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ABSTRACT

BACKGROUND: Obsessive-compulsive symptoms (OCSs) during childhood predispose to obsessive-compulsive
disorder and have been associated with changes in brain circuits altered in obsessive-compulsive disorder
samples. OCSs may arise from disturbed glutamatergic neurotransmission, impairing cognitive oscillations and
promoting overstable functional states.

METHODS: A total of 227 healthy children completed the Obsessive Compulsive Inventory-Child Version and
underwent a resting-state functional magnetic resonance imaging examination. Genome-wide data were obtained
from 149 of them. We used a graph theory-based approach and characterized associations between OCSs and
dynamic functional connectivity (dFC). dFC evaluates fluctuations over time in FC between brain regions, which
allows characterizing regions with stable connectivity patterns (attractors). We then compared the spatial similarity
between OCS-dFC correlation maps and mappings of genetic expression across brain regions to identify genes
potentially associated with connectivity changes. In post hoc analyses, we investigated which specific single
nucleotide polymorphisms of these genes moderated the association between OCSs and patterns of dFC.
RESULTS: OCSs correlated with decreased attractor properties in the left ventral putamen and increased attractor
properties in (pre)motor areas and the left hippocampus. At the specific symptom level, increased attractor properties
in the right superior parietal cortex correlated with ordering symptoms. In the hippocampus, we identified two single
nucleotide polymorphisms in glutamatergic neurotransmission genes (GRM7, GNAQ) that moderated the association
between OCSs and attractor features.

CONCLUSIONS: We provide evidence that in healthy children, the association between dFC changes and OCSs may
be mapped onto brain circuits predicted by prevailing neurobiological models of obsessive-compulsive disorder.
Moreover, our findings support the involvement of glutamatergic neurotransmission in such brain network changes.

https://doi.org/10.1016/j.bpsgos.2021.11.009

Obsessive-compulsive disorder (OCD) is characterized by
anxiety-inducing intrusive thoughts, images, or impulses (ob-

circuits account for a large percentage of variability in OCSs
(9,10). These models are based in part on resting-state

sessions) and repetitive behaviors (compulsions). OCD has a
lifetime prevalence of 1% to 3% and frequently follows a
chronic course (1), imposing significant socioeconomic bur-
dens (2). Its impact could be minimized with prevention and
early treatment (3); thus, it is essential to characterize at-risk
individuals from a dimensional perspective. Evidence sug-
gests that subclinical obsessive-compulsive symptoms
(OCSs) might herald OCD onset in a significant percentage of
cases (4) and that the presence of such symptoms during
childhood increases the probability to develop OCD in adult-
hood (5,6). Notably, neuroimaging studies have shown that
clinical and subclinical OCSs share structural and functional
underpinnings (7,8).

Prevailing neurobiological models of OCD indicate that
alterations in  cortico-striatal-thalamo-cortical  (CSTC)
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functional connectivity (FC) assessments, which, however,
considered FC to be stationary (11-13). More recently, dy-
namic FC (dFC) has allowed a more realistic approximation
to connectivity by considering the temporal dimension and,
therefore, the fluctuations in the communication patterns
between brain regions (14). Interestingly, dFC research has
shown that functional streams repeatedly converge into
specific brain nodes, named attractors (15). Such attractors
are akin to hubs in static FC in the temporal dimension,
which allows their description not only as brain nodes
centralizing and redistributing information, but also as re-
gions governing the brain temporal dynamics by causing
functional streams of information to repeatedly converge
into them (15-17). For instance, at rest, attractors have been
identified in primary sensory cortices, pulling connectivity
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from neighboring regions, as well as in regions of the default
mode network, pulling connectivity from distant network
nodes (15). The description of FC alterations in OCD patients
in such terms could provide relevant information on the
mechanisms underlying the emergence of OCSs, and
although dFC captures connectivity fluctuations on a time
scale of seconds, they may potentially be a novel way to
characterize the fluctuating nature of OCSs as stemming
from alterations in dynamic rather than static brain networks.

Computational studies hypothesize that changes in gluta-
matergic/GABAergic (gamma-aminobutyric acidergic) synaptic
efficacy may contribute to psychiatric symptoms by altering
the stability of brain attractor networks (i.e., the network of
regions significantly connected to an attractor over time)
(18,19). Network stability refers to the ability of attractors to
pull and retain connectivity form other regions over time, thus
impeding transitions between brain states. In OCD, increased
glutamatergic neurotransmission may increase the firing rates
of neurons and their synaptic efficacy, thus increasing the
stability of attractor networks and promoting overstable states
(18,19). In agreement with this, CSTC connectivity alterations
in OCD have been described to be driven by an imbalance
between the glutamatergic and GABAergic direct and indirect
CSTC circuits (9), and studies have reported increased gluta-
matergic function/concentration in the striatum (20) and cere-
brospinal fluid of patients with OCD (21,22). Likewise, genetic
studies have unveiled significant associations between
glutamate-related genes, OCD diagnosis (23,24), and treat-
ment resistance (25). Treatment studies have also reported
that elevated glutamate levels normalize after treatment (26),
and that glutamate antagonists may be useful treatment
coadjuvants (27). Notably, these effects might be also
observed in other brain areas in association with distinct
OCSs, accounting for the clinical heterogeneity of OCD and
adding to the notion that different OCSs might arise from al-
terations in different areas (12,13,18,28).

