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Abstract

Tourette syndrome (TS) and obsessive—compulsive disorder (OCD) are two neurodevelopmental disorders characterized
by repetitive behaviors. Our recent study in drug-naive children with TS and OCD provided evidence of cerebellar involve-
ment in both disorders. In addition, cerebellar functional connectivity (FC) was similar in TS patients without comorbidities
(TSpure) and TS patients with OCD comorbidity (TS + OCD), but differed in pure OCD patients. To investigate in detail the
cerebellar involvement in the pathophysiology of TS and OCD, we explored cerebellar structural and functional abnormali-
ties in drug-naive children with TSpure, TS +OCD, and OCD and assessed possible correlations with severity scores. We
examined 53 drug-naive children, classified as TSpure (n=16), TS+ OCD (rn=14), OCD (n=11), or controls (n=12). All
subjects underwent a multimodal 3T magnetic resonance imaging examination. Cerebellar lobular volumes and quantitative
diffusion tensor imaging parameters of cerebellar peduncles were used as measures of structural integrity. The dentate nucleus
was selected as a region of interest to examine cerebello-cerebral functional connectivity alterations. Structural analysis
revealed that both TSpure and TS + OCD patients had higher fractional anisotropy in cerebellar peduncles than controls.
Conversely, OCD patients were characterized by lower fractional anisotropy than both controls and TSpure and TS + OCD
patients. Lastly, cerebellar functional connectivity analysis revealed significant alterations in the cerebello-thalamo-cortical
circuit in TSpure, TS + OCD, and OCD patients. Early cerebellar structural and functional changes in drug-naive pediatric
TSpure, TS + OCD, and OCD patients support a primary role of the cerebellum in the pathophysiology of these disorders.

Keywords Tourette syndrome - Obsessive—compulsive disorder - Cerebellum - Structural connectivity and functional
connectivity, Drug-naive children

Introduction

Tourette syndrome (TS) is a neuropsychiatric disorder char-
acterized by multiple motor/phonic tics that are persistent for
a year or more [1]. TS is accompanied by several comorbidi-
ties, predominantly obsessive—compulsive disorder (OCD)
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[2, 3]. OCD may also manifest alone as a disorder charac-
terized by recurrent intrusive thoughts/urges and compul-
sions [4]. Repetitive, situation-inappropriate, and distress-
ful movements or behaviors are the hallmark of both TS
and OCD. However, despite many similarities in phenom-
enology and clinical course, several differences have been
highlighted between TS and OCD in the literature over the
last couple of decades [5]. Such differentiations include, in
TS+ OCD, higher presence of touching, symmetry searching
and “just-right” repetitive behaviors [6, 7], compulsions less
frequently preceded by obsessions and more often associated
to sensory-cognitive phenomena—such as achieving a sense
of completion [8] and greater neurological soft signs with
poorer motor coordination and sensory integration skills [9].
In this context, clinical and neuropsychological investiga-
tions have offered limited insight as to whether TS + OCD
may represent an intermediate phenotype of TS and OCD
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with shared pathophysiological abnormalities, a subtype of
one of the two disorders or even a distinct entity [10].

To address this issue, we recently used an exploratory
approach to directly compare resting-state functional con-
nectivity (rs-FC) patterns in independent cohorts of drug-
naive TS patients without comorbidities (TSpure), TS
patients with OCD comorbidity (TS + OCD), and pure OCD
[11]. Our previous study design minimized relevant con-
founding factors, such as the effect of heterogeneous disease
duration and chronic drug treatment, by studying pediatric
cohorts of drug-naive patients and age-matched controls.
By examining functional connectivity (FC) in seven resting-
state networks of interest, we reported functional changes
in the cerebellar network in the above cohorts [11]. We
demonstrated that all patient groups were characterized by
increased cerebellar FC as compared to controls. While the
rs-FC pattern was comparable in TSpure and TS + OCD
groups, the OCD group had higher cerebellar FC than both
the TS subgroups. Additionally, cerebellar FC changes were
correlated with the clinical scales in the two disorders, i.e.,
negatively with tic severity and positively with compulsive
scores. Overall, our findings led us to two conclusions.
First, TSpure and TS 4+ OCD patients share common pat-
terns of rs-FC that distinguish them from OCD patients.
Second, despite the pathophysiological involvement of the
cortico-striato-thalamo-cortical circuit (CSTC) in TS and
OCD [12-15], the cerebellum also plays an integral role, in
line with previous neuroimaging studies [16—19]. Cerebel-
lar involvement in motor, cognitive, and emotional domains
has been widely acknowledged [20]. However, the precise
role of the cerebellum in tics and compulsions has not been
investigated in detail, thus warranting direct comparisons of
cerebellar structural and functional changes between drug-
naive children with TSpure, TS + OCD, and OCD.

In the present study, we therefore explored structural
changes in cerebellar gray matter (GM) lobules and white
matter (WM) fiber integrity of cerebellar peduncles. We also
analyzed the FC of the dentate nucleus (DN) with respect to
the whole brain. Lastly, we investigated the possible associa-
tion between brain alterations and clinical severity. To pro-
vide insight into early pathophysiological cerebellar changes
in TS and OCD, we meticulously recruited drug-naive pedi-
atric patients and assessed cerebellar structural and func-
tional connectivity prior to any medication or behavioral
intervention.

Methods
Participants

We studied 70 children: 53 of them were included in this
study, while 17 children were excluded due to either severe
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head movement (n=8) or inability to complete the magnetic
resonance imaging (MRI) scan (n=9). The study includes
16 TSpure (age: 9.7 +2.1, M/F: 15/1), 14 TS+ OCD (age:
10.2+2.1, M/F: 10/4), 11 OCD (age: 10.7 +£2.5, M/F: 7/4),
and 12 controls (age: 10+ 1.2, M/F: 3/9) with episodic ten-
sion headache who were headache-free during the MRI scan.
Only those controls were enrolled in the study who had no
current or prior history of any neurological or psychiatric
disorder including tics and OCD. All subjects were enlisted
from the child and adolescent neuropsychiatry outpatient
clinic at the Department of Human Neurosciences, Sapi-
enza University of Rome, Italy. Inclusion criteria were (a)
drug-naivety; (b) right-handedness; and (c) normal cognitive
profile (IQ >70). Exclusion criteria were (a) attention-deficit
hyperactivity disorder, autism spectrum disorder, and any
axis I psychiatric disorder comorbidity such as schizophre-
nia, schizoaffective disorder, bipolar disorder, major depres-
sion disorder, and eating disorders; (b) prior behavioral treat-
ment; or (¢) contraindications to MRI.

