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A critical role of action-related functional
networks in Gilles de la Tourette syndrome
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Andreas Horn 15,16,17,18, Jens Kuhn 19,20, Veerle Visser-Vandewalle 9 &
Michael T. Barbe2

Gilles de la Tourette Syndrome (GTS) is a chronic tic disorder, characterizedby
unwantedmotor actions and vocalizations.While brain stimulation techniques
show promise in reducing tic severity, optimal target networks are not well-
defined. Here, we leverage datasets from two independent deep brain stimu-
lation (DBS) cohorts and a cohort of tic-inducing lesions to infer critical net-
works for treatment and occurrence of tics by mapping stimulation sites and
lesions to a functional connectome derived from 1,000 healthy participants.
We find that greater tic reduction is linked to higher connectivity of DBS sites
(N = 37) with action-related functional resting-state networks, i.e., the cingulo-
opercular (r = 0.62; p <0.001) and somato-cognitive action networks (r = 0.47;
p =0.002). Regions of the cingulo-opercular network best match the optimal
connectivity profiles of thalamic DBS. We replicate the significance of target-
ing cingulo-opercular and somato-cognitive action network connectivity in an
independent DBS cohort (N = 10). Finally, we demonstrate that tic-inducing
brain lesions (N = 22) exhibit similar connectivity to these networks. Collec-
tively, these results suggest a critical role for these action-related networks in
the pathophysiology and treatment of GTS.

Tics are typified by repetitive, sudden actions in the form of unwanted
motor behaviour or vocalizations. Gilles de la Tourette syndrome
(GTS) is a chronic tic disorder, wherein both motor and vocal tics
occur. Tics can become so intrusive that they profoundly impede daily
functions. This disruption may stem from interruptions of goal-
oriented behaviour, the tics’ social inappropriateness, or even the pain
and self-harm they potentially induce. Deep brain stimulation (DBS)
has repeatedly demonstrated potential in mitigating tic severity in
treatment-refractory cases that do not respond sufficiently to phar-
macotherapy and behavioural therapies. However, DBS outcomes

remain heterogeneous1,2. One significant limitation of DBS for GTS has
been the insufficient understanding of the optimal brain networks to
be targeted.

Amongmovement disorders, tics have a unique phenomenology.
Typically, tics are preceded by an aversive sensory phenomenon, the
premonitory urge, that diminishes after tic execution3. Consequently,
it is debated whether tics are involuntary or if they form a volitional
motor response to an unwanted, pathological sensation4. The severity
of tics fluctuates in response to environmental influences and mental
states, e.g., aggravating during stress ormitigating duringmindfulness
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practices5. Psychiatric comorbidities such as obsessive-compulsive
disorder (OCD), attention deficit hyperactivity disorder (ADHD) and
anxiety are prevalent in approximately 90% of patients6. These clinical
observations underline that tics cannot be seen as a pure function of
themotor system, but that sensory and affective brain states influence
them. Indeed, functional magnetic resonance imaging (fMRI) studies
show widespread alterations of brain activity in patients with chronic
tic disorders. While tic execution has been primarily linked to activity
in the pre-and primary motor cortices, activity in sensory and pre-
frontal areas such as the parietal cortex, insula, dorsal anterior cingu-
late cortex (dACC), and the dorsomedial prefrontal cortex (DMPFC)/
supplementary motor area (SMA) is associated with experiencing the
premonitory urge (see refs. 3,7,8 for respective reviews). These net-
works activate on both hemispheres before and during tic
executions9,10, although different case-control studies suggest a right-
hemispheric functional dominance in GTS compared to healthy
controls11,12.

Conceptualising tic disorders as a multinetwork disorder poses
the question of how these multiplex circuitries are intertwined and
how they relate to neuromodulatory interventions for GTS. Gordon
et al. 13. recently introduced a novel functional brain network pivotal
for action control that links the primary motor cortex with limbic and
sensory networks. Employing advanced precision fMRI techniques,
they identified regions within the primary motor cortex (M1) that
diverged from the established understanding of specific bodily
movement representation. Instead, these areas, named inter-effector
regions, exhibited activity during action planning and intricate axial
body movements. The inter-effector regions were highly inter-
connected, forming a novel network within M1, termed the somato-
cognitive action network (SCAN). Further, the SCAN displayed heigh-
tened connectivity with the cingulo-opercular network (CON)—a sys-
tem involved in arousal, error detection and pain sensation. Very
recently, the authorswho first described CONbased on their anatomy,
argued that this network can be functionally characterised as an
action-mode network14. This term assembles the different CON-
associated functions associated with mental processes that lead to
action (in the following, wewill continue using the termCON to ensure
congruency with most of the literature). The CON encompasses sen-
sory and prefrontal areas in the insula/operculum, dACC, DMPF up to
the SMA, supramarginal gyrus and the anterior prefrontal cortex15–17.

Notably, it has previously been shown that patients with chronic
tic disorders show altered activity of the CON18,19. Further, critical areas
of the CON, i.e., the insula, the dACC, SMA and the supramarginal
gyrus, are closely linked to the processing of tics and the preceding
premonitory urge3,9–11,20–22. This novel insight into the intricate func-
tional interactions of the motor system with prefrontal and sensory
networks offers potential therapeutic implications for neuropsychia-
tric disorders characterised by motor symptomatology, such as tic
disorders. Gordon et al. 13. further found that the SCAN exhibits robust
connectivity with intralaminar thalamic nuclei, especially the cen-
tromedian nucleus (CM)—the most common DBS target for tic
disorders1,2. While different studies aimed to characterise the struc-
tural networks underlying DBS, functional networks to be targeted are
less studied. In previous data-driven attempts in a small cohort (N = 15)
of patients treated with thalamic DBS, we identified sensorimotor
networks23 and the insula24 to be associated with tic reduction after
DBS. However, this analysis did not specifically investigate known
large-scale functional networks related to action, i.e., CON and SCAN,
and was limited by their restricted sample size.

Given the SCAN’s assumed role in action planning, its prominent
connectivity with current treatment targets for tics and its close rela-
tionship with the urge-related CON, we theorized the importance of
targeting these networks for tic relief. Here, we investigated this rela-
tionship empirically: we hypothesised that functional connectivity of
individual stimulation sites with the SCAN and CON could explain

outcome variance in amulticenter cohort of patients with tic disorders
treated with thalamic DBS (Fig. 1). We then aimed to replicate our
observations in an independent sample of patients with tic disorders
treated with thalamic DBS. Finally, we tested whether tic-inducing
brain lesions exhibit similar connectivity to the SCAN and CON.