Here, we implemented a dFC approach to identify brain
attractors associated with total and symptom-specific OCSs
in a large sample of healthy children, free from the con-
founding effects of adult OCD samples, such as medication,
chronicity, and comorbidities. Next, we explored the genetic
signature of these attractors by meta-analyzing information
from genetic databases (see Supplemental Methods S1) to
identify genes that potentially underlie variations in dFC
associated with OCSs. Capitalizing on the results from these
analyses, we looked for potential polymorphisms within the
genome-wide data of our sample moderating the association
between imaging findings and OCSs. Stemming from the
attractor hypothesis of OCD (18) and the prevailing neurobi-
ological models of this disorder, we hypothesized that general
and symptom-specific OCSs would be associated with vari-
ations in dFC (changes in the attractor profile) in CSTC re-
gions, and that genes colocating with these imaging findings
would be related to glutamatergic neurotransmission. Finally,
we anticipated that expression-modifying single nucleotide
polymorphisms (SNPs) in glutamatergic genes would moder-
ate the association between CSTC attractors and OCSs. With
this multidimensional perspective, we aim to provide an inte-
grated view on the neurobiological determinants of the
emergence of OCSs.
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METHODS AND MATERIALS

Participants

This study included 227 healthy schoolchildren from the
BREATHE (Brain Development and Air Pollution Ultrafine Par-
ticles in School Children) project (29). This project assessed
the effect of pollution on neurodevelopment in 2897 children
from 39 primary schools in the urban area of Barcelona, Spain.
From those, 810 families were offered to participate in a neu-
roimaging substudy, and 491 were effectively contacted and
263 children completed the imaging protocol. Ten subjects
were excluded based on image quality criteria (Supplemental
Methods S2) and 1 subject was excluded because of incom-
plete psychometric data, resulting in 252 children.

During recruitment, pupils with special needs or with
neurological, psychiatric, or other major medical conditions
were excluded based on the reports of psychopedagogical
offices. Teachers assessed attention-deficit’/hyperactivity dis-
order (ADHD) symptoms with the ADHD Rating Scale-IV (30),
and parents or legal guardians completed the Strengths and
Difficulties Questionnaire (31).

Afterward, subjects underwent a clinical interview with a
psychologist or psychiatrist who concluded that none met
DSM-IV criteria for a psychiatric diagnosis. However, accord-
ing to ADHD Rating Scale-IV data, 25 had subthreshold ADHD
symptoms; thus, they were also excluded, leaving a final
sample of 227 children. This sample was used in previous
studies assessing brain correlates of OCSs (7,8).

OCSs were self-reported with the Obsessive Compulsive
Inventory—Child Version (OCI-CV) (32), which assesses six
symptom dimensions (doubt-checking, hoarding, neutralizing,
obsessing, ordering, and washing) and provides a total OCS
score by adding the dimensional subscores.

The study was approved by the ethical committees of IMIM-
Parc de Salut Mar (No. 2010/41221/l), and the European
Commission FP7-ERC-2010-AdG (No. 1D268479). Written
informed consent was obtained from all parents or legal
guardians.

Imaging Data Acquisition and Preprocessing

Acquisition and preprocessing protocols are described in
Supplemental Methods S2 and Figures S1 to S3.

Genotyping

Genotyping is detailed in Supplemental Methods S3 and
elsewhere (33). From the whole study sample, 149 children had
both good-quality magnetic resonance imaging and genetic
data. Hence, genetic analyses were performed in this
subsample.

Data Analyses

Sociodemographic and Psychometric Data. Statistical
analyses of sociodemographic and psychometric data were
performed with SPSS version 23 (IBM Corp.).

OCS-Related Attractor Connectivity. Static FC ap-
proaches assess connectivity by averaging the entire blood
oxygen level-dependent time series. However, brain dy-
namic changes occur at a shorter time scale. Here, we
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implemented a graph theory-based dynamic stepwise FC
(SFC) method (15) to characterize temporal information from
FC in a nonstationary manner, which is achieved using a
time moving window along the time series. First, we
extracted the blood oxygen level-dependent time series
within a whole-brain gray matter mask and applied a sliding
window approach to split functional data into time windows
of 30 seconds, with one lagged time point between them to
achieve smooth transitions (15). Then, we computed Pear-
son’s correlations across the time series of all voxels in each
window to generate an FC (association) matrix per time
window (Figure 1A), excluding negative correlations because
of their ambiguity as indicators of topological patterns (34),
and nonsignificant correlations (p > .05) likely attributable to
noise (35). Afterward, we applied variance-stabilizing
Fisher’'s transformations to the remaining coefficients
before SFC analyses.

After these initial analyses, we computed, for each time
window and using in-house scripts running on MATLAB
R2020b (The MathWorks, Inc.), SFC values by calculating the
connectivity steps from each voxel to the rest of brain voxels
until seven steps were completed. The seven-step distance
was selected based on previous path lengths research in FC
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graphs (17). We obtained the weighted degree (or sum) of all
the stepwise connections per voxel, which allowed us to
identify voxels in which FC streams converge across multiple-
step paths. Moreover, it has to be noted that dynamic changes
occur at both local and distant levels (15). Because neigh-
boring nodes engage in high connectivity strength, assessing
total connectivity would highlight local connectivity while
overshadowing distant patterns. Hence, for each voxel, SFC
was estimated under two independent conditions: 1) consid-
ering direct (immediate) neighbor connections through triangle
motifs (local connectivity; Equation S1 in the Supplement) and
2) considering connections outside the local neighborhood or
triangle motifs (distant connectivity; Equation S2 in the
Supplement) (Figure 1A).

Subsequently, we computed the mean of these weighted
degree maps, containing the connectivity convergences from
each time window, to obtain a single local and distant SFC
map per subject. In these final maps, increased SFC values
represent voxels into which FC repeatedly converges across
multiple-step paths and time windows, a proxy of attractors.
An attractor may therefore be conceived of as a hub region
within a multistep spatial network in which hubiness remains
largely unaltered across time windows.