Cognitive evaluation for all participants was assessed
by means of the Wechsler intelligence scale for children
IIT (WISC-III) full scale. Diagnosis was made according
to DSM-5 criteria [1] by a neuropsychiatrist experienced
in assessing pediatric TS, OCD, and related comorbidi-
ties. Tic and OCD symptom severity was assessed using
the Yale global tic severity scale (YGTSS) total tic score
(TTS) (range, 0-50) (YGTSS-TTS: range 0-50, without
impairment score) and the children’s Yale-Brown obses-
sive—compulsive scale (CYBOCS), respectively. For clini-
cal demographics of the participants refer to Table 1. The
presence of other developmental disorders including ADHD
or psychiatric disorders other than OCD was ruled out by
means of the K-SADS-PL parental interview administered
to both parents [21]. This study was approved by the institu-
tional review board of Sapienza University of Rome. Written
informed consent was obtained from all parents/guardians in
accordance with the Declaration of Helsinki.

MRI Acquisition

After clinical evaluation, all subjects underwent a 3 T
MRI scan (Magnetic Verio; Siemens, Erlangen, Germany)
using a standardized protocol and a 12-channel head coil
designed for parallel imaging (GRAPPA, generalized
autocalibrating partial parallel acquisition). Subjects were
scanned in a supine head-first position with symmetrically
placed cushions to minimize head motion. The MRI pro-
tocol included the following sequences: (a) high-resolu-
tion 3D, T1-weighted (3DT1) MPRAGE: repetition time
(TR)=1900 ms, echo time (TE)=2.9 ms, flip angle=9°,
field of view (FOV)=260 mm?, matrix =256 X256, 176
sagittal slices 1 mm thick, no gap; (b) diffusion-tensor
imaging (DTI, single-shot echo-planar spin-echo sequence,
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which were used as masks to restrict DTI analysis. Mean FA
and MD values were then computed.

Functional MRI Analysis

The functional MRI expert analysis tool (FEAT) was used
to preprocess rs-fMRI data. After discarding the first 3
volumes, rs-fMRI data were slice-time corrected, motion
parameters estimated via MCFLIRT, spatially smoothed
(Gaussian kernel of full-width half maximum =8 mm), and
high pass temporal filtered (100.0 s). Next, the rs-fMRI data
were subjected to ICA-based noise reduction strategy called
ICA-AROMA (automatic removal of motion artifacts) [25].
This method uses an automatic classifier that categorizes
each component as either BOLD signal or artifact, based
on its high frequency content>35%, correlation with rea-
lignment parameters (RP) derived from MCFLIRT, edge
and CSF fractions. Additionally, the mean time courses of
WM and CSF were calculated from the rs-fMRI images
and regressed out via fsl_glm. The rs-fMRI data were then
subjected to a bandpass filter at (0.01-0.09) Hz and finally
normalized onto the customized T1 template space.

For seed-based analysis, a bilateral spherical seed of the
DN (4-mm radius) was created using the coordinates of the
left and right dentate (— 18, —58,—34 and 18, — 56, — 34,
respectively) in MNI space, consistent with our previous
work [26, 27]. The dentate seed was then affine-transformed
to the native space of each subject and its anatomical loca-
tion was carefully checked on functional images. The mean
time series of the bilateral dentate seed were computed for
each subject and inserted into a general linear model (GLM)
to generate seed-based correlation maps.

Statistical Analysis

The Kruskal-Wallis test and post hoc Mann—Whitney U
test were performed to assess between-group differences
with respect to age, followed by the chi-square test to check
for inter-group differences with respect to sex. Differ-
ences in clinical scores between groups were analyzed via
Mann—Whitney U test. Statistical Package for the Social Sci-
ences (SPSS-25.0) was used to compute statistical analyses.
Results were Bonferroni corrected at p <0.05.

Lobular Volume Analysis

Differences in normalized cerebellar GM volumes between
study cohorts were calculated using MANCOVA followed
by a post hoc two-sample -test. Lastly, Pearson’s correlation
was computed between the cerebellar lobules that signifi-
cantly differed from controls and clinical scores. In all anal-
yses, age and gender were included as covariates. Results
were Bonferroni corrected at p <0.05.
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WM Analysis

To compute between-group differences in FA and MD in
the three cerebellar peduncles, a GLM was constructed with
age and gender as covariates. An ANOVA followed by a
two-sample #-test was run to investigate inter-group differ-
ences via a non-parametric approach (applying, 5000 per-
mutations) using Randomise tool [28] of FSL. Results were
false discovery rate (FDR)-corrected with a p value <0.05.
For the correlation analysis, the mean values of signifi-
cantly altered FA and MD between patients and controls
were extracted. Pearson’s correlation was computed between
mean FA and MD values and severity scores, and results
were Bonferroni corrected at p <0.05.

Dentate Nucleus Functional Connectivity (DNFC)

To evaluate inter-group differences in terms of DNFC,
ANOVA was performed non-parametrically via Randomise
tool [28] (n=5000) using a GLM with age and sex as covari-
ates to map brain areas that significantly differed between
groups. The ANOVA-derived map was binarized to build a
mask, at p <0.05 after FDR correction. Furthermore, two-
sample z-tests were computed using the same non-paramet-
ric approach to evaluate between-group differences within
this mask. Differences were considered significant with a p
value < 0.05 after FDR correction. The mean z scores of the
significantly altered DNFC between patients and controls
were extracted for each subject and Pearson’s correlation
was computed with the severity scale. Results were Bonfer-
roni corrected at p <0.05.

Results

TSpure, TS + OCD, and OCD patients and controls did not
statistically differ in terms of age (H (3)=2.1, p=0.54).
Conversely, sex distribution was uneven between TSpure
and controls (X2 [1, N=28]=14.1, p<0.001), TS+ OCD
and controls (X2 [1, N=26]=5.5, p=0.02), and TSpure
and OCD patients (X2 [1, N=27]=3.9, p=0.05). The
Mann-Whitney U test revealed that YGTSS-TTS scores
between TSpure and TS + OCD were comparable (U=108.5,
p=0.88). Similarly, CYBOCS scores were comparable
between OCD and TS + OCD patients (U=65, p=0.53)
(Table 1). According to the CYBOCS checklist, obses-
sive symptomatology was similar in OCD and TS + OCD
patients, except for hoarding/saving obsessions and miscel-
laneous obsessions (e.g., fear of saying or not saying some-
thing), which were respectively present in 40% (4/10) and
50% (5/10) of the OCD group as compared to the 14.3%
(2/14) of the TS + OCD group. The most frequently observed
types of compulsions in patients with TS + OCD were
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checking rituals and symmetry searching in 85.7% (12/14),
followed by repeating rituals in 78.6 (11/14), touching and
“just right phenomena” in 71.4% (10/14), and washing com-
pulsions in 57.1% (8/14). In the OCD group, compulsion
patterns were similarly represented with the notable excep-
tion of washing rituals, which were identified in 80% (8/10)
and of touching behaviors which were less common (50%).

