 (20)
0/12/24 (19)
10/22/24 (19)
—42/12/2 (19)
44/8/2 (19)
~8/-20/-2 (20)
12/-16/-2 (20)
~8/-22/-4 (20)
10/-22/—4 (20)
—6/-20/2 (20)
8/-20/2 (20)
—16/-22/4 (20)
18/-22/6 (20)
-2/12/24 (19)
8/14/24 (19)
—38/-20/-8 (20)
38/-14/-10 (20)
—18/-24/4 (20)
20/-24/6 (20)
-48/14/-10 (19)
50/16/—6 (19)
~20/-4/-10 (19)
18/4/-10 (20)
~16/-8/-10 (0)
18/-2/-10 (19)

Table summarizes MNI coordinates of regions visualized on different brain connectivity maps presented in the study (Figs 3 and 7). LH = left hemisphere; RH =right hemisphere.

A Sensitivity Map (LN

M)

B Specificity Map

¢ Conjunction Map

(Specific and Sensitive)

Figure 4 Regions connected to tic-inducing lesions: sensitivity and specificity analysis. Lesion network map (LNM; A) represents voxels that were con-
nected to tic-inducing lesions. Specificity of connectivity to lesions associated with occurrence of tics was calculated by contrasting connectivity pro-
files of lesions associated with tics to a total of 717 lesions from the Harvard Lesion Repository (B). This analysis highlighted a region within the anterior
striatum that would be specifically linked to tic-occurrence. Voxels that were both specific and sensitive to tic occurrence are demonstrated in C. This

conjunction map contained voxels that were shown in both A and B.

connectivity to an extensive array of brain areas was associated
with DBS-related modulation of tic severity, including limbic, asso-
ciative, and sensorimotor networks. Interestingly, structural con-
nectivity patterns were largely inverse between the pallidal and
thalamic stimulation targets. Although a strong connectivity to
limbic and associative networks, including the cingulate cortex,
caudate and thalamus, predicted post-DBS tic improvement in pa-
tients who received GPi stimulation (n=34), this was not the case
for the thalamic stimulation cohort. In the latter group (n=32), con-
nectivity to primary sensorimotor and parietal-temporal-occipital
networks, as well as the putamen, correlated with reduction in tic
severity. In part, this matches with our results which showed dif-
ferent optimal connectivity profiles for both pallidal and thalamic
target sites—however, here, networks were not inverse to each

other, and their common denominator set of regions precisely
matched the network identified by lesions. Crucially, structural
connectivity analyses as carried out in the aforementioned study’®
cannot detect indirect (i.e. polysynaptic) connections. In our sam-
ple, functional connectivity of both pallidal and thalamic cohorts
to the same tic-related lesion network was associated with greater
tic improvement. Moreover, while in a data-driven analysis of DBS
sites, the two optimal connectivity profiles between pallidal and
thalamic targets differed, their agreement mapped exactly to the
network identified by the lesion analysis. First, these results valid-
ate the significance of the tic lesion network in the pathophysiology
of tic generation. Second, they provide a functional network tem-
plate that could inform effective neuromodulatory interventions
aimed at reducing tics.
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Figure 5 DBS cohorts electrode placement. Each DBS cohort comprises bilaterally implanted electrodes targeting different subcortical regions. The
thalamic DBS cohort (A) consisted of n=15 patients from the Cologne clinical centre while the GPi cohort (B) consisted of six patients from
the Maastricht and nine from the Paris clinical centres. Panels show active contact locations relative to anatomical planes defined by the 100 pm post-
mortem ultra-high resolution post-mortem template in an oblique 3D view from posterodorsal (top) and axial slice (bottom) view (where contact sites

were orthogonally projected onto the plane).*®

Limitations

Some noteworthy limitations apply to this study. First, both
literature-derived network maps and DBS cases were acquired
retrospectively. In the former, causality between brain lesions
and occurrence of tics cannot be established with absolute cer-
tainty. This has been a longstanding limitation of studying case re-
ports across symptoms and constitutes a true limitation. However,
lesions resulting in the emergence of tics are rare and from 22 iden-
tified cases, 19 mapped to a shared network. We manually segmen-
ted lesion locations on the MNI template, resulting in 2D regions.
Prior analyses showed that this would lead to similar connectivity
profiles as corresponding 3D lesions®**”* and the same procedure
has been carried out in several lesion network mapping studies
that showed robust findings.?®*'~"2 Prospective validation of net-
work maps to explain variance in clinical outcome will be crucial
to move forward.