A Dynamic and Segregated Functional Connectivity
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Figure 1. Neuroimaging-gene expression interaction analysis. (A) Dynamic functional connectivity was assessed through association matrices over time
windows that represent distinct network configurations over time. Total connectivity was segregated into local and distant connectivity via triangle motifs; thus,
the terms “local” and distant” refer to network-based topology and not to Euclidean distances within the brain. Then, stepwise functional connectivity analyses
were implemented to assess local and distant dynamic functional streams’ convergence at specific brain voxels. (Top) Representation of three association
matrices at three time points. (Bottom) Representation of local and distant network configurations at three time points. (B) Connectivity segregation allowed to
assess local and distant connectivity convergences targeting specific areas (attractors) and their relationship with OCSs. The resulting connectivity maps were
combined with the gene expression AHBA to identify genes with expression levels spatially similar to OCS-related attractors. Then, we unselected genes
enriched in biological processes and identified their expression quantitative trait loci (SNPs related to their expression) through brain (hippocampus and cortex)
data of the GTEx project. Finally, we extracted the SNPs’ genotypes from the genome-wide data of our sample and assessed their moderation effect on the
associations between OCSs and attractor connectivity. (Top left) Representation of brain regions with high local (left) or distant (right) connectivity conver-
gences associated with symptoms. (Top right) brain representation of AHBA expression data for a selected representative gene (ATP1B7), generated with
Brain Explorer 2 (Allen Institute for Brain Science). (Bottom left) Histogram representing the distribution of spatial similarity scores between dynamic con-
nectivity maps and gene expression data from the AHBA. A statistical threshold of >2 SDs is shown. (Bottom right) Flowchart describing the workflow followed
to identify and test the moderating effect of SNPs of genes expressed in OCS-related attractor regions on the associations between OCSs and attractor
connectivity. AHBA, Allen Human Brain Atlas; BOLD, blood oxygen level-dependent; GTEx, Genotype-Tissue Expression; OCS, obsessive-compulsive
symptoms; SNP, single nucleotide polymorphism.
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Finally, we generated regression models with SPM12 (Uni-
versity College London, London, United Kingdom) to explore
the associations between total or symptom-specific OCI-CV
scores and local and distant SFC. Symptom-specific models
included doubt-checking, hoarding, obsessing, and ordering
scores as predictor variables, and neutralizing and washing
scores as nuisance covariates because of lack of variance
(mean < 1, median = 0). Likewise, age and sex were also
included as nuisance variables. Results were independently
evaluated within cortical and subcortical masks to maximize
analysis sensitivity. Statistical significance was set at p < .05
(cluster-level, familywise error [FWE] corrected).

Genetic Signature of OCS-Related Attractors. As in
previous publications (15,36), we used the Allen Human Brain
Atlas (human.brain-map.org) (Supplemental Methods S1A) (37)
to identify genes in which expression spatially overlapped with
OCS-related SFC maps. Because gene expression differs
between cortical and subcortical regions (38), we analyzed
cortical and subcortical data separately. At the cortical level,
Allen Human Brain Atlas transcriptional profiles, including
20,787 protein-coding genes, and OCS-related SFC maps
were anatomically transformed to the 68 cortical regions of the
Desikan-Killiany atlas (39,40). At the subcortical level, tran-
scriptional profiles and SFC maps were transformed to the 16
subcortical regions from the FreeSurfer segmentation (41).
Then, we calculated Pearson’s correlations between the vec-
tors of each gene’s expression level, according to the Allen
Human Brain Atlas, and the local and distant vectors of SFC at
the cortical and subcortical levels. Finally, we built null hy-
pothesis distributions comparing the cortical and subcortical
transcriptome with our maps and identified genes surpassing a
spatial correlation value of r > 2 SDs as the ones exhibiting a
transcriptional profile spatially similar to OCS-related attractors
(Figure 1B).

We next performed Gene Ontology-Biological Processes
enrichment analyses (geneontology.org) (Supplemental
Methods S1B) (42,43) for the genes highly expressed in
OCS-related attractor regions to detect overrepresented bio-
logical processes. Statistical significance was determined with
a Fisher’s exact test (p < .05, false discovery rate [FDR] cor-
rected) and a fold enrichment > 2.

Following expert recommendations, we retrieved the SNPs
of genes involved in overrepresented Gene Ontology-
Biological Processes terms using the single-tissue expres-
sion quantitative trait loci viewer of the Genotype-Tissue
Expression (GTEx) portal (gtexportal.org) (Supplemental
Methods S1C) (44). SNPs were subsequently pruned based
on linkage disequilibrium patterns from the CEU (Caucasian
ancestry population) of the International Genome Sample
Resource and the 1000 Genomes Project (https:/www.
internationalgenome.org), and following linkage cutoffs of
R? = 0.1, and minor allele frequencies = 0.05 (Idlink.nci.nih.gov/
?tab=snpclip) (Supplemental Methods S1D) (45).

Last, in post hoc analyses, genotypes for these SNPs were
extracted from our genome-wide dataset using PLINK V1.9
(cog-genomics.org/plink/1.9) (46). Samples were grouped
following a genetic dominant model (0 vs. 1 or 2 copies of the
minor allele), and we evaluated the correlations between the
eigenvalues of SFC peaks from the OCS-related attractor
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Table 1. Sociodemographic and Psychometric Data
Mean (SD), Range; n (%);

or Mean (SD) Median
Sample Characteristics (N = 227)
Age, years 9.71 (0.86), 8-12.1 9.67
Sex
Girls 118 (52%) -
Boys 109 (48%) -
Nonpsychiatric medication® 19 (8.4%) -
School performance (0-5) 3.84 (0.98) 4
Mother’s education (0-5) 4.56 (0.78) 5
OCI-CV Scores (N = 227)
Doubt-checking 2.25 (1.52) 2
Hoarding 2.04 (1.26) 2
Neutralizing 0.38 (0.72) 0
Obsessing 1.59 (1.40) 1
Ordering 2.23 (1.60) 2
Washing 0.59 (0.82) 0
Total® 9.08 (4.08) 9

OCI-CV, Obsessive Compulsive Inventory-Child Version.

@Nonpsychiatric medication included acetaminophen,
antihistamines, or antibiotics.

bSeventy-five children (33% of our sample) had a total OCI-CV score
=11.

maps and the OCI-CV scores within each SNP subgroup
with SPSS version 23 (Figure 1B). Statistical significance
was corrected with Bonferroni procedures and contrasted
between SNP subgroups using Fisher r-to-z transformations.
These analyses allowed us to identify allelic variations
moderating the relationship between OCSs and SFC values in
our sample.