Patients vs Controls

Lobular Volume Analysis

No significant differences were found in either global or
regional cerebellar volumes between patients and controls
(Fig. 1, Table 2).

WM Analysis

When compared to controls, both TSpure and TS + OCD
showed significantly higher FA (Fig. 2), whereas OCD

patients exhibited lower FA in all three cerebellar pedun-
cles (Fig. 2). MD analysis showed a similar pattern, i.e.,
lower values in both TSpure and TS + OCD and higher in
OCD patients than controls in all cerebellar peduncles (Sup-
plementary Fig S1). Thus, further analysis was restricted to
FA changes alone.

Dentate Nucleus Functional Connectivity

As compared to controls, both TSpure and TS +OCD patients
exhibited decreased DNFC with the right precentral gyrus,
right prefrontal cortex (PFC), left postcentral gyrus, left infe-
rior temporal gyrus, bilateral thalamus, left cerebellar lobule
IX, and left crus II. They also showed increased DNFC with
bilateral lobule VI and right crus I (Fig. 3). OCD patients,
in comparison to controls, exhibited decreased DNFC with
the right precentral gyrus, left postcentral gyrus, left inferior
temporal gyrus, bilateral thalamus, and left crus II, a pattern
similar to that observed in the TSpure and TS + OCD groups.
However, in contrast to the TSpure/TS + OCD groups, OCD

a *
p o *OCD < TSpure b :
200 i 42.00
42.00 ’
= 39.00
39.00 I i |
ITI 36.00
36.00
33.00 33.00
*p=0.04 2 #p=0.03
30.00 e
TSpure TS+0CD 0oCD Ctrl 30.00 TS pure TS+0CD och ol
c & *
14.00
14.00
13.00
13.00
12.00
— 12.00
11.00 L | | 11,00 1
10.00 10.00 L
*p=0.03 *p=0.04
9.00 9.00
TSpure TS+0CD oCD Ctrl TS pure TS+0CD OoCD Ctrl

Fig.1 Cerebellar lobular analysis: Boxplots depicts the cerebellar
volumetric differences between TSpure, TS +OCD, OCD, and Ctrls.
Gray matter values of each cerebellar lobule were extracted via
SUIT cerebellar atlas and assessed for inter-group differences. OCD
patients had decreased cerebellar gray matter volume than TSpure as

indicated by the blue color at a) right crus I, b) left crus I, ¢) right
VIIIb, and d) left VIIIb. The median marks the mid-point of the data
and is shown by the red line. The upper and lower whiskers represent
the highest and the lowest cerebellar gray matter values, respectively.
Significance was set at p <0.05, Bonferroni corrected
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Table 2 Cerebellar gray matter changes between OCD and TSpure patients

Cerebellar volume (mL) TSpure* TS+ OCD 0oCD" Ctrls F/p value
(355.4+11.3) (354.7+11.3) (341.8+21.2) (345.7+19.4) 2.4/0.08
“OCD < TSpure
R_CrusI 37.51+1.2 37.5+1.8 359+25 36.9+2.1 2.9/0.04
L_Crus1 379+1.6 37.7+2.1 36.1+2.5 37.2+1.6 3.1/0.03"
R_lobule VIIIb 12.0+0.6 11.5+0.7 11.1+0.7 11.4+0.8 3.3/0.04
L_lobule VIIIb 12.5+0.5 12.4+09 11.7+£0.6 12.0+0.9 2.7/0.02°

The above table depicts significant cerebellar gray matter (GM) differences in bilateral crus I and bilateral VIIIb lobule between obsessive—com-

pulsive disorder (OCD) and TS patients without comorbidity (TSpure)

“Denotes significant group differences obtained via multivariate analysis of covariance (MANCOVA) followed by post hoc two-sample #-test.

Results are Bonferroni corrected (p <0.05) for multiple comparisons

Patients vs Controls

a  TSpure > Ctrl

b  TS+OCD > Ctrl

¢ OCD<Ctrl

Fig.2 Cerebellar peduncles white matter analysis: Figure depicts frac-
tional anisotropy (FA) alterations between patients and controls (a, b, ¢)
and between patient cohorts (d, e) within three cerebellar tracts: infe-
rior cerebellar peduncle (ICP), middle cerebellar peduncle (MCP),
and superior cerebellar peduncle (SCP). The cerebellar peduncles
are represented by light-gray color overlayed on a 3-dimensional suit

patients showed increased DNFC with the PFC bilaterally, left
orbitofrontal cortex, and left crus I (Fig. 3). The details of
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Between Patients

TSpure > OCD

¢ )

TS+OCD > OCD

O

-
£

ICP

template post tbss_fill for better illustration. a) and b) Red areas rep-
resent higher FA in TSpure and TS +OCD patients than controls; ¢)
blue areas represent lower FA in OCD patients compared to controls;
d) and e) red areas represent higher FA in TSpure and TS + OCD than
OCD patients. Results were p <0.05, false discovery rate (FDR) cor-
rected. The color bar shows ¢ values

voxel coordinates and significant p and ¢ values are listed in
Supplementary Table S1.
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Patients vs Controls

a  TSpure vs Ctrl

b  TS+OCD vs Ctrl

¢ OCD vs Ctrl

HBB8EHe o
HBBE S

| T
Pat > Ctrl Pat < Ctrl

-4.5

HOEBEES

Fig.3 Cerebellar functional connectivity differences between patients
and controls: Figure depicts group differences in dentate nucleus
functional connectivity (DNFC) between patients and controls. Light
blue color indicates areas of reduced DNFC while red indicates areas
of increased DNFC, superimposed on a customized T1 template. a)
and b) represents decreased DNFC in TSpure and TS + OCD patients
with the right precentral gyrus, right prefrontal, left postcentral gyrus,
bilateral thalamus, left inferior temporal gyrus, left lobule IX, and left

Between-Group Comparison
Lobular Analysis

Compared to TSpure, OCD patients had significantly lower
GM volume in crus I and VIIIb bilaterally (Fig. 1, Table 2).

WM Analysis

TSpure and TS + OCD patients did not show significant
differences in FA in any of the cerebellar peduncles. In
contrast, both TSpure and TS + OCD exhibited higher FA
than OCD patients in all three cerebellar peduncles (Fig. 2).
Similarly, no MD differences were found between TSpure
and TS 4+ OCD, and both groups exhibited lower MD than
OCD patients (Supplementary Fig S1).