Second, we carried out network mapping for both lesions and
DBS cases using normative functional connectivity acquired in
healthy individuals. This has been done successfully in previous
studies yielding results that were used to cross-predict clinical im-
independent cohorts
eases *2134445.4659 At the same time, this approach applies a

provement in in a variety of dis-
‘broad lens’ view on human brain function and may not reveal
patient- or disease-specific details of brain connectivity. The meth-
od determines the networks underlying DBS sites or lesions within
the average healthy human brain. This notion is crucial when inter-
preting results but indeed has multiple practical advantages: for

instance, lesions (with ischemic tissue) would not show patient-
specific network connectivity, even if patient-specific functional
scans were available (since the lesion site is not active after stroke).
In other words, functional connectivity from stroke sites is not pre-
sent and cannot be calculated using patient-specific functional MRI
data. In both stroke and DBS, distributed brain networks would be
altered by the incidents (infarction or neurostimulation) them-
selves. Here, we ask which networks of the pre-stroke/pre-DBS
brain would be affected by both incidents and argue that this would
identify exactly the networks with therapeutic value.

Third, the process of DBS electrode reconstruction is prone to in-
accuracies that can be relevant, as previously discussed.”
Moreover, the model applied to estimate stimulation volumes sur-
rounding DBS electrodes applied here may be over-simplistic com-
pared to more elaborate methods.”>’®”” However, in the context of
functional MRI mapping (with an isotropic resolution of 2 mm),
subtle inaccuracies of the applied model may not be as impactful
as in more fine-grained analyses.

Finally, we note that while both lesions and DBS sites identified
a shared network with high spatial overlap, lesions that fell into the
network induced tics while DBS to the network alleviated tics. With
the methods at hand, we may currently only speculate why that is
the case. For one, we believe that the disruption of the network is
involved in producing tics and such a disruption could be induced
by lesions that corrupt the functionality of the network. How exact-
ly this ‘disruption’ is mechanistically implemented cannot be in-
vestigated with the methods of the present study, but local field
potential recordings from both thalamic and pallidal DBS
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Figure 6 DBS associated tic improvement associates with connectivity to the lesion network map. (A) Postoperative percentage improvement of pri-
mary tic syndrome from three clinical centres (Cologne-thalamic DBS cohort/turquoise and Paris and Maastricht-pallidal DBS cohort/magenta) asso-
ciated with the degree of connectivity between either the thalamic or pallidal DBS stimulation sites and the lesion network map. Four example cases of
optimal and poor improvements are shown, each demonstrating either strong or weak functional connectivity between the DBS site and the lesion
network map, respectively. The lesion network map is shown in yellow, and thalamic stimulation sites in cyan, pallidal ones in purple. Respective ex-
ample cases are marked in scatter plots. (B) Correlation plots between the degree of connectivity of the entire patient cohort and the lesion network

map (top), the sensitivity map (middle), and the conjunction map (bottom), respectively. CM/VOI = centromedian nucleus/ventro-oralis nucleus of thal-
amus; GPi = globus pallidus internus; LNM = lesion network map.
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Figure 7 Agreement between DBS and lesion-informed mapping. In a final data-driven analysis, functional connectivity between DBS targets and all
other brain areas that correlated with optimal clinical improvement was separately calculated for the thalamic and pallidal cohorts. This led to differ-
ent connectivity profiles but also included overlapping regions. These are shown as dashed lines in the two maps and by the agreement map. In the
agreement map, only regions with positive association in both targets were retained.
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electrodes showed that prolonged theta bursts in both targets were
associated with preoperative motor tic severity.'® In other diseases
such as Parkinson’s disease and dystonia, DBS is known to tone
down such aberrant elevated network activity.”® Hence, our current
working model constitutes that lesions (or other aetiologies) could
lead to network dysfunction (including the occurrence of noisy
feedback carrier signals’>®®) and DBS could in turn selectively
tone down/compensate these aberrant signals, freeing up band-
width for physiological communication within the network.

Conclusions

This study could associate a functional network including striatal,
thalamic, and insular regions of the human brain with (i) the occur-
rence of tics resulting from brain lesions; and (ii) successful tic re-
duction following DBS treatment. We could demonstrate that the
connectivity between DBS electrodes implanted in two different
target sites and our network identified by tic-inducing lesions was
able to predict significant amounts of variance in ticimprovements.
In a data-driven approach, the regions associated with improve-
ment following both pallidal and thalamic DBS mapped to the exact
same set of regions identified by the lesion network analysis.
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