Results
Clinical data, locations of stimulation sites and averaged
connectivity
In the main analysis, we included 37 patients with severe GTS (mean
age: 32.4 years ± 10.8 years (standard deviation); range: 18–65; 5
females). 19/37patients suffered fromcomorbidobsessive-compulsive
behaviour (OCB). Six to twelve months after continuous DBS of the
thalamus, the average tic severity improved by 32.5% (± 21.3). There
was a weak but non-significant correlation between age and tic
reduction (r = − 2.84; p = 0.088), and no significant differences could
be discerned between outcomes of males and females (z =0.845;
p =0.423) or outcomes of patients with and without OCB
(z =0.258; p =0.796).

Electrode localization within the medial and motor thalamus was
confirmed for all patients (Fig. 2a). Computation of stimulation sites
confirmed that the CM and VOI, i.e., the two main target nuclei across
the sample, were stimulated in 85% and 76% of patients, respectively.
Other nuclei that could potentially mediate tic reduction, such as the
VA nucleus or the nucleus ventro-oralis posterior, were stimulated in
50% and 67% of the patients, respectively (Fig. 2a). Paired t-testing
between averaged MNI coordinates of each electrode showed no sig-
nificant differences in electrode location between the right and left
hemispheres on a group level for coordinates x (t = −0.74; p = 0.589), y
(t = − 1.0; p = 0.405) and z (t = −0.97; p = 0.43). On average, DBS sites
demonstrated functional connectivity to areas closely matching the
CON. When qualitatively assessing connectivity values within M1, DBS
sites exhibited positive functional connectivity to the inter-effector
regions of the SCAN, while the somatotopic M1 was negatively con-
nected (Fig. 2b).

Functional networks related to tic reduction
To testwhether connectivity to theCONandSCANwasassociatedwith
treatment outcomes, we performed an a priori-defined ROI analysis by
averaging all connectivity estimates of stimulation sites in all voxels
within the respective regions for each individual. Connectivity of the
bilateral stimulation sites with the CON was significantly correlated
with tic reduction (r =0.62; p < 0.001). Further, connectivity with the
SCAN also correlated significantly with tic reduction (r =0.47;
p =0.002) (Fig. 3a). Notably, while connectivity to the CON was posi-
tive for all patients, connectivity to the SCAN was negative for 58 % of
non-responders (i.e., tic reduction < 25%25) and positive for 85% of full-
responders responders (i.e., tic reduction ≥ 35 %). To determine the
specificity of these associations, we performed post-hoc correlations
between tic reduction and other large-scale functional resting-state
networks. Only CON and SCAN showed a significant positive associa-
tion with tic reduction (pFDR < 0.05). Connectivity with the sensor-
imotor (pFDR = 0.063), central executive (pFDR = 0.096) and visual
(pFDR = 0.096) networks did not show a significant correlation while
connectivity with the language (pFDR = 0.047) and default mode net-
works (pFDR = 0.0035) was significantly anticorrelated with tic reduc-
tion (Fig. 3b). A post-hoc analysis revealed that the positive association
of tic reductionwith connectivity to the SCANwasmainly drivenby the
inferior and middle inter-effector regions, both showing strong sig-
nificant correlations (r =0.596; p <0.001 and r = 0.513; p < 0.001). In
contrast, the superior inter-effector regions showed aweakcorrelation
that approaches but does not reach statistical significance (r = 0.276;
p =0.052) (Fig. 3c). Since the sensorimotor network showed a trend
towards significance, we performed a post-hoc analysis to investigate
which parts of this network drove the effect. Both the precentral
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(r =0.44, p_uncorrected =0.003) and postcentral gyri (r =0.34,
p_uncorrected =0.023) showed positive correlations with outcomes.
However, unlike the positive correlations with the CON and SCAN, all
patients showed negative connectivity values for the postcentral
gyrus, and 92% showed negative connectivity values for the precentral
gyrus (Supplementary Fig. 3). Thus, the association of tic reduction
with connectivity to the sensorimotor network likely reflects a differ-
ent mechanism, where reduced or no anticorrelation with the network
correlates with better outcomes after DBS. Specifically, this analysis
indicates that stimulation sites of top-responders would likely exhibit
strong connectivity with the CON and SCAN while showing no con-
nectivity or only low negative connectivity with the SMN.

We then derived a data-driven, whole-brain pattern of functional
connectivity significantly associated with tic reduction after DBS by
computing voxel-wise correlations between treatment outcomes and
connectivity values which were then corrected for multiple compar-
isons. In this map, termed R-map, a positive association between
connectivity and tic reduction was observed for clusters in the insula,
the lateral anterior prefrontal cortex and medial prefrontal cortex,
including the pars marginalis of the cingulate cortex, dACC, and SMA,
the supramarginal gyrus, the premotor cortex and single clusters

within M1 (Fig. 3b). The insular cluster encompassed the posterior
short and long gyrus, aswell as themiddle and anterior shortgyrus and
the rolandic operculum. Subcortically, the insula cluster extended to
posterior parts of the claustrum and encompassed the posterior tip of
the putamen (Fig. 3e). On a cortical level, the connectivity pattern
linked to greater tic reduction closely matched the CON and the
middle and inferior inter-effector regions of the SCAN, matching the
ROI analysis.Clusterswith anegative associationwereobserved for the
precuneus, a cluster surrounding the frontal pole and ventromedial
prefrontal cortex and a cluster in the gyrus angularis, reaching to the
occipital lobe. Again, the observed pattern was highly symmetric
between hemispheres. Quantitatively, the R-map associated with
greater tic reduction showed the highest overlap and highest balanced
accuracy with the CON (overlap 46% and balanced accuracy 0.89),
followedby the SCAN (26% and0.73). All other networks showed lower
overlaps and balanced accuracies (sensorimotor 13% and 0.60; visual
7% and 0.55; central executive 6% and 0.57; language < 1% and 0.50;
default mode < 1 % and 0.48).