RESULTS

Sociodemographic and Psychometric Data

Table 1 shows sociodemographic and psychometric data of
our sample. OCI-CV and Strengths and Difficulties Question-
naire scores were similar, and occasionally lower, than those of
normative pediatric samples (Tables S1 and S2).

OCS-Related Attractor Connectivity

At the subcortical level, total OCI-CV score correlated nega-
tively with local SFC values of a left ventral putamen cluster
and positively with distant SFC values of a left hippocampus
cluster (FWE-corrected p < .05). At the cortical level, total OCI-
CV score correlated positively with distant SFC values of a left
motor cortex-bilateral supplementary motor area (SMA) cluster
(FWE-corrected p < .05) (Figure 2A, Table 2). Notably, SFC
values of these clusters were significantly correlated between
each other (positive correlation between hippocampal and
motor-premotor clusters and negative correlations of these
clusters with the putamen) (Table S3).

Symptom-specific analyses revealed a positive association
between the ordering OCI-CV subscore and the distant SFC
values of a right superior parietal cortex (SPC) cluster (FWE-
corrected p < .05) (Figure 3A, Table 2).
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We performed a 10-fold split half analysis to validate the
above findings (Tables S4-S6). We found no significant dif-
ferences in these analyses, which validated the imaging
findings.

Genetic Signature of OCS-Related Attractors

At the subcortical level, the total symptom-related local
attractor map, encompassing the putamen cluster, colocated
with the expression levels of 61 genes (Table S7) not enriched
for any biological process (FDR-corrected ps > .05). The total
symptom-related distant attractor map, comprising the hip-
pocampus cluster, colocated with the expression levels of 583
genes (Table S7), 232 of which contributed to 64 biological
processes (FDR-corrected ps < .05), including glutamate-
related pathways and synaptic vesicle regulation (Table S8).
According to GTEx data for the hippocampus, 37 of the 232
genes presented a total of 788 expression quantitative trait loci
(SNPs that regulate gene expression) in the hippocampus.
Linkage disequilibrium pruning reduced these SNPs to 19, 18
of which were available in our sample. The correlation between
the total OCI-CV score and distant SFC values of the left
hippocampus was only significant in children with one or two
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copies of the minor allele C in SNPs rs7613638 of the GRM7
gene and rs11145747 of the GNAQ gene (Bonferroni-corrected
ps < .0027) (Figure 2B).

At the cortical level, the total symptom-related distant
attractor map, encompassing the motor cortex-SMA cluster,
colocated with the expression levels of 237 genes (Table S7)
not engaged in overrepresented biological processes
(FDR-corrected ps > .05). The ordering symptom-related
distant attractor map, comprising the SPC cluster, colocated
with the expression levels of 457 genes (Table S7), 81 of which
were enriched for nine biological processes (FDR-corrected ps
< .05), including nervous impulse transmission and synaptic
signaling (Table S9). According to GTEx cortical data, 26 of the
81 genes had 1275 expression quantitative trait loci, which,
after linkage disequilibrium pruning, were reduced to 35. We
retrieved the genotypes of these 35 SNPs and found that the
correlation between the ordering OCI-CV and distant SFC
values of the right SPC was only significant in children with 1 or
2 copies of the minor allele T in the SNP rs2143290 of the
ATP1B1 gene and 0 copies of the minor allele C in the SNP
rs6490097 of the TESC gene (Bonferroni-corrected ps <
.0014) (Figure 3B).

Presence of the minor allele C in rs11145747

® 0 Copies

® 1or2Copies
'''' Lineal (0 Copies)
----- Lineal (1 or 2 Copies)

Total OCI-CV Score

Figure 2. Neurogenetics of local/distant attractor connectivity associated with total obsessive-compulsive symptoms. (A) Associations between local/
distant attractor connectivity and total obsessive-compulsive symptoms. The cyan color represents reduced local attractor connectivity associated with the
total OCI-CV score. The red color represents increased distant attractor connectivity associated with the total OCI-CV score. Color bars indicate t values.
Images are displayed in neurological convention. (B) Scatter plots of the moderator effect of the presence of the minor allele C in the SNPs rs7613638 of the
GRM?7 gene (0 copies: r=0.074; 1 or 2 copies: r = 0.43, z = 2.11, p = .035) and rs11145747 of the GNAQ gene (0 copies: r = 0.153; 1 or 2 copies: r = 0.459, z =
2.00, p = .045) on the correlation between the total OCI-CV score and the distant attractor connectivity of the left hippocampus. L, left; OCI-CV, Obsessive

Compulsive Inventory—Child Version; SNP, single nucleotide polymorphism.
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Table 2. Associations Between Local/Distant Attractor Connectivity and Obsessive-Compulsive Symptoms

Mask Attractor Contrast Brain Region X, Yy, z° t df p-FWE CS, Voxels

Total OCI-CV

Subcortical Local Negative Ventral putamen L —-22,10, -8 3.50 223 .036 6
Distant Positive Hippocampus L —-28, -8, —20 4.25 223 .004 13

Cortical Distant Positive Motor cortex L-SMA R/L —-10, —32, 64 4.02 223 .002 25

Ordering OCI-CV

Cortical Distant Positive Superior parietal R 15, —56, 58 4.19 218 .022 14

CS, cluster size; L, left; OCI-CV, Obsessive Compulsive Inventory—Child Version; p-FWE, familywise error corrected p value at the cluster level; R,

right; SMA, supplementary motor area.

2Anatomic coordinates (X, y, z) are given in Montreal Neurological Institute space. The voxel size is 6 X 6 X 6 mm.

All interactions were submitted to formal moderation ana-
lyses via linear regression models in SPSS. We assessed the
significance of the interaction term (with the allelic information)
over and above the significance of the model without the
interaction term. As displayed in Tables S10 to S13, the
interaction term was significant for all the above findings
except for the presence of the minor allele of rs11145747,
which moderated the correlation between total symptoms and
hippocampal connectivity at a trend level (o = .109).