Dentate Nucleus Functional Connectivity

As compared to TS + OCD, TSpure patients exhibited
lower DNFC with the bilateral precentral gyrus and left

crus II, and an increased DNFC with the bilateral lobule VI and right
crus I compared to controls; ¢) represents decreased DNFC in OCD
patients with right pre and left postcentral gyrus, bilateral thalamus,
left inferior temporal gyrus, and left crus II and increased DNFC with
bilateral prefrontal, left fronto-orbital cortex, and left crus I compared
to Ctrls. Results were p <0.05, FDR corrected. The color bar repre-
sents ¢ values

crus II, as well as higher DNFC with the PFC bilaterally
(Fig. 4). With respect to OCD, both TSpure and TS + OCD
patients exhibited higher DNFC with the right pre and left
postcentral gyrus, right crus I, and left lobule VI. They
also showed lower DNFC with the bilateral PFC, left crus
I, and crus II (Fig. 4). The details of voxel coordinates
and significant p and ¢ values are listed in Supplementary
Table S1.

Correlations

Neither altered cerebellar GM lobules nor altered FA sig-
nificantly correlated with clinical scores in any patient
cohort. In TSpure patients, YGTSS-TTS score negatively
correlated with DNFC with the right PFC and positively
correlated with DNFC with left lobule VI (Fig. 5). No
significant correlations were found between altered DNFC
in TS + OCD patients and any of the severity scores. In
OCD patients, CYBOCS score positively correlated with
DNFC with the bilateral PFC and left orbitofrontal cortex
(Fig. 5).
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Between Patients

a  TSpure vs TS+OCD

b TSpure vs OCD

B.AAAS &
“ ‘ * -3.9 TSpure < OCD

¢ TS+OCD vs OCD

#OBve

Fig.4 Cerebellar functional connectivity differences between patient
groups: Figure depicts group differences in seed-based dentate
nucleus functional connectivity (DNFC) between patient cohorts.
Light blue color indicates areas of reduced DNFC while red indicates
areas of increased DNFC, superimposed on a customized T1 tem-
plate. a) represents decreased DNFC in TSpure patients with bilat-
eral pre-central gyrus and left crus II and an increased DNFC with

Discussion

Our study provides evidence of early-stage alterations in cer-
ebellar structural and functional connections in drug-naive
children with TSpure, TS + OCD, and OCD. We found alter-
ations in cerebellar WM connections and FC in all patient
cohorts as compared to controls. Our findings point to cer-
ebellar involvement in the pathophysiology of TS and OCD.

Cerebellar Lobular Volume

We did not find any significant differences in cerebellar
GM volume between patients and controls. Our findings of
normal cerebellar GM volume in drug-naive TS children
are consistent with previous studies demonstrating no GM
loss in these children [29-31]. Some studies have shown
reduced cerebellar GM in TS patients, although these studies
included patients with mixed comorbidity/medication pro-
files [16] or both children and adults [17]. The cerebellar
GM loss so far reported in TS patients may reflect adap-
tive changes in adult brains or be a consequence of prolong
exposure to drugs.
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TSpure > TS+OCD

3.8
* 37 TSpure< TS+OCD

TSpure > OCD

3.6 = TS+OCD > OCD

* 42 TS+OCD < OCD
L

bilateral prefrontal cortex compared to TS +OCD patients; b) and c)
depict increased DNFC in TS pure and TS +OCD with right pre and
left postcentral gyrus, left lobule VI, and right crus I and decreased
DNFC with bilateral prefrontal cortex, left crus I, and left crus II in
comparison to OCD patients. Results were p <0.05, FDR corrected.
The color bar represents ¢ values

Consistent with our results, the majority of prior volu-
metric studies in OCD patients reported no GM changes in
the cerebellum [32-34], though a few studies reported either
decreased [35] or increased [36] cerebellar GM volume in
OCD, which might be due to differences in methodology or
patient selection.

Between-group comparison revealed lower GM in bilat-
eral crus I and lobule VIIIb in OCD patients than in TSpure
patients, indicating subtle differences in cerebellar GM
between these two conditions, symmetrically affecting spe-
cific lobules, i.e., crus I and lobule VIII, which are known to
contribute to cognitive and sensorimotor functions, respec-
tively [37].

Cerebellar WM Tracts

Both TSpure and TS + OCD patients had higher FA than
controls in all three cerebellar peduncles, consistent with
previous findings [38]. Conversely, OCD patients had lower
FA than controls in all three cerebellar peduncles, in line
with a recent study [39]. Consequently, both TSpure and
TS + OCD significantly differed from OCD patients in terms
of WM microarchitecture of cerebellar connections.
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Fig.5 Correlation of altered dentate nucleus functional connectivity
(DNFC) with clinical measures: Figure depicts correlation of altered
DNEFC (z scores) with clinical severity scale (Yale global tic severity
scale total tic score (YGTSS-TTS) and children’s Yale-Brown obses-
sive—compulsive scale (CYBOCS)) in TSpure and OCD patients,
respectively. Circles indicate areas of increased (red) or decreased
(blue) DNFC in patients with respect to controls, whose z scores

Considering FA as a measure of axonal package density
and overall WM integrity [40], our findings suggest that
axonal density increases in both TSpure and TS + OCD,
whereas it decreases in OCD patients. The correlation
between WM changes and symptom expression in TS and
OCD is not fully understood. However, increased FA has
been reported in TS in sensorimotor [38] and prefrontal
regions [41] and has been associated with reduced tic
severity and better motor behavior control. A mechanism
of adaptive brain reorganization involving cerebellar WM
connections likely aiming to control tics may thus be pos-
tulated. Conversely, the lower FA values in OCD children
might represent a pathophysiological mechanism that
may be partly reversed by cognitive-behavioral therapy
[39]. Overall, the pediatric and drug-naive features of our
cohort enabled us to detect early-stage WM abnormali-
ties in the cerebellar peduncles of TS and OCD patients,
further supporting the role of abnormal WM in the patho-
physiology of these two disorders.