As a concluding step, we aimed to obtain a whole-brain map that
elucidates potential target networks for tic disorders. To this end, we
computed a target heat map by calculating each voxel’s weighted

Fig. 1 | Method Overview. a As regions of interest, we chose functional networks
basedon resting-state connectivity known to be involvedduring actions in humans.
The cingulo-opercular network (CON), also referred to as the action-modenetwork,
is linked to the processing of arousal, error detection and pain sensation and thus
states that call for action. The somato-cognitive action network (SCAN)has recently
been described as a network relevant to action planning and complex body
movements. Both networks show high connectivity with each other. b For each
subject in a cohort of patients with GTS undergoing thalamic DBS for tic reduction
(N = 37), electrodes and the volume of activated tissue (i.e., stimulation site) were
reconstructed in standard space. Using a publicly available resting-state functional
connectome acquired in healthy participants (N = 1000), we computed the func-
tional connectivity of each bilateral pair of stimulation sites with all other brain

voxels. The resulting connectivity maps were then used for group analysis.
c Initially (1), a map of voxel-wise average connectivity was computed (termed
average-map). Subsequently (2), the average connectivity in priori-defined regions
of interest, i.e., CON and SCAN, was correlated with tic reduction post-DBS. In an
alternative data-drivenwhole-brain approach (3), we calculated amap of voxel-wise
significant correlations (pFDR<0.05) between connectivity and tic reduction
(termedR-map), signifying an optimal connectivity pattern. Lastly (4), theweighted
connectivity of this R-map, limited to cortical voxels, to each other brain voxel was
computed. This resulted in a map where each voxel contained the likelihood of
matching the optimal connectivity profile, suggesting potential novel cortical tar-
get networks (termed target heat map).
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connectivity with the previously calculated optimal connectivity pro-
file as proposed before26–28. The resulting map thus represents the
likelihood of matching the cortical connectivity profile of optimal
thalamic stimulation. This target heat map further aligned with the
CON and distinctively outlined three bridging patterns within M1,
accurately reflecting the SCAN (Fig. 4). Within this map, peak clusters
(containing voxels with r >0.6) were located in the bilateral supra-
marginal gyrus, rolandic operculum/anterior dorsal insula, and the
SMA, all located within the CON (Supplementary Table 1).

External replication
We then sought to replicate our results in an independent sample. To
this end, we performed the same analysis using the GTS-DBS-Registry
sample (N = 10). Again, we observed strong associations between tic
reduction and connectivity to the CON (r =0.54; p =0.047) and SCAN
(r =0.83; p =0.003) (Fig. 4). In addition, computing a similar target
heat map in this sample resulted in a similar pattern, again aligning
with both CON and SCAN (Fig. 5a). Lastly, we tested whether these
networks could be observed in clinical datasets beyond DBS. To this
end, we reinvestigated a previously published and unmodified lesion
network map of 22 brain lesions that led to the occurrence of tics24. In
the unthresholded map, we found that the CON showed the highest

number of lesions connected. Within the primary motor cortex, the
SCANwas again discernible. Comparing the average number of lesions
connected to each voxel within common large-scale functional net-
works confirmed that most lesions were connected to the CON (69.4
% ± 16.1), followed by the SCAN (43.0 % ± 14.5). Sensorimotor (36.8 % ±
23.0), central executive (36.3% ± 15.1), language (29.0%± 20.8), default
mode (22.5 % ± 14.6) and visual network (12.9 % ± 6.7) all showed sig-
nificantly less connected lesions across voxels than both CON and
SCAN (all p < 0.001) (Fig. 5b).

Discussion
By mapping the normative functional connectivity profile of a multi-
center cohort of patients with GTS undergoing thalamic DBS and tic-
inducing lesions, we investigated the role of action-related functional
networks in tic disorders. We specifically hypothesised that functional
connectivity to action-related networks, namely the CON and the
recently identified SCAN, would be associated with tic reduction. Our
study confirmed that thalamic DBS with higher connectivity to both
networks resulted in more robust tic reduction. Furthermore, the
connectivity of regions within the CON and SCAN matched with the
connectivity of optimal thalamic DBS. Finally, we could replicate the
importance of the CON and SCAN in an independent DBS dataset and

Fig. 2 | Location of electrodes and stimulation sites with average map of con-
nectivity. a Reconstruction of electrodes in standard space is shown in the upper
and middle figures (the thalamus is highlighted in purple). b The distribution of
stimulation sites is displayed (MNI coordinate: z = − 2), with most sites situated at
the intersection of the ventral lateral (VL) and centromedian nucleus (CM), further
encompassing the ventral anterior nucleus (VA) and the parafascicular complex
(PF). The colour bar indicates thepercentageof all stimulation sitesper hemisphere

(N = 37) covering the respective voxel. c on average, stimulation sites showed
heightened connectivity to prefrontal, insular and parietal areas that closely
aligned with the cingulo-opercular network (CON), further engaging the medial
frontal and cingulate cortex. Within the primary motor cortex (M1), the inter-
effector regions of the somato-cognitive-action network (SCAN) were positively
connected, while the rest of M1, i.e., the effector regions, were anti-correlated.
a = anterior; p = posterior; l = left; r = right.
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in a map derived from brain lesions resulting in tic occurrence, further
suggesting an involvement of these networks in both the pathophy-
siology and treatment of tic disorders.

DBS is a highly focal intervention targeting brain areas as small as
a few millimetres. Beyond the targeted area, DBS affects long-range
pathways and polysynaptic networks29. Investigating optimal network
targets, rather than isolated optimal spotswithin a target region, offers

two main advantages. Firstly, it provides insights into the mechanism
underlying effective neuromodulation. Secondly, this network
approach can elucidate other critical areas potentially relevant for
effective neuromodulation. Our analysis demonstrates the application
of this approach in the context of tic disorders such as GTS in a
comparatively large and multicentered cohort. Functionally, the con-
nectivity of twomultifocal cortical brain networks explained treatment
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outcomes after DBS. Both in the a priori-defined ROI analysis and the
whole-brain data-driven approach, connectivity with the CON and
SCAN emerged as strong indicators of treatment success. In hindsight,
our previous analysis of a subset of 15 patients already showed a
connectivity profile resembling the CON distribution23. The current
study validates this finding in a larger multicenter dataset with

additional replications and establishes an additional role of the newly
uncovered SCAN13. Within the SCAN, a post-hoc analysis showed that
the inferior and middle inter-effector regions predominantly con-
tributed to the overall positive association of tic reduction and func-
tional connectivity of stimulation sites. While the exact roles of the
different inter-effector regions are not fully understood13, their