DISCUSSION

We identified four brain nodes of functional convergence
(attractors) associated with OCSs in healthy children. Changes
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in three nodes, located within the CSTC circuitry and in adja-
cent limbic structures, were related to overall symptom
severity, while changes in the SPC node were uniquely asso-
ciated with ordering symptoms. In two of these nodes, we
identified genetic variants potentially underpinning the rela-
tionship between OCSs and dynamic brain activity fluctua-
tions. Concurring with our hypotheses, the genetic variants
identified in one of these nodes were related to glutamatergic
neurotransmission.

Overall OCS severity was positively related to distant
attractor properties of the left motor cortex—bilateral SMA and
the left hippocampus. These are, therefore, areas of conver-
gence of long-range functional streams originating at different
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Figure 3. Neurogenetics of distant attractor connectivity associated with ordering obsessive-compulsive symptoms. (A) Association between distant
attractor connectivity and ordering obsessive-compulsive symptoms. The violet color represents increased distant attractor connectivity associated with the
ordering OCI-CV score. Color bars indicate t values. Images are displayed in neurological convention. (B) Scatter plots of the moderator effect of the presence
of the minor allele T in the SNP rs2143290 of the ATP1B1 gene (0 copies: r = 0.136; 1 or 2 copies: r = 0.644, z = 3.08, p = .002) and the presence of the minor
allele C in the SNP rs6490097 of the TESC gene (0 copies: r = 0.406; 1 or 2 copies: r = —0.01, z = 2.15, p = .032) on the correlation between the ordering OCI-
CV score and the distant attractor connectivity of the right superior parietal cortex. OCI-CV, Obsessive Compulsive Inventory—Child Version; R, right; SNP,

single nucleotide polymorphism; Sup, superior.
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locations throughout the brain. These pulling properties are
sustained over time, preventing flexible dynamics of informa-
tion interchange across brain circuits as a function of
increasing symptom severity. As part of the sensorimotor
CSTC loop, the motor-premotor cortices receive inputs from
subcortical motor regions (47), mediating motor control and
stimulus response-based habitual behaviors (9). Reverber-
ating subcortical inputs to the SMA may alter FC within the
sensorimotor loop, impairing the ability to disengage from
ongoing behaviors and stereotyped motor patterns. Consis-
tent with habit-based dominance theories in OCD, such al-
terations may facilitate the emergence of compulsions (48).
This may concur with recent findings reporting that children
with compulsive phenotypes showed structural alterations in
the motor cortex and increased FC between the sensorimotor
and the default mode networks, suggesting that motor/pre-
motor regions may be strongly connected to distant cortical
regions (49). Likewise, these results comply with the well-
established efficacy of low-frequency repetitive transcranial
magnetic stimulation targeting the SMA on improving OCSs
(50), which may be explained by its inhibitory effects on SMA
hyperconnectivity. Further studies are warranted to better
understand FC alterations in the SMA, even at subclinical
stages, especially considering its important role on compul-
sivity (51) and habit-based behaviors (48).

Conversely, the hippocampus is a brain hub connected to
multiple cortical regions, important for different processes
including mnemonic, emotional, and spatial functions, as well
as for dealing with approach-avoidance conflicts (52,53). Most
of these functions could be related to OCS pathophysiology;
thus, it is difficult to link our findings to a specific psychological
process. Speculatively, they may be related to studies
reporting memory biases favoring threat-related stimuli (54)
and avoidance tendencies (55) in OCD. Regardless, this finding
concurs with research reporting increased FC between the
hippocampus and distant regions in OCD (56).

We found that mechanisms leading to increased hippo-
campal SFC values in children with more OCSs were poten-
tially related to glutamatergic neurotransmission. Two SNPs in
the GRM7 and GNAQ genes increased the likelihood of
observing such increased SFC. GRM7 encodes the metabo-
tropic glutamate receptor mGIuR7, and its polymorphisms
have been associated with psychiatric and neuro-
developmental conditions (57,58), and with fear extinction in
preclinical models (59). mGIuR7 modulates hippocampal
excitatory transmission by decreasing NMDA receptor activity
(60). Hence, altered GRM7 expression in the hippocampus
could increase glutamatergic activity in this region, increasing
its SFC and hampering cognitive fluctuations in favor of over-
stable functional states. GNAQ, in turn, encodes the G,q pro-
tein, which activates intracellular pathways in response to the
activation of receptors such as mGIuR5, which regulates hip-
pocampal NMDA receptor activity (61). Altered GNAQ
expression has been observed in schizophrenia (62), whereas
G.q knockdown and knockout results in diminished spatial
memory, enhanced behavioral responses to psychostimulants
(63), and impaired mGluR-dependent long-term depression in
the hippocampus (64). Hence, impaired GNAQ expression may
alter glutamate-dependent synaptic plasticity and cognitive
fluctuation. Importantly, the effect of this last SNP only trended
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toward significance in a formal moderation analysis. Therefore,
caution is warranted to interpret this finding.

Local SFC values of the left ventral putamen decreased with
increasing OCSs; that is, the ventral putamen received fewer
inputs from neighboring regions, and these were less stable in
individuals with more symptoms. This region is a subcortical
relay station of the ventral cognitive CSTC circuit, which
mediates response inhibition and cognitive emotion control
(9). Youths and adults with OCD show reduced FC within
this loop (11,65), and in adults, compulsivity has been
associated with diminished resting-state activity within this
area (66). Indeed, in this same sample, static, nonsegre-
gated FC estimates were also negatively associated with
total OCSs (8). Here, this association was limited to local
connections, adding to the notion that nonsegregated as-
sessments emphasize local FC (15). Connectivity alterations
in this region may result in decreased information exchange
across different CSTC loops, whose fiber tracts are pro-
gressively compressed within the same striatal nuclei (67). In
this regard, recent research with large youth samples pro-
vides an anatomical basis for such decreased connectivity,
as compulsivity has been associated with reduced myelin-
related growth in the left ventral striatum (68) and OCSs
with decreased fractional anisotropy in the superior
corticostriatal tract (49,69).