(&

Z Scores

DNFC

were correlated with clinical scores. a) DNFC with the right prefron-
tal cortex negatively correlated with YGTSS-TTS; b DNFC with the
left lobule VI positively correlated with the YGTSS-TTS; ¢) DNFC
with the bilateral prefrontal cortex positively correlated with the
CYBOCS; d) DNFC with the left orbitofrontal cortex positively cor-
related with the CYBOCS. Results were p <0.05, Bonferroni cor-
rected

Dentate Nucleus Functional Connectivity

As compared to controls, TSpure, TS + OCD, and OCD
patients showed decreased DNFC with the thalamus, pre and
postcentral gyri, and inferior temporal gyrus. These findings
are consistent with prior research [42—46]. In TS, the senso-
rimotor cortex and thalamus are involved in the premonitory
sensation of urges while the temporal gyrus is responsible
for directing control of urge inhibition [47—-49]. Our find-
ings favor the hypothesis that decreased DNFC underpins
poor control over premonitory urges and tics in TS patients.
Similarly, reduced cerebellar FC with the thalamus and
sensorimotor areas may underlie difficulties in controlling
repetitive thoughts and actions in OCD patients. Also, prior
studies have associated the decreased activity of inferior
temporal gyrus with low insight level in OCD patients [50].
Thus, our findings of reduced cerebellar-temporal FC might
reflect poor insight level or a lack of self-awareness in OCD
patients.
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With respect to controls, TSpure and TS + OCD patients
had reduced cerebellar-prefrontal connectivity, whereas
OCD patients had increased cerebellar-prefrontal and orbito-
frontal connectivity. Consistent with our results, some prior
studies have demonstrated decreased cerebellar-frontal
connectivity in TS patients [51] and increased prefrontal/
orbitofrontal excitability in OCD [52, 53]. In our sample,
cerebellar-prefrontal connectivity negatively correlated with
tic severity, whereas in OCD cerebellar-prefrontal and orbit-
ofrontal connectivity positively correlated with compulsive
scores. Thus, altered FC between the cerebellum and frontal
cortices in both TS and OCD likely represents a pathophysi-
ological correlate suggestive of widespread involvement of
networks responsible for guiding goal-oriented behaviors
[54]. The PFC is crucial in the ability to exert adaptive con-
trol over behavior, and hyperactivity in the frontal region
likely indicates abnormal performance monitoring in OCD
[55, 56]. In contrast, altered FC in the frontal cortex might
explain the defective control over volitional tic behavior
observed in TS [57].

When examining DNFC with other cerebellar regions, we
observed lower FC with the left lobule IX and crus II and
higher FC with lobule VI and crus I in TSpure, TS +OCD,
and OCD patients as compared to controls, in line with prior
findings demonstrating decreased intra-cerebellar FC in
adult TS patients [51] and increased cerebellar FC in pedi-
atric TS and OCD patients [11]. Additionally, we also found
a positive association between increased DNFC in TSpure
patients and tic severity. Cerebellar involvement in language
processing and visuospatial functions is well acknowledged
[37]. Our findings of increased and decreased intra-cerebel-
lar FC may therefore indicate wide-ranging cognitive deficits
in both TS and OCD patients.

Between-group comparison revealed that TSpure patients
had higher DNFC with the PFC and lower DNFC with
precentral and crus II regions as compared to TS + OCD
patients. We speculate that DNFC differences between
TSpure and TS + OCD patients could reflect a different bur-
den of disease when associated with psychiatric comorbid-
ity. Additionally, both TSpure and TS + OCD patients had
lower cerebellar FC with the PFC but higher DNFC with
sensorimotor areas as compared to OCD patients.

Overall, our findings demonstrating altered DNFC with
the thalamus, various cerebellar hemisphere regions, and
cerebral cortex point to a functional disconnection of the
cerebello-thalamo-cortical (CTC) circuit that affects both
TS and OCD patients.

The Cerebellum in TS and OCD
Recent studies have proposed a salient role of the cerebellum

in the pathogenesis of tics and compulsions [16, 18, 39].
However, the cerebellum is still underrepresented in TS and

GRO @ Springer

OCD research. The present study highlights abnormalities
in both structural and functional cerebellar connections in
TSpure, TS +OCD, and OCD patients. We demonstrated
significant alterations in cerebellar microstructural WM fib-
ers in both TS and OCD patients, with TS having higher
cerebellar structural integrity than OCD patients. Further-
more, we found that cerebello-prefrontal FC is reduced in TS
and increased in OCD, which suggests that the cerebellum
engages with the PFC in a distinct manner in TS as com-
pared to OCD patients. The negative vs positive correlation
between cerebellar-prefrontal FC and clinical severity found
in TS and OCD patients respectively further supports a dif-
ferent contribution of the disruption of this circuit, which is
mainly involved in executive functions, to the pathophysi-
ology of these two disorders. Lastly, our study reported no
differences in cerebellar structural architecture in both the
TS subcohorts. Moreover, we also found that TSpure and
TS 4+ OCD share common DNFC pattern when compared
to both controls and OCD patients. Our findings suggest
common pathophysiological underpinnings of the two clini-
cal subgroups and support the hypothesis of TS + OCD as a
subtype and alternative phenotype of TS.

Limitations

First, our cohorts were characterized by an uneven gender
distribution that might have influenced the results, though
sex was included in the analyses as a covariate. However, our
primary focus was the recruitment of drug-naive children.
Second, although we instructed our TS patients to tic freely,
we did not monitor the number of tics during MRI acquisi-
tion. Third, although our study consisted of 53 subjects, the
number of patients per subgroup is relatively small. Lastly,
since this was not a longitudinal study, we were not able to
monitor structural and functional changes over the disease
course. However, our study of a well-categorized drug-naive
patient population represents an initial step towards better
elucidating the neural basis of TS and OCD.

Conclusions

This study shows that TS and OCD patients share a common
pattern of reduced DNFC with the thalamus and cerebellar
and cerebral cortices, supporting a functional disconnection
of the CTC circuit in both disorders. By identifying differ-
ences in cerebellar-prefrontal FC and cerebellar peduncle
microarchitecture between drug-naive pediatric TS and OCD
patients, the present multimodal MRI study provides novel
insights into the pathophysiological cerebellar involvement
that characterizes the early phases of these two disorders.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12311-021-01327-7.


https://doi.org/10.1007/s12311-021-01327-7

The Cerebellum

Author Contribution ST: conceptualization, methodology, software,
formal analysis, investigation, writing—original draft, writing—review
and editing. AS: writing—review and editing, visualization. STO:
software, validation, and formal analysis. CG: investigation and data
curation. GC, GM: writing—review and editing. FC: investigation,
writing—review and editing. PP: supervision, writing—review and
editing, investigation, project administration, and funding acquisition.

Declarations
Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. American Psychiatric Association. Diagnostic and statistical man-
ual of mental disorders. 5th ed. American Psychiatric Association:
Arlington; 2013.

2. Cavanna AE. Gilles de la Tourette syndrome as a paradigmatic
neuropsychiatric disorder. CNS Spectr. 2018;23:213-8. https://
doi.org/10.1017/51092852918000834.

3. Hirschtritt ME, Lee PC, Pauls DL, et al. Lifetime prevalence,
age of risk, and genetic relationships of comorbid psychiatric dis-
orders in Tourette syndrome. JAMA Psychiat. 2015;72:325-33.
https://doi.org/10.1001/jamapsychiatry.2014.2650.