Fig. 3 | Association of DBS connectivity and tic reduction. a In a region-of-
interest (ROI) analysis, we correlated the percentage tic reduction after DBS with
the respective connectivity of stimulation sites (N = 37) with the cingulo-opercular
(CON) (top left) and somato-cognitive action network (SCAN) (top right). Non-
parametric permutation testing using Spearman rank correlations (two-tailed, no
correction for multiple comparisons) revealed a significant positive relationship
between tic reduction and connectivity with the CON (r =0.62, p =0.0002) and
SCAN (r =0.47; p =0.002), indicating that greater connectivity between the DBS
sites and these networks is associated with more substantial reductions in tic
severity. b Compared to other large-scale resting-state, only CON and SCAN
showed a significant positive association with tic reduction (permutation test for
two-tailed Spearman rank correlations, corrected for multiple comparisons with
pFDR < 0.05; marked with asterisks). c A post-hoc comparison revealed strong and
significant associations between tic reduction after DBS and connectivity with the

inferior (r =0.596; p =0.0002) and middle (r =0.513; p =0.0002) inter-effector
regions, while connectivity to the superior inter-effector region showed a weak
association (r =0.276; p =0.052) (permutation tests for two-tailed spearman rank
correlations, not corrected for multiple comparisons). d Computing a data-driven,
whole-brain voxel-wise model of optimal brain connectivity for tic reduction,
termedR-map, clusterswith a significant (pFDR < 0.05) positive association between
connectivity and tic reduction (red clusters) closely aligned with the CON. Within
M1, the middle and inferior inter-effector regions of the SCAN were involved. Sig-
nificant negative associations between connectivity and tic reduction are indicated
in blue. e Subcortically, the insular clusters of the Tic-Reduction R-map further
encompassed the posterior claustrum and small parts of the posterior putamen
(z = 1). All scatter plots include linear trend lines with 95% confidence bounds.
a = anterior; p = posterior; l = left; r = right.

Fig. 4 | Target heat map for tic reduction. a We computed a target heat map
containing the voxel-wise connectivity to the R-map to identify a network profile
that matches the optimal connectivity profile derived from thalamic stimulation
(N = 37). The highest matches were observed within the cingulo-opercular network
(CON). Within the motor cortex, the somato-cognitive action network (SCAN)
showed the highest similarity of connectivity with the tic-reduction R-map.

bWithin the thalamus, the heatmap peaked in the superior and anterior part of the
centromedian nucleus (outlined in white). Connectivity of the cingulo-opercular
network and the somato-cognitive action network also showed the highest con-
nectivity in the centromedian nucleus, highly overlapping with the peak con-
nectivity of the target heat map (all three maps are thresholded at r ≥0.2; slices
taken at z = 1 and y = 20). a = anterior; p = posterior; s = superior; i = inferior.
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involvement may reflect the somatotopic organization of the sensor-
imotor cortex. This organization would align with the distribution of
tics in GTS, where most tics involve the head and face muscles, fol-
lowed by the hand/shouldermuscles, with fewer tics involving the feet
and body core30. Similarly, the premonitory urge to tic is most com-
monly experienced in the head/face region, followed by the upper
extremity, and is least experienced in the lower extremities31–38.
Therefore, although speculative at this moment, the differential

engagement of the inferior,middle, and superior inter-effector regions
observed in our tic reduction R-map might reflect the somatotopic
distribution of tics and premonitory urges.

Exploration of the functional connectivity in normative resting-
state data can potentially uncover polysynaptic networks that mod-
erate tic reduction beyond theDBS target regions. Indeed, our analysis
implicates widespread cortical connections involving motor/pre-
motor, sensory and limbic networks that closely resemble the action-

Fig. 5 | Replication in independent data. a In an independent dataset of pre-
computedDBS sites (N = 10)obtained from theGTS-DBS-Registry, tic reductionwas
also significantly and positively correlated with functional connectivity (FC) to the
cingulo-opercular (CON) (r =0.054; p =0.047) and somato-cognitive action net-
work (SCAN) (r =0.83; p =0.003) (permutation-based two-tailed spearman rank
correlation, not corrected for multiple comparisons). b Similarly, CON and SCAN
became apparent in the heat map derived from this sample. c As a further repli-
cation, we investigated a previously published lesion network map. In the unthre-
sholded lesion network map, derived from N = 22 lesions that induced tics, CON
and SCANwere traceable as networks towhichmost lesionswere connected.d The
box plot displays the functional connectivity of each tic-inducing lesion to each
large-scale resting-state network. Here, CON and SCAN showed the highest con-
nectivity with respective lesions. Friedman’s test with post-hoc pairwise compar-
isons revealed that CON had significantly higher connectivity than all other
networks except SCAN (two-tailed tests, adjusted for multiple comparisons with
pFDR<0.05). Asterisks indicate significant differences in connectivity. All results

were highly similar for both hemispheres; only left-hemispherical results are shown
for clarity. All scatter plots include linear trend lines with 95% confidence bounds.
Box-plot elements include the centre line representing the median, box limits
showing the upper and lower quartiles, whiskers extending to 1.5 times the inter-
quartile range, and individual points. a = anterior; p = posteriorFigure 6: Peak
Clusters of Target Heat Map. The top five clusters of the target heat map for tic
reduction are shown (yellow, as derived when thresholding voxels at r >0.6). The
clusters peaked in the bilateral insula/operculum (left image, z = 3), the right sup-
plementary motor area (SMA) (middle image, x = 6), and the bilateral supramar-
ginal gyrus (right image, z = 27). All clusters resided within the cingulo-opercular
network, shown in purple. The bottom of the figure shows critical evidence sup-
porting the relevance of these areas for tic disorders in general and as neuromo-
dulation targets52–58. OLT =Open-label trial; RCT = randomized clinical trial; tDCS =
transcranial direct current stimulation; fMRI = functional magnetic resonance
imaging; rTMS = repetitive transcranial magnetic stimulation; a = anterior; p =
posterior; l = left; r = right; sign. = significant.
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related CON15 and SCAN13. Comparing our results based on functional
connectivity to the available evidence on structural connectivity of
DBS for GTS leads to several observations that align with our findings.
Johnson et al. revealed that structural connections derived from a
normative connectome from the DBS site to the sensorimotor cortex,
including areas of the CON and SCAN, were predictive of patient
outcomes from the GTS-DBS-Registry39. Recently, Avecillas-Chasin
et al. retrospectively investigated subcortical white matter pathways
mediating tic reduction in a cohort of 21 patients who underwent
either pallidal or thalamic DBS for GTS using a normative structural
connectome based on 72 subjects40. The authors delineated twomain
networks, i.e., the limbic pallidothalamic network for the pallidal tar-
get, and a premotor thalamo-cortical projection for the thalamic tar-
get. For the thalamic target, tic reduction was most substantial when
fibres to the SMA/DMPFC were targeted. This observation further
matches an investigation from Andrade et al. using patient-specific
diffusion magnetic resonance imaging in a small sample of patients
with GTS (N = 7) undergoing thalamic DBS, showing that treatment
outcomes related to an increased density of projections to the SMA/
DMPFC41. For the pallidal target, Avecillas-Chasin et al. identified a
prefrontal pathway to limbic areas and connections to the thalamic
target, i.e., the CM/VOI. The authors concluded that this dual pathway
model may constitute a limbic-motor interface network. Johnson et al.
delineated a limbic/associative pallido-subthalamic pathway42 as an
additional circuitmechanism for thepallidal target. Our results expand
the notion that prefrontal/limbic and motor networks are pivotal for
DBS at the functional level. The prominent role of the CON and SCAN
in our results further provides a link to understanding howmotor and
prefrontal/limbic networks interact in effective neuromodulation for
tic disorders. Within the thalamus, the target heat map peaked in the
anterior and dorsal part of the CM, suggesting that this region may
represent the optimal stimulation target based on our analysis. How-
ever, this finding should be interpreted with caution due to the
inherent limitations in spatial resolution associated with functional
connectivity analyses. While the commonly used resolution of 2 x 2
x 2mm in resting-state fMRI is adequate for seeding stimulation sites
and investigating whole-brain functional networks, it may not be suf-
ficient to precisely determine optimal target regions. An alternative
approach would involve applying voxel-wise analyses of the electric
field or the volume of activated tissue to generate probabilistic sti-
mulation maps that predict therapeutic outcomes. Indeed, two pre-
vious studies employing such probabilistic stimulation maps found
that targeting the anterior dorsal CM yielded optimal results, con-
sistent with our findings43,44. However, an earlier analysis failed to
identify a clear pattern using such probabilistic maps, potentially due
to extended and heterogeneous follow-up periods of outcome
assessments45. Therefore, further research with larger samples and
well-controlled outcome assessments are required to accurately
delineate the optimal thalamic target for DBS. A further important step
could be to investigate whether similar functional networks, as iden-
tified in the current analysis are critical for DBS of the globus pallidus
internus.