Our last set of findings involved ordering symptoms and
distant SPC SFC values. Ordering symptoms are among the
most prevalent in healthy children (70), and in OCD they are
closely linked to compulsivity (71) and have been related to
alterations in sensorimotor regions, including the parietal
cortex (72,73). The SPC is a multimodal hub that integrates
information from distributed cortical regions (16), contributing
to somatosensory, visuospatial, and attentional processes
(74). Alterations in the flexible functioning of SPC may account
for previous findings reporting that symmetry/ordering symp-
toms were more strongly related to sensorimotor, attention,
and visuospatial impairments than to obsessive/checking
symptoms (75,76). Additionally, we identified two SNPs in the
ATP1B1 and TESC genes that acted as a risk and a protective
factor, respectively, in the association between ordering and
SPC connectivity values. These genes have not been previ-
ously linked to ordering or OCD, although their expression is
altered in bipolar disorder and schizophrenia (77,78). ATP1B1
encodes the B1 subunit of the sodium/potassium ATPase,
which generates electrochemical gradients that drive gluta-
mate uptake, regulating electrical excitability (79). Therefore,
impaired ATP1B1 expression in the SPC could alter neuronal
excitability, increasing its SFC and predisposing to ordering
symptoms. TESC, in turn, encodes tescalcin, a calcium-
binding protein that regulates cellular pH by controlling NHE-
1 activity. Reduced NHE-1 prevents NMDA receptor-induced
excitotoxicity (80); thus, changes in TESC expression in the
SPC may protect against glutamatergic neurotransmission
increases and system over-stability.

This study has noteworthy limitations. Because this is a
correlational study, we cannot infer causality from our findings,
which should be interpreted accordingly. Likewise, we lacked a
matched group of OCD patients, which prevented determining
whether our findings replicate in clinical samples. Longitudinal
studies are warranted to ascertain whether our results are
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predictive of OCD development or solely linked to subclinical
OCSs. This, combined with the novelty of the methodological
approach and the lack of a detailed neurocognitive assess-
ment of participants, has made the discussion of our findings
somewhat speculative in parts. There are also limitations in
image acquisition and preprocessing. These include using a
1.5T magnet and resampling data to a low spatial resolution,
which may have resulted in lower spatial resolution. Moreover,
we opted for a 6-minute sequence to prevent excessive
movement, although longer acquisition times may provide
more stable imaging results, and we did not directly supervise
whether children kept the eyes closed throughout the acqui-
sition, which may have added variability to our data. Addi-
tionally, genetic analyses were conducted in the same study
sample. In this regard, the SNPs of our genetic analyses were
selected according to GTEx anatomical labeling, as opposed
to a cluster-based selection. Therefore, we did not include
SNPs located in the fringe of our imaging cluster, where noisy
components leading to overfitting and circularity issues are
typically found (81). Indeed, of the 18 SNPs selected, signifi-
cant findings were only observed in glutamatergic genes, as
predicted by our hypotheses. Finally, it remains to be clearly
established how genetic variations and changes in synaptic
and neural functioning are mechanistically related to network-
level fluctuations and the obsessive-compulsive phenotype.

In conclusion, this is the first study combining multisource
neurobiological information to assess the relationship between
subclinical OCSs with dynamic SFC and its putative genetic
signature. Our findings support the attractor hypothesis (18)
and indicate that even at subclinical stages, total OCSs are
linked not only to CSTC alterations, which is congruent with
neurobiological models of OCD (9,82), but also to alterations
beyond the CSTC, which concurs with evidence involving
areas outside these circuits in the development of OCSs
(82,83). Likewise, ordering OCSs were associated with SPC
alterations, supporting the notion that some FC features may
be symptom specific (12,13,28). We also identified SNPs that
moderated the risk for OCS-related attractors. Attractors were
linked to glutamatergic neurotransmission, albeit we identified
other biological processes that may be involved in the devel-
opment of ordering-related attractors. Further research is
warranted to characterize the link between these pathways
and attractor emergence. Taken together, we have identified
putative biomarkers of risk for developing OCD and potential
therapeutic targets for interventions aimed at restoring the
excitation/inhibition imbalance allegedly underlying obsessive-
compulsive symptoms.

ACKNOWLEDGMENTS AND DISCLOSURES

This work was supported by European Research Council Grant No. 268479
for the BREATHE project (to JSu); Instituto de Salud Carlos Il Grant Nos.
P113/01958 (to CS-M), PI16/00889 (to CS-M), and PI19/01171 (to CS-M); the
FEDER funds/European Regional Development Fund “A Way to Build
Europe” (to JMM); Departament de Salut, Generalitat de Catalunya Grant
No. PERIS SLT006/17/249 (to CS-M); Agéncia de Gesti6 d’Ajuts Uni-
versitaris i de Recerca Grant No. 2017 SGR 1247 (to JMM); and National
Institutes of Health Grant Nos. R0O1AG061811 and RO1AG061445 (to JSe).

We are grateful to all the children and their families for participating in the
study and for their altruism. We acknowledge Mar Alvarez-Pedrerol, Ph.D.,
BREATHE project manager, from the Barcelona Institute for Global Health,
and Ms. Cecilia Persavento, research technician at the Barcelona Institute

418

Neurogenetics of Obsessive-Compulsive Symptoms

for Global Health, for their contribution to the field work. We thank the
CERCA Programme/Generalitat de Catalunya and the Spanish Ministry of
Science and Innovation through the “Centro de Excelencia Severo Ochoa
2019-2023” program (CEX2018-000806-S) for institutional support.

Poster presented at the 33rd European College of Neuro-
psychopharmacology (ECNP) Virtual Congress, September 12-15, 2020,
virtual.