4. Leckman JF, Denys D, Simpson HB, et al. Obsessive—compul-
sive disorder: a review of the diagnostic criteria and possible sub-
types and dimensional specifiers for DSM-V. Depress Anxiety.
2010;27:507-27. https://doi.org/10.1002/da.20669.

5. Eddy CM, Cavanna AE. Tourette syndrome and obsessive com-
pulsive disorder: compulsivity along the continuum. J Obsessive-
Compuls Relat Disord. 2014;3:363-71. https://doi.org/10.1016/j.
jocrd.2014.04.003.

6. Cath DC, Spinhoven P, van Woerkom TC, et al. Gilles de la Tou-
rette’s syndrome with and without obsessive-compulsive disorder
compared with obsessive-compulsive disorder without tics: which
symptoms discriminate? J Nerv Ment Dis. 2001;189:219-28.
https://doi.org/10.1097/00005053-200104000-00003.

7. Worbe Y, Mallet L, Golmard J-L, et al. Repetitive behaviours in
patients with Gilles de la Tourette syndrome: tics, compulsions, or
both? PLoS ONE. 2010;5:¢12959. https://doi.org/10.1371/journ
al.pone.0012959.

8. Miguel EC, do Rosario-Campos MC, Prado HS, et al. Sensory
phenomena in obsessive-compulsive disorder and Tourette’s dis-
order. J Clin Psychiatry. 2000;61:150-6. https://doi.org/10.4088/
jep.v61n0213. quiz 157.

9. Ekinci O, ErkanEkinci A. Neurological soft signs and clinical
features of tic-related obsessive-compulsive disorder indicate a
unique subtype. J Nerv Ment Dis. 2020;208:21-7. https://doi.org/
10.1097/NMD.0000000000001098.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Kloft L, Steinel T, Kathmann N. Systematic review of co-occur-
ring OCD and TD: evidence for a tic-related OCD subtype? Neu-
rosci Biobehav Rev. 2018;95:280-314. https://doi.org/10.1016/].
neubiorev.2018.09.021.

Tikoo S, Cardona F, Tommasin S, et al. Resting-state functional
connectivity in drug-naive pediatric patients with Tourette
syndrome and obsessive-compulsive disorder. J Psychiatr Res.
2020;129:129-40. https://doi.org/10.1016/j.jpsychires.2020.06.
021.

Graybiel AM, Rauch SL. Toward a neurobiology of obsessive-
compulsive disorder. Neuron. 2000;28:343-7. https://doi.org/10.
1016/50896-6273(00)00113-6.

Suppa A, Marsili L, Di Stasio F, et al. Cortical and brainstem
plasticity in Tourette syndrome and obsessive-compulsive dis-
order. Mov Disord Off J Mov Disord Soc. 2014;29:1523-31.
https://doi.org/10.1002/mds.25960.

Suppa A, Belvisi D, Bologna M, et al. Abnormal cortical and
brain stem plasticity in Gilles de la Tourette syndrome. Mov
Disord Off ] Mov Disord Soc. 2011;26:1703-10. https://doi.
org/10.1002/mds.23706.

Worbe Y, Marrakchi-Kacem L, Lecomte S, et al. Altered
structural connectivity of cortico-striato-pallido-thalamic
networks in Gilles de la Tourette syndrome. Brain J Neurol.
2015;138:472-82. https://doi.org/10.1093/brain/awu311.
Sigurdsson HP, Jackson SR, Jolley L, et al. Alterations in cer-
ebellar grey matter structure and covariance networks in young
people with Tourette syndrome. Cortex. 2020;126:1-15. https://
doi.org/10.1016/j.cortex.2019.12.022.

Tobe RH, Bansal R, Xu D, et al. Cerebellar morphology in Tou-
rette syndrome and obsessive-compulsive disorder. Ann Neurol.
2010;67:479-87. https://doi.org/10.1002/ana.21918.

Xu T, Zhao Q, Wang P, et al. Altered resting-state cerebellar-
cerebral functional connectivity in obsessive-compulsive dis-
order. Psychol Med. 2019;49:1156-65. https://doi.org/10.1017/
S0033291718001915.

. Zhang H, Wang B, Li K, et al. Altered functional connectivity

between the cerebellum and the cortico-striato-thalamo-corti-
cal circuit in obsessive-compulsive disorder. Front Psychiatry.
2019;10:522. https://doi.org/10.3389/fpsyt.2019.00522.

Van Overwalle F, Manto M, Cattaneo Z, et al. Consensus paper:
cerebellum and social cognition. The Cerebellum. 2020;19:833—
68. https://doi.org/10.1007/s12311-020-01155-1.

Kaufman J, Birmaher B, Brent D, et al. Schedule for affective
disorders and schizophrenia for school-age children-present and
lifetime version (K-SADS-PL): initial reliability and validity
data. J Am Acad Child Adolesc Psychiatry. 1997;36:980-8.
https://doi.org/10.1097/00004583-199707000-00021.

Wilke M, Altaye M, Holland SK, CMIND Authorship Consor-
tium. CerebroMatic: a versatile toolbox for spline-based MRI
template creation. Front Comput Neurosci. 2017;11:5. https://
doi.org/10.3389/fncom.2017.00005.

Diedrichsen J, Balsters JH, Flavell J, et al. A probabilistic MR
atlas of the human cerebellum. Neuroimage. 2009;46:39-46.
https://doi.org/10.1016/j.neuroimage.2009.01.045.

Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based
spatial statistics: voxelwise analysis of multi-subject diffusion
data. Neuroimage. 2006;31:1487-505. https://doi.org/10.1016/j.
neuroimage.2006.02.024.

Pruim RHR, Mennes M, van Rooij D, et al. ICA-AROMA: a
robust ICA-based strategy for removing motion artifacts from
fMRI data. Neuroimage. 2015;112:267-77. https://doi.org/10.
1016/j.neuroimage.2015.02.064.

Tikoo S, Pietracupa S, Tommasin S, et al. Functional dis-
connection of the dentate nucleus in essential tremor.
J Neurol. 2020;267:1358-67. https://doi.org/10.1007/
$00415-020-09711-9.