Beyond hypothesising about targeting functional connections to
theCONand SCAN,we sought to determinewhether our dataset could
inform us about cortical areas potentially relevant for non-invasive
neuromodulatory approaches. Based on the connectivity profile of
successful tic reduction, we derived an inverse target heat map
depicting cortical regions with similar resting-state connectivity. The
peak voxels of this target heat map resided in the SMA, operculum/
insula, and supramarginal gyrus. Strikingly, emerging evidence from
non-invasive neuromodulation of exactly these three target regions
already corroborates potential therapeutic effects in tic disorders. The
SMA constitutes the most common target and has shown promising
results in studies using transcranial magnetic stimulation (TMS)46–49,
although early randomized clinical trials did not show efficacy50,51.

Transcranial direct current stimulation (tDCS) to the SMA reduced tic
severity in a sham-controlled study52. Further, a randomized, sham-
controlled trial of fMRI-guided neurofeedback intervention employing
neural activity in the SMA effectively reduced tics in adolescents with
GTS53. Fu et al. demonstrated that targeting the supramarginal and
angular gyruswith TMSnotably improved tic severity in another sham-
controlled clinical trial54. The anterior dorsal insula was the third pro-
minent region of our tic-reduction target heat map. fMRI studies have
shown that the anterior insula is hyperconnected with the SMA in
patients with tic disorders and that this connectivity correlates with
urge severity11. Consequently, the insula, and specifically insula-SMA
hyperconnectivity, has been repeatedly suggested as a potential target
network underlying effective rTMS to the SMA55,56. Thus, our data-
driven target heat map for tic reduction is consistent with the most
promising known non-invasive targets for tic disorders and their pre-
sumptive underlying target network (Fig. 6). The exact three main
clusters, i.e., insula, SMA, and supramarginal gyrus, were even sug-
gested as most promising targets in a recent review article on non-
invasive brain stimulation for tic disorders56. Our analysis provides
unifying evidence characterising these target areas as critical parts of a
shared network. Collectively, this network represents core areas of the
CON network. The SCAN was also identifiable within the target heat
map, although effect sizes were substantially higher within the CON.
Anearly study showednoeffectof TMSon the effector regions ofM1 in
tic disorders57. Whether neuromodulation to the newly uncovered
SCAN may interfere with tic execution remains to be answered.

Our results and the existing literature on non-invasive brain
modulationwith its assumed underlying networkmechanismsprovide
strong arguments that the CON-SCAN axis constitutes a potential
target network for neuromodulation in tic disorders. Regarding DBS,
prospective validation of these findings could be accomplished by
individually refining stimulation parameters in a way that they show
the highest connectivity with CON and SCAN. Regarding non-invasive
brain stimulation, the target areas identified in our target heat map
could be translated as multifocal targets for non-invasive neuromo-
dulation protocols. Such an approach was recently successfully stu-
died in a clinical trial for Parkinson’s disease (DRKS00026640)58.

Our observation that targeting CON and SCAN via thalamic DBS is
associated with tic reduction, poses the question of the relevance of
these networks in the pathophysiology of tic disorders. The observa-
tion that not only effective treatment in the form of DBS is connected
to these networks but that tic-inducing lesions show similar con-
nectivity suggests that these networks are indeed critically involved in
the emergence of tics. The CON, also called action-mode network,
combines information from the environment to initiate actions that
can range frommental processes to motor actions14. The premonitory
urge to tic may resemble a phenomenological representation of this
function – an internal command that facilitates behaviour that can
range from simple motor actions (e.g., simple motor tics such as eye
blinking) to sequences of behaviours (e.g., complex tics like touching),
but may also include mental phenomena (e.g., obsessive-compulsive
behaviour like counting). Indeed, premonitory urge intensity has been
linked to neural activity in critical CON areas, i.e., insula, SMA/dACC
and parietal cortex3,9,11,21,22. In a recent preprint article, D’Andrea et al.
were able to form functional subdivisions of the CON that could be
attributed to either sensory feedback, decision or action17. By analysing
the temporal order of activation, D’Andrea et al. further proposes a
hierarchical temporal model for action control, where the decision-
CON receives information about aversive stimuli, followed by activity
in the action-CON that initiates a response and subsequently in the
SCAN as an entry-point to the effector regions17. Our analysis suggests
that the tic reduction network predominantly corresponds to the
decision and action subdivisions of the CON. The SCAN may then
constitute an integrative role in tic disorders that facilitates the tran-
sition fromurge-related neural activity in the CON to an action, i.e., the
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tic. Future studies may follow up on this hypothesis using patient-
specific neural activity data during urges and tics.