This study has been conducted with data from the population-based
cohort BREATHE, which is described in Sunyer et al. (29). Subsamples of
this cohort have been used in previous studies, with different goals:
assessing the influence of traffic pollution exposure on brain functional
connectivity and the effects of airborne copper exposure on motor perfor-
mance and functional neuroanatomy of the basal ganglia (84,85), as well as
the brain structural and static functional correlates of obsessive-compulsive
symptoms (7,8). This work is part of the doctoral thesis of Maria Sufiol,
which is published online at http://hdl.handle.net/2445/174698.

The authors report no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION

From the Department of Psychiatry (MS, OC-R, BL, IM-Z, JMM, CS-M),
Bellvitge University Hospital and Bellvitge Biomedical Research Institute;
Department of Clinical Sciences (MS, IM-Z, JMM), School of Medicine,
University of Barcelona; Mental Health Networking Biomedical Research
Centre (MS, OC-R, JMM, JP, CS-M) and Epidemiology and Public Health
Networking Biomedical Research Centre (SA, MB, JSu), Carlos Il Health
Institute; Barcelona Institute for Global Health (SA, MB, DM, JSu); Depart-
ment of Experimental and Health Sciences (SA, MB, JSu), Universitat
Pompeu Fabra; Psychiatric Genetics Unit (SA), Group of Psychiatry, Mental
Health and Addiction, Vall d’Hebron Research Institute, Universitat Auton-
oma de Barcelona; Department of Psychobiology and Methodology in
Health Sciences (CS-M), Universitat Autonoma de Barcelona; Department of
Psychiatry (SA), Hospital Universitari Vall d’Hebron; Centre for Genomic
Regulation (MB), Barcelona Institute of Science and Technology; MRI
Research Unit (DM, GM-V, JP), Department of Radiology, Hospital del Mar;
and the Medical Research Institute (JSu), Hospital del Mar, Barcelona,
Spain; and the Gordon Center for Medical Imaging (MS, ID, JSe), Depart-
ment of Radiology and Nuclear Medicine, Harvard Medical School, Boston;
and the Department of Radiology (ID, JSe), Athinoula A. Martinos Center for
Biomedical Imaging, Charlestown, Massachusetts.

Address correspondence to Carles Soriano-Mas, Ph.D., at csoriano@
idibell.cat, or Jorge Sepulcre, M.D., Ph.D., at sepulcre@nmr.mgh.harvard.
edu.

Received Sep 7, 2021; revised Oct 28, 2021; accepted Nov 14, 2021.

Supplementary material cited in this article is available online at https://
doi.org/10.1016/j.bpsgos.2021.11.009.

REFERENCES

1. Mathes BM, Morabito DM, Schmidt NB (2019): Epidemiological and
clinical gender differences in OCD. Curr Psychiatry Rep 21:36.

2. World Health Organization (2017): Depression and Other Common
Mental Disorders: Global Health Estimates. No. WHO/MSD/MER/
2017.2. Geneva, Switzerland: World Health Organization.

3. Brakoulias V, Perkes IE, Tsalamanios E (2018): A call for prevention
and early intervention in obsessive-compulsive disorder. Early Interv
Psychiatry 12:572-577.

4. Black DW, Gaffney GR (2008): Subclinical obsessive-compulsive dis-
order in children and adolescents: Additional results from a “high-risk”
study. CNS Spectr 13:54-61.

5. Fullana MA, Mataix-Cols D, Caspi A, Harrington H, Grishman JR,
Moffitt TE, et al. (2009): Obsessions and compulsions in the commu-
nity: Prevalence, interference, help-seeking, developmental stability,
and co-occurring psychiatric conditions. Am J Psychiatry 166:329-
336.

6. Ruscio AM, Stein DJ, Chiu WT, Kessler RC (2010): The epidemiology
of obsessive-compulsive disorder in the national comorbidity survey
replication. Mol Psychiatry 15:53-63.

Biological Psychiatry: Global Open Science October 2022; 2:411-420 www.sobp.org/GOS


http://hdl.handle.net/2445/174698
mailto:csoriano@idibell.cat
mailto:csoriano@idibell.cat
mailto:sepulcre@nmr.mgh.harvard.edu
mailto:sepulcre@nmr.mgh.harvard.edu
https://doi.org/10.1016/j.bpsgos.2021.11.009
https://doi.org/10.1016/j.bpsgos.2021.11.009
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref1
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref1
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref2
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref2
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref2
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref3
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref3
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref3
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref4
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref4
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref4
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref5
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref5
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref5
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref5
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref5
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref6
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref6
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref6
http://www.sobp.org/GOS

Neurogenetics of Obsessive-Compulsive Symptoms

20.

21.

22,

23.

24.

25.

26.

Sufiol M, Contreras-Rodriguez O, Macia D, Martinez-Vilavella G,
Martinez-Zalacain |, Subira M, et al. (2018): Brain structural correlates
of subclinical obsessive-compulsive symptoms in healthy children.
J Am Acad Child Adolesc Psychiatry 57:41-47.

Sufol M, Saiz-Masvidal C, Contreras-Rodriguez O, Macia D, Martinez-
Vilavella G, Martinez-Zalacain |, et al. (2021): Brain functional con-
nectivity correlates of subclinical obsessive-compulsive symptoms in
healthy children. J Am Acad Child Adolesc Psychiatry 60:757-767.
van den Heuvel OA, van Wingen G, Soriano-Mas C, Alonso P,
Chamberlain SR, Nakamae T, et al. (2016): Brain circuitry of compul-
sivity. Eur Neuropsychopharmacol 26:810-827.

Shephard E, Stern E, van den Heuvel OA, Costa D, Batistuzzo M,
Godoy P, et al. (2021): Toward a neurocircuit-based taxonomy to
guide treatment of obsessive-compulsive disorder. Mol Psychiatry
26:4583-4604.

Harrison BJ, Soriano-Mas C, Pujol J, Ortiz H, Lépez-Sola M, Her-
nandez-Ribas R, et al. (2009): Altered corticostriatal functional con-
nectivity in obsessive-compulsive disorder. Arch Gen Psychiatry
66:1189-1200.