@ Springer @R@


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S1092852918000834
https://doi.org/10.1017/S1092852918000834
https://doi.org/10.1001/jamapsychiatry.2014.2650
https://doi.org/10.1002/da.20669
https://doi.org/10.1016/j.jocrd.2014.04.003
https://doi.org/10.1016/j.jocrd.2014.04.003
https://doi.org/10.1097/00005053-200104000-00003
https://doi.org/10.1371/journal.pone.0012959
https://doi.org/10.1371/journal.pone.0012959
https://doi.org/10.4088/jcp.v61n0213
https://doi.org/10.4088/jcp.v61n0213
https://doi.org/10.1097/NMD.0000000000001098
https://doi.org/10.1097/NMD.0000000000001098
https://doi.org/10.1016/j.neubiorev.2018.09.021
https://doi.org/10.1016/j.neubiorev.2018.09.021
https://doi.org/10.1016/j.jpsychires.2020.06.021
https://doi.org/10.1016/j.jpsychires.2020.06.021
https://doi.org/10.1016/s0896-6273(00)00113-6
https://doi.org/10.1016/s0896-6273(00)00113-6
https://doi.org/10.1002/mds.25960
https://doi.org/10.1002/mds.23706
https://doi.org/10.1002/mds.23706
https://doi.org/10.1093/brain/awu311
https://doi.org/10.1016/j.cortex.2019.12.022
https://doi.org/10.1016/j.cortex.2019.12.022
https://doi.org/10.1002/ana.21918
https://doi.org/10.1017/S0033291718001915
https://doi.org/10.1017/S0033291718001915
https://doi.org/10.3389/fpsyt.2019.00522
https://doi.org/10.1007/s12311-020-01155-1
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.3389/fncom.2017.00005
https://doi.org/10.3389/fncom.2017.00005
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2015.02.064
https://doi.org/10.1016/j.neuroimage.2015.02.064
https://doi.org/10.1007/s00415-020-09711-9
https://doi.org/10.1007/s00415-020-09711-9

The Cerebellum

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tona F, De Giglio L, Petsas N, et al. Role of cerebellar dentate
functional connectivity in balance deficits in patients with mul-
tiple sclerosis. Radiology. 2017;287:267-75. https://doi.org/10.
1148/radiol.2017170311.

Winkler AM, Ridgway GR, Webster MA, et al. Permutation infer-
ence for the general linear model. Neuroimage. 2014;92:381-97.
https://doi.org/10.1016/j.neuroimage.2014.01.060.

Hong K-E, Ock S-M, Kang M-H, et al. The segmented regional
volumes of the cerebrum and cerebellum in boys with Tourette
syndrome. J Korean Med Sci. 2002;17:530-6. https://doi.org/10.
3346/jkms.2002.17.4.530.

Mirabella G, Upadhyay N, Mancini C, et al. Loss in grey matter
in a small network of brain areas underpins poor reactive inhibi-
tion in obsessive-compulsive disorder patients. Psychiatry Res
Neuroimaging. 2020;297:111044. https://doi.org/10.1016/j.pscyc
hresns.2020.111044.

Roessner V, Overlack S, Baudewig J, et al. No brain struc-
ture abnormalities in boys with Tourette’s syndrome: a voxel-
based morphometry study. Mov Disord Off J] Mov Disord Soc.
2009;24:2398-403. https://doi.org/10.1002/mds.22847.

Cheng B, Cai W, Wang X, et al. Brain gray matter abnormalities in
first-episode, treatment-naive children with obsessive-compulsive
disorder. Front Behav Neurosci. 2016;10:141. https://doi.org/10.
3389/fnbeh.2016.00141.

Gongalves OF, Sousa S, Carvalho S, et al. Alterations of gray
and white matter morphology in obsessive compulsive disorder.
Psicothema. 2017;29:35-42. https://doi.org/10.7334/psicothema
2016.86.

Peng Z, Lui SSY, Cheung EFC, et al. Brain structural abnormali-
ties in obsessive-compulsive disorder: converging evidence from
white matter and grey matter. Asian J Psychiatry. 2012;5:290-6.
https://doi.org/10.1016/j.ajp.2012.07.004.

Kim JJ, Lee MC, Kim J, et al. Grey matter abnormalities in
obsessive-compulsive disorder: statistical parametric mapping of
segmented magnetic resonance images. Br J Psychiatry J] Ment
Sci. 2001;179:330-4.

Pujol J, Soriano-Mas C, Alonso P, et al. Mapping structural brain
alterations in obsessive-compulsive disorder. Arch Gen Psychia-
try. 2004;61:720-30. https://doi.org/10.1001/archpsyc.61.7.720.
Stoodley CJ. The cerebellum and cognition: evidence from func-
tional imaging studies. Cerebellum Lond Engl. 2012;11:352-65.
https://doi.org/10.1007/s12311-011-0260-7.

Thomalla G, Siebner HR, Jonas M, et al. Structural changes in the
somatosensory system correlate with tic severity in Gilles de la
Tourette syndrome. Brain. 2009;132:765-77. https://doi.org/10.
1093/brain/awn339.

Zhong Z, Yang X, Cao R, et al. Abnormalities of white matter
microstructure in unmedicated patients with obsessive—compul-
sive disorder: changes after cognitive behavioral therapy. Brain
Behav. 2019;9:e01201. https://doi.org/10.1002/brb3.1201.
Friedrich P, Fraenz C, Schliiter C, et al. (2020) The relationship
between axon density, myelination, and fractional anisotropy in
the human corpus callosum. Cereb Cortex N 'Y N. 1991;30:2042—
56. https://doi.org/10.1093/cercor/bhz221.

Jackson SR, Parkinson A, Jung J, et al. Compensatory neural
reorganization in Tourette syndrome. Curr Biol. 2011;21:580-5.
https://doi.org/10.1016/j.cub.2011.02.047.

Ji G-J, Liao W, Yu Y, et al. Globus pallidus interna in Tourette
syndrome: decreased local activity and disrupted functional con-
nectivity. Front Neuroanat. 2016;10:93. https://doi.org/10.3389/
fnana.2016.00093.

Liao W, Yu Y, Miao H-H, et al. Inter-hemispheric intrinsic con-
nectivity as a neuromarker for the diagnosis of boys with Tourette
syndrome. Mol Neurobiol. 2017;54:2781-9. https://doi.org/10.
1007/512035-016-9863-9.

GRO @ Springer

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

Moreira PS, Marques P, Magalhaes R, et al. The resting-brain of
obsessive—compulsive disorder. Psychiatry Res Neuroimaging.
2019;290:38-41. https://doi.org/10.1016/j.pscychresns.2019.06.
008.

Niu Q, Yang L, Song X, et al. Abnormal resting-state brain activi-
ties in patients with first-episode obsessive-compulsive disorder.
Neuropsychiatr Dis Treat. 2017;13:507-13. https://doi.org/10.
2147/NDT.S117510.

Yang T, Cheng Y, Li H, et al. Abnormal regional homogene-
ity of drug-naive obsessive-compulsive patients. NeuroReport.
2010;21:786-90. https://doi.org/10.1097/WNR.0b013e3283
3cadf0.

Berman BD, Horovitz SG, Morel B, Hallett M. Neural correlates
of blink suppression and the buildup of a natural bodily urge.
Neuroimage. 2012;59:1441-50. https://doi.org/10.1016/j.neuro
image.2011.08.050.