Several limitations have to be considered when interpreting our
results. First, even though the current analysis constitutes one of the
largest cohorts of DBS for tic disorders, the global scarcity of this
patient collective leads to a limited sample size. However, we con-
firmed the link between CON/SCAN connectivity and tic reduction in
two independent DBS samples and found consistent heat maps across
DBS and lesion cohorts. Nonetheless, further validation of these

findings is imperative, e.g., by probing the individualized targeting of
thesenetworks. Further, the current study used a normative functional
connectome that was derived from 1000 healthy participants, thereby
neglecting potential disease-specific connectome disruptions or indi-
vidual differences in connectivity. This approach may serve as a
broader characterisation of the underlying stimulated or lesioned
networks in an averaged, healthy brain, where the normative con-
nectome can be understood as an atlas of average brain connectivity.
This normative method has previously effectively predicted DBS

Fig. 6 | Peak clusters of target heat map. The top five clusters of the target heat
map for tic reduction are shown (yellow, as derived when thresholding voxels at
r >0.6). The clusters peaked in the bilateral insula/operculum (left image, z = 3), the
right supplementary motor area (SMA) (middle image, x = 6), and the bilateral
supramarginal gyrus (right image, z = 27). All clusters resided within the cingulo-
opercular network, shown in purple. The bottom of the figure shows critical

evidence supporting the relevance of these areas for tic disorders in general and as
neuromodulation targets52–58. OLT =Open-label trial; RCT = randomized clinical
trial; tDCS= transcranial direct current stimulation; fMRI = functional magnetic
resonance imaging; rTMS= repetitive transcranial magnetic stimulation; a =
anterior; p = posterior; l = left; r = right; sign. = significant.
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treatment responses across various conditions26,27,59. Beyond DBS,
neural networks of numerous neuropsychiatric symptoms caused by
heterogeneous focal brain lesions could be explained using the same
fMRI data28,60–63. Our investigation of lesions causing tic symptoma-
tology matched the connectivity profile derived from DBS, indicating
promising generalisability of the tic reduction map across brain
interventions despite the use of normative connectivity data. None-
theless, patient- or disease-specific information about brain con-
nectivity may allow to explain more variance in DBS outcomes. This is
particularly of interest since GTS constitutes a neurodevelopmental
disorder. Thus, it could be possible that in people with GTS, the
investigated networks develop differently across the lifespan. Indeed,
an earlier study suggests that the CON shows altered maturation in
adolescents with GTS compared to age-matched healthy controls18. A
similar conclusion, i.e., altered maturation of functional brain net-
works in GTS, was drawn from a more recent study. Here, a machine
learning-derived classification of GTS using functional connectivity
networks successfully distinguished patients with GTS from healthy
controls – however, the distinguishing features differed between
children and adults, pointing towards different neurodevelopmental
trajectories of functional brain networks in children and adults with
GTS64. That being said, the principal functional brain networks were
well traceable in the patient cohorts in both studies. Thus, although
quantitative differences in these networks may be assumed, it appears
unlikely that the general architecture of functional brain networks is
drastically different in patients with GTS. Along these lines, a study of
patients undergoing DBS for Parkinson’s disease showed that the
usage of patient-specific connectivity was not significantly superior to
normative connectivity data and that both approaches revealed similar
optimal brain networks to be targeted65. Nonetheless, given the
potential disease-specific brain alterations, we assume that at least
somemore variance of outcomesmay be explainable by using disease-
specific or even patient-specific connectivity data. However, obtaining
high-quality resting-state fMRI data from unsedated, severely affected
patients with tic disorders that may qualify for DBS is hardly feasible,
meaning that this approach is currently the only way to investigate
functional connectivity estimates in patients with tic disorders who
received DBS in a larger sample. One potential solution for this lim-
itation could be to investigate a disease-specific functional group
connectome derived frompatients with less severe tics, where rs-fMRI
of sufficient quality can be assessed.With such a group connectome, it
could be tested whether the predictability of outcomes could be
improved compared to the currently used normative group con-
nectome. The current analysis aimed to determine whether the con-
nectivity of stimulation sites to specific functional networks could
explain the variability in treatment outcomes. Ideally, this approach
would be enhanced by incorporating additional clinical or biological
predictors that could provide insights into the likelihood of respond-
ing to DBS surgery. Employing such predictors could also help refine
the targeting of networks on a personalized basis. However, here and
also, to the best of our knowledge, in the available literature todate, no
preoperative predictors could be identified for GTS. Regarding the
lesion network map, we had no access to control lesions, i.e., equiva-
lent lesions inducing symptoms other than tics. Thus we cannot
answer whether other symptoms may as well result from lesions to
thesenetworks. Further, the treatment effects ofDBSwere assessed by
calculating the change in tic severity from a single pre- to post-
operative assessment of the YGTSS. Since the severity of tics naturally
waxes and wanes over time, multiple assessments would have been
advantageous to account for baseline variance in tic severity. However,
as stimulation settings were subject to changes across clinical visits,
only one assessment per stimulation setting was available across the
cohort. Although this may introduce some variability on an individual
level, the relatively large sample size in our study helps to minimize
potential distortions in the overall findings.

In conclusion, our findings consistently demonstrate that tha-
lamicDBS yields the highest efficacywhen targeting sites connected to
the CON and SCAN. Similar network patterns were observed in lesions
that induce tics, underscoring the pivotal role of these networks in the
pathophysiology of tic disorders and their therapeutic modulation.
Furthermore, we have identified critical regions within the CON that
constitute a cortical target network, which could serve as a roadmap
for guiding both invasive and non-invasive neuromodulatory inter-
ventions for treating tic disorders.

Methods
Patient cohort and imaging
The study was carried out in accordance with the Declaration of Hel-
sinki and approved by the local ethics committee at the University
Hospital Cologne under approval number 23-1409-retro. We sourced
data from adult patients with severe GTS undergoing DBS (N = 37) in
three European centres: Cologne, Germany (n = 21);Milan, Italy (n = 8);
and Hannover, Germany (n = 8). In addition, the International Tourette
Deep Brain Stimulation Database and Registry (henceforth, GTS-DBS-
Registry)66 provided data for further replication (N = 10). In the
Cologne cohort, 12 of 21 patients participated in two prospective
clinical trials43,67. From the first trial67, four patients lacked post-
operative imaging adequately allowing electrode reconstruction in
standard space, while from the second, one patient was excluded due
to a suspected combination of GTS and functional tic-like behaviour
(FTLB) as previously described43. TheHannover cohort, derived from a
further recent clinical trial, excluded two patients with GTS also suf-
fering from comorbid FTLB as outlined in the original publication68. All
patients gave informed consent to take part in the respective studies.
Milan’s cohort was based on retrospective data of nine patients who
received treatment following individual clinical decision-making. In
this dataset, one patient had to be excluded due to insufficient post-
operative imaging data. For external replication, we referenced pre-
viously published data from patients of the GTS-DBS-Registry who
underwent thalamic DBS39. From this set, we excluded data whose
source data was already used in this study or which was assessed
outside the six to twelve months post-intervention, leaving ten
patients.

All patients received DBS surgery that targeted subnuclei of the
thalamus bilaterally using two quadripolar electrodes (Medtronic 3387
or 3389, Medtronic, Minneapolis, MN). In the Cologne cohort, four
electrodes were implanted in the ventral anterior (VA) and ven-
trolateral (VL) nucleus of the thalamuswith the distal contacts residing
in the field of Forel/subthalamic area. All other electrodes were
implanted in the CM and the nucleus ventro-oralis internus (VOI)67.
Notably, the VOI is part of the VL, designated by different
terminologies69. The variability in the location of stimulation sites, e.g.,
due to precise presurgical targets and trajectories, electrode place-
ment, and the spread of the electric field was leveraged to compute
brain networks explaining optimal treatment outcomes and thusmust
be seen as an advantage for this study. All subjects received pre-
operative T1 volumetric magnetic resonance imaging (MRI) scans.
Electrode placements were confirmed using postoperative MRI or
computer tomography (CT) scans (see Supplementary Table 2 for
specification of pre- and postoperative imaging parameters). We used
the percentage change in the Yale Global Tic Severity Scale (YGTSS)70

global score (comprising the total tic score and impairment score) as
theprimary outcomeparameter, which reflects the severity of ticsover
the past week. In three patients from theMilan cohort, the impairment
score was not available, and thus only the total tic score was used. Of
note, the global and total tic scores show a highly similar correlation
with the clinically evaluated disease severity and thus serve as com-
parable outcome parameters71. As follow up, the earliest single
assessment in a periodbetween six to twelvemonths post-intervention
was chosen. To investigate whether clinical and demographic factors
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could account for variations in treatment outcomes, we conducted a
Spearmancorrelation analysis betweenpatient age and the percentage
change in YGTSS scores. Furthermore, we employed Wilcoxon rank-
sum tests to compare treatment outcomes between female and male
patients, as well as between patients with and without comorbid
obsessive-compulsive behaviour. The presence of obsessive-
compulsive behaviour was assessed either through clinical tran-
scripts or a minimum score of 7 on the Yale-Brown Obsessive Com-
pulsive Scale72.

Computation of electrode reconstructions, stimulation sites
and functional connectivity
Electrode reconstructions and stimulation sites were processed using
Lead-DBS software73 (Version 2.6, www.lead-dbs.org). Postoperative
scanswere alignedwith preoperativeMRI images using SPM 12 forMRI
and Advanced Normalization Tools74 (ANTs, http://stnava.github.io/
ANTs/) for CT scans. A subcortical refinement step in Lead-DBS
addressed potential brain shifts during surgery. Images were then
normalized to the Montreal Neurological Institute (MNI) 2009b non-
linear asymmetric template space, utilizing the symmetric normal-
izationmethod inANTs and the subcortical refinement tool fromLead-
DBS. Electrode positions were determined by the PaCER algorithm75 or
the TRAC/CORE method within Lead-DBS. Electric fields were esti-
mated based on individual stimulation settings using FastField76 within
Lead-DBS. Stimulation sites, i.e., the binarized volume of activated
tissue (VAT), were derived by thresholding the electric field at 0.2 V/
mm, according to work by Åström et al. 77. Importantly, in the GTS-
DBS-Registry dataset the stimulation sites were independently mod-
elled in each patient39 and remained unmodified for the present ana-
lysis to test the generalisability of the results.

Functional connectivity maps and subsequent statistical analysis
were performed in Lead-DBS v2.673 and using customised scripts
within MATLAB R2022b (The MathWorks Inc., Natick, MA, USA).
Patient-specific functional connectivity maps were constructed using
the Lead Mapper function in Lead-DBS73, leveraging a public resting-
state functional MRI dataset acquired in 1000 healthy participants
from the Brain Genomics Superstruct Project (https://dataverse.
harvard.edu/dataverse/GSP)78. Functional images were acquired
using a 3 Tesla Siemens scanner with a resolution of 2 × 2 × 2mm.
Preprocessing of the blood oxygen level-dependent time courses
included regression of global signal, white matter, and cerebrospinal
fluid signals, as well as the six motion parameters. Smoothing was
performedusing a 6mmfull-width at half-maximum (FWHM)Gaussian
kernel, as previously described78. For each bilateral pair of stimulation
sites, the averaged functional connectivity across the 1,000 subjects to
the rest of thebrainwas computedby sampling timeseries fromvoxels
within the binary stimulation sites in each subject of the normative
connectome and correlating these time series with those of every
other voxel. This procedure resulted in a stimulation-dependent
functional connectivity map for each patient, containing Fisher-z-
transformed connectivity strengths that were used for subsequent
group analysis (Fig. 1a).

Notably, other groups59 utilized the unthresholded electricfield as
aweighted seed to compute stimulation-specific connectivitymaps for
subsequent group analysis instead of using the binarized stimulation
site. To test whether this could have influenced our results, we repli-
cated the same analysis employing the unthresholded electric field
instead of binarized stimulation sites. As illustrated in Supplementary
Fig. 1, this produced highly comparable results.

Computing functional connectivity associated with tic
reduction
Average whole-brain connectivity and region-of-interest analysis.
An overviewof the group analysis is given in Fig. 1b. In the first analysis,
we computed the voxel-wise averaged connectivity across all bilateral

pairs of stimulation sites, termed the average map. Performing a
region of interest (ROI) analysis, we tested whether tic reduction after
DBS was associated with functional connectivity to predefined net-
works derived from resting-state fMRI. These networks comprised the
CON and SCAN, as recently introduced by Gordon et al. 13. The authors
of the original publication graciously shared the respective ROI files.
For each subject, we calculated the connectivity of each bilateral pair
of stimulation sites with the respective network ROI. The averaged
connectivity was then correlated with the clinical outcomes (percent
improvement in YGTSS scores) using Spearman correlations. Statis-
tical significance was determined using non-parametric permutation
testing with 5000 iterations and a p-threshold of 0.0526. This method
does not rely on assumptions regarding distributions (such as Stu-
dent’s t for r values), which typically do not hold true in situations with
small sample sizes. In testing the specificity of results, we additionally
correlated tic reductions with connectivity to other major functional
resting-state networks derived from the Consensual Atlas of resting-
state Networks (CAREN)79, i.e., the sensorimotor, central executive
(often referred to as frontoparietal network), visual, language and
default mode network. A Benjamini & Hochberg adjustment for con-
trolling the false discovery rate (FDR)80 was applied (pFDR = 0.05) to
correct for multiple comparisons. Finally, we conducted a post-hoc
analysis to investigate how the three different inter-effector regions
(inferior, middle, and superior) contributed to the treatment out-
comes. We calculated the connectivity of DBS sites to each inter-
effector region and separately correlated these estimates with the
percentage reduction in tic severity.