Debes NM, Préel M, Skov L. Functional neuroimaging in Tourette
syndrome: recent perspectives. In: Neurosci. Neuroeconomics.
2017. https://www.dovepress.com/functional-neuroimaging-in-
tourette-syndrome-recent-perspectives-peer-reviewed-fulltext-
article-NAN. Accessed 22 Feb 2021.

Draper A, Jackson GM, Morgan PS, Jackson SR. Premonitory
urges are associated with decreased grey matter thickness within
the insula and sensorimotor cortex in young people with Tourette
syndrome. J Neuropsychol. 2016;10:143-53. https://doi.org/10.
1111/jnp.12089.

Fan J, Zhong M, Gan J, et al. Spontaneous neural activity in the
right superior temporal gyrus and left middle temporal gyrus is
associated with insight level in obsessive-compulsive disorder.
J Affect Disord. 2017;207:203-11. https://doi.org/10.1016/j.jad.
2016.08.027.

Ramkiran S, Heidemeyer L, Gaebler A, et al. Alterations in basal
ganglia-cerebello-thalamo-cortical connectivity and whole brain
functional network topology in Tourette’s syndrome. Neurolmage
Clin. 2019;24:101998. https://doi.org/10.1016/j.nic1.2019.101998.
Apergis-Schoute AM, Bijleveld B, Gillan CM, et al. Hypercon-
nectivity of the ventromedial prefrontal cortex in obsessive-com-
pulsive disorder. Brain Neurosci Adv. 2018;2:1-10. https://doi.
org/10.1177/2398212818808710.

Ping L, Su-Fang L, Hai-Ying H, et al. Abnormal spontaneous
neural activity in obsessive-compulsive disorder: a resting-
state functional magnetic resonance imaging study. PLoS ONE.
2013;8:e67262. https://doi.org/10.1371/journal.pone.0067262.
Dosenbach NUF, Fair DA, Cohen AL, et al. A dual-networks
architecture of top-down control. Trends Cogn Sci. 2008;12:99—
105. https://doi.org/10.1016/j.tics.2008.01.001.

Fitzgerald KD, Stern ER, Angstadt M, et al. Altered function and
connectivity of the medial frontal cortex in pediatric obsessive
compulsive disorder. Biol Psychiatry. 2010;68:1039—47. https://
doi.org/10.1016/j.biopsych.2010.08.018.

van Noordt S, Segalowitz SJ. Performance monitoring and the
medial prefrontal cortex: a review of individual differences and
context effects as a window on self-regulation. Front Hum Neu-
rosci. 2012;6:197. https://doi.org/10.3389/fnhum.2012.00197.
Cavanna AE, Nani A. Tourette syndrome and consciousness of
action. Tremor Hyperkinetic Mov N Y N. 2013;3:tre-03-181-
4368-1. https://doi.org/10.7916/DSPV6J33.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1148/radiol.2017170311
https://doi.org/10.1148/radiol.2017170311
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.3346/jkms.2002.17.4.530
https://doi.org/10.3346/jkms.2002.17.4.530
https://doi.org/10.1016/j.pscychresns.2020.111044
https://doi.org/10.1016/j.pscychresns.2020.111044
https://doi.org/10.1002/mds.22847
https://doi.org/10.3389/fnbeh.2016.00141
https://doi.org/10.3389/fnbeh.2016.00141
https://doi.org/10.7334/psicothema2016.86
https://doi.org/10.7334/psicothema2016.86
https://doi.org/10.1016/j.ajp.2012.07.004
https://doi.org/10.1001/archpsyc.61.7.720
https://doi.org/10.1007/s12311-011-0260-7
https://doi.org/10.1093/brain/awn339
https://doi.org/10.1093/brain/awn339
https://doi.org/10.1002/brb3.1201
https://doi.org/10.1093/cercor/bhz221
https://doi.org/10.1016/j.cub.2011.02.047
https://doi.org/10.3389/fnana.2016.00093
https://doi.org/10.3389/fnana.2016.00093
https://doi.org/10.1007/s12035-016-9863-9
https://doi.org/10.1007/s12035-016-9863-9
https://doi.org/10.1016/j.pscychresns.2019.06.008
https://doi.org/10.1016/j.pscychresns.2019.06.008
https://doi.org/10.2147/NDT.S117510
https://doi.org/10.2147/NDT.S117510
https://doi.org/10.1097/WNR.0b013e32833cadf0
https://doi.org/10.1097/WNR.0b013e32833cadf0
https://doi.org/10.1016/j.neuroimage.2011.08.050
https://doi.org/10.1016/j.neuroimage.2011.08.050
https://www.dovepress.com/functional-neuroimaging-in-tourette-syndrome-recent-perspectives-peer-reviewed-fulltext-article-NAN
https://www.dovepress.com/functional-neuroimaging-in-tourette-syndrome-recent-perspectives-peer-reviewed-fulltext-article-NAN
https://www.dovepress.com/functional-neuroimaging-in-tourette-syndrome-recent-perspectives-peer-reviewed-fulltext-article-NAN
https://doi.org/10.1111/jnp.12089
https://doi.org/10.1111/jnp.12089
https://doi.org/10.1016/j.jad.2016.08.027
https://doi.org/10.1016/j.jad.2016.08.027
https://doi.org/10.1016/j.nicl.2019.101998
https://doi.org/10.1177/2398212818808710
https://doi.org/10.1177/2398212818808710
https://doi.org/10.1371/journal.pone.0067262
https://doi.org/10.1016/j.tics.2008.01.001
https://doi.org/10.1016/j.biopsych.2010.08.018
https://doi.org/10.1016/j.biopsych.2010.08.018
https://doi.org/10.3389/fnhum.2012.00197
https://doi.org/10.7916/D8PV6J33

	The Cerebellum in Drug-naive Children with Tourette Syndrome and Obsessive–Compulsive Disorder
	Abstract
	Introduction
	Methods
	Participants
	MRI Acquisition
	Data Analysis
	Lobular Volume Analysis
	WM Analysis
	Functional MRI Analysis

	Statistical Analysis
	Lobular Volume Analysis
	WM Analysis
	Dentate Nucleus Functional Connectivity (DNFC)


	Results
	Patients vs Controls
	Lobular Volume Analysis
	WM Analysis
	Dentate Nucleus Functional Connectivity

	Between-Group Comparison
	Lobular Analysis
	WM Analysis
	Dentate Nucleus Functional Connectivity

	Correlations

	Discussion
	Cerebellar Lobular Volume
	Cerebellar WM Tracts
	Dentate Nucleus Functional Connectivity
	The Cerebellum in TS and OCD
	Limitations
	Conclusions

	References