Whole-brain R-map. In addition, we aimed to calculate a data-driven
functional connectivity map associated with tic reduction after DBS.
To this end,wecalculated awhole-brain voxel-wise R-map as described
in previous studies23,26,81. For each grey matter voxel, the functional
connectivity estimateswerecorrelatedwith tic reduction scores across
subjects using Spearman correlations. Thismapwas thresholded using
an adjusted pFDR = 0.05 and a cluster-extent threshold of k = 10 voxels.
In this map, high positive values indicate a strong association between
connectivitywith the target region and higher tic reduction, while high
negative values indicate an association with less tic reduction. We
quantified the overlap of the R-map indicative of tic reductionwith our
ROI networks CONand SCAN, as well as with the previouslymentioned
functional brain networks derived from the CAREN atlas79 (sensor-
imotor, central executive, visual, language and defaultmode network).
In addition, we calculated the balanced accuracy as the mean of sen-
sitivity and specificity, offering a balanced evaluation of true positive
and true negative rates. Sensitivity (True Positive Rate) was calculated
as the ratio of overlapping voxels (voxels in the positive R-map that
also belong to the network) to the total number of voxels in the net-
work (overlapping + non-overlapping voxels in the network). Specifi-
city (True Negative Rate) was calculated as the ratio of non-
overlapping voxels outside the network (voxels not in the positive
R-map and not in the network) to the total number of non-network
voxels (non-overlapping + overlapping voxels outside the network).
Balanced accuracy was then determined by averaging the sensitivity
and specificity, providing a robust metric that accounts for both the
true positive and true negative rates. Generally, balanced accuracy
ranges from 0 to 1, with 0.5 indicating a classification at chance level
and 1 representing a perfect fit.

Target heatmap for tic reduction. Finally, we aimed to create a target
heat map to potentially guide novel optimal stimulation targets for tic
disorders, inspiredbypriorwork in addiction28, OCD26, andParkinson’s
disease27. To this end, the whole-brain connectivity map for tic
reduction was inversed by calculating the weighted functional con-
nectivity of the previously computed, FDR-corrected whole-brain map
of functional connectivity associated with tic reduction with each
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other greymatter voxel. In this target heatmap, we display percentiles
representing each voxel’s likelihood of matching the cortical con-
nectivity profile of the primary tic reduction network derived from
subcortical thalamic stimulation, thereby potentially identifying ther-
apeutic targets for neuromodulation. When using the R-map as a seed
for this analysis, we masked the subcortex to avoid a circular analysis
that would be overly similar to the analysis of thalamic stimulation
sites. Notably, masking only the thalamus led to highly similar results
(see Supplementary Fig. 2). Peak clusters of the target heat map were
obtained by thresholding all voxels below a strong association (r <0.6)
and a minimum cluster size of 10 voxels.

Replication in independent datasets. To test the robustness of the
results, we employed the GTS-DBS-Registry sample. In this sample,
electrodes and stimulation sites were independently modelled as
described in the respective publication39 to avoid any bias that could
result from recomputing the dataset. First, we conducted a similar ROI
analysis using the CON and SCAN networks. Second, we computed a
similar target heat map. Given the small sample size in the replication
cohort (n = 10), the R-map computed in this sample was not thre-
sholded to avoid Type II errors. The unthresholdedmapwas then used
to create the target heat map. Because this R-map comprised sub-
cortical voxels including the thalamus, we restricted this analysis to
cortical voxels to avoid circularity of analysis.

To investigate whether the relevance of CONand SCANholds true
in datasets beyond DBS, we additionally investigated a previously
published lesion network map24. Regarding lesion network map com-
putation, we refer to the original publication. To briefly summarize, a
set of N = 22 brain lesions that led to the occurrence of tics were used
to compute a brain-wide functional connectivity map. Lesions were
extracted from scientific publications reporting new-onset tics attrib-
uted to central nervous system lesions. Lesion locationsweremanually
traced from the corresponding publication figures and then used as
seeds for the Lead Connectome Mapper toolbox within Lead-DBS73.
Functional connectivity of the seeds was calculated using the same
connectomic dataset of 1000 healthy participants used in the present
analysis78. From the resulting connectivity maps, voxel-wise one-sam-
ple T-Tests of all connectivity values were performed to obtain an
average connectivity map of T-scores which was then thresholded
based on previous publications (in detail discussed here82) to obtain a
binarized map for each case where each voxel is defined as connected
or unconnected with the respective lesion. In the original publication
by Ganos et al., a group-level N-map was then created that only
included voxels connected to 86% of cases to obtain a maximally
common connectivity profile. Here, we explored the unthresholded
N-map to investigate whether other regions may be connected to
smaller numbers of tic-inducing lesions. For clarity, the N-map was
transformed into percentage values, i.e., the percentage of lesions
connected with a respective voxel from all tic-inducing lesions. While
this approach may lack the specificity of inferred regions aimed for in
the original publication24, it increases the sensitivity to detect regions
potentially involved in the de novo occurrence of tic disorders. Last,
we tested whether lesions show higher connectivity with CON and
SCAN compared to other major functional resting-state networks79,
similar to the analysis of the DBS cohorts. To this end, we performed a
Friedman test between all connectivity values across networks for each
lesion and a post-hoc comparison using the multcompare function in
Matlab R2022b between CON and SCAN and further major functional
resting-state networks (i.e., sensorimotor, central executive, visual,
language and defaultmode network according to CAREN79 atlas) using
an pFDR = 0.05 to control for multiple comparisons.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data for all figures, except those visualizing imaging findings,
are provided with this paper in a Source Data file. The Source Data file
includes all relevant raw data from scatter, bar, and box plots. The
main group analysis imaging results are publicly available in the Open
Science Framework (OSF) repository (https://doi.org/10.17605/OSF.
IO/UPJVB). Individual patient imaging data cannot be openly shared
due to privacy and data-sharing regulations. However, data can be
requested under specific data use agreements from the primary
investigators at each centre. For such requests, the corresponding
author (JCB) can be contacted to initiate the process of obtaining
access in accordance with institutional and regulatory guidelines. The
functional connectivity data used in this work is publicly available
under https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:
10.7910/DVN/25833. Source data are provided in this paper.

Code availability
All code used to preprocess the data including the estimation of
individual connectivity maps is openly available within the Lead DBS
software (https://github.com/leaddbs/leaddbs). Project-specific code
to reproduce results and figures of this manuscript is openly available
on OSF (https://doi.org/10.17605/OSF.IO/UPJVB).
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