Nakao T, Okada K, Kanba S (2014): Neurobiological model of
obsessive-compulsive disorder: Evidence from recent neuropsycho-
logical and neuroimaging findings. Psychiatry Clin Neurosci 68:587-
605.

Harrison BJ, Pujol J, Cardoner N, Deus J, Alonso P, Lépez-Sola M,
et al. (2013): Brain corticostriatal systems and the major clinical
symptom dimensions of obsessive-compulsive disorder. Biol Psychi-
atry 73:321-328.

White T, Calhoun VD (2019): Dissecting static and dynamic functional
connectivity: example from the autism spectrum. J Exp Neurosci 13:
1179069519851809.

Diez |, Sepulcre J (2018): Neurogenetic profiles delineate large-scale
connectivity dynamics of the human brain. Nat Commun 9:3876.

van den Heuvel MP, Sporns O (2013): Network hubs in the human
brain. Trends Cogn Sci 17:683-696.

Sepulcre J, Sabuncu MR, Yeo TB, Liu H, Johnson KA (2012): Stepwise
connectivity of the modal cortex reveals the multimodal organization of
the human brain. J Neurosci 32:10649-10661.

Rolls ET, Loh M, Deco G (2008): An attractor hypothesis of obsessive-
compulsive disorder. Eur J Neurosci 28:782-793.

Rolls ET (2012): Glutamate, obsessive-compulsive disorder, schizo-
phrenia, and the stability of cortical attractor neuronal networks.
Pharmacol Biochem Behav 100:736-751.

Naaijen J, Lythgoe DJ, Amiri H, Buitelaar JK, Glennon JC (2015):
Fronto-striatal glutamatergic compounds in compulsive and impulsive
syndromes: A review of magnetic resonance spectroscopy studies.
Neurosci Biobehav Rev 52:74-88.

Chakrabarty K, Bhattacharyya S, Christopher R, Khanna S (2005):
Glutamatergic dysfunction in OCD. Neuropsychopharmacology
30:1735-1740.

Bhattacharyya S, Khanna S, Chakrabarty K, Mahadevan A,
Christopher R, Shankar SK (2009): Anti-brain autoantibodies and
altered excitatory neurotransmitters in obsessive-compulsive disorder.
Neuropsychopharmacology 34:2489-2496.

Mattheisen M, Samuels JF, Wang Y, Greenberg BD, Fyer AJ,
McCracken JT, et al. (2015): Genome-wide association study in
obsessive-compulsive disorder: Results from the OCGAS. Mol Psy-
chiatry 20:337-344.

Bozorgmehr A, Ghadirivasfi M, Shahsavand Ananloo E (2017):
Obsessive-compulsive disorder, which genes? Which functions?
Which pathways? An integrated holistic view regarding OCD and its
complex genetic etiology. J Neurogenet 31:153-160.

Real E, Gratacos M, Labad J, Alonso P, Escaramis G, Segalas C, et al.
(2013): Interaction of SLC1A1 gene variants and life stress on phar-
macological resistance in obsessive-compulsive disorder. Pharma-
cogenomics J 13:470-475.

Rosenberg DR, MacMaster FP, Keshavan MS, Fitzgerald KD,
Stewart CM, Moore GJ (2000): Decrease in caudate glutamatergic
concentrations in pediatric obsessive-compulsive disorder patients
taking paroxetine. J Am Acad Child Adolesc Psychiatry 39:1096-1103.

Biological Psychiatry: Global Open Science October 2022; 2:411-420 www.sobp.org/GOS

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

Marinova Z, Chuang DM, Fineberg N (2017): Glutamate-modulating
drugs as a potential therapeutic strategy in obsessive-compulsive
disorder. Curr Neuropharmacol 15:977-995.

Mataix-Cols D, van den Heuvel OA (2006): Common and distinct
neural correlates of obsessive-compulsive and related disorders.
Psychiatr Clin North Am 29:391-410.

Sunyer J, Esnaola M, Alvarez-Pedrerol M, Forns J, Rivas |, Lopez-
Vicente M, et al. (2015): Association between traffic-related air pollu-
tion in schools and cognitive development in primary school children:
A prospective cohort study. PLoS Med 12:e1001792.

DuPaul GJ (1998): ADHD Rating Scale-IV: Checklists, Norms and
Clinical Interpretation. New York: Guilford Press.

Goodman R (1997): The Strengths and Difficulties Questionnaire: A
research note. J Child Psychol Psychiatry 38:581-586.

Foa EB, Coles M, Huppert JD, Pasupuleti RV, Franklin ME, March J
(2010): Development and validation of a Child Version of the
Obsessive-Compulsive Inventory. Behav Ther 41:121-132.

Alemany S, Vilor-Tejedor N, Bustamante M, Alvarez-Pedrerol M,
Rivas |, Forns J, et al. (2017): Interaction between airborne cooper
exposure and ATP7B polymorphisms on inattentiveness in scholar
children. Int J Hyg Environ Health 220:51-56.

Qian J, Diez |, Ortiz-Teran L, Bonadio C, Liddell T, Godi J, Sepulcre J
(2018): Positive connectivity predicts the dynamic intrinsic topology of
the human brain network. Front Syst Neurosci 12:38.

Van Dijk KR, Hedden T, Venkataraman A, Evans KC, Lazar SW,
Buckner RL (2010): Intrinsic functional connectivity as a tool for human
connectomics: Theory, properties, and optimization. J Neurophysiol
103:297-321.

Bueicheku E, Aznarez-Sanado M, Diez |, d’Oleire Uquillas F, Ortiz-
Teran L, Qureshi AY, et al. (2020): Central neurogenetic signatures of
the visuomotor integration system. Proc Natl Acad Sci U S A
117:6836-6843.

Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L,
Miller JA, et al. (2012): An anatomically comprehensive atlas of the
adult human brain transcriptome. Nature 489:391-399.

Diez I, Sepulcre J (2021): Unveiling the neuroimaging-genetic in-
tersections in the human brain. Curr Opin Neurol 34:480-487.
Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D,
et al. (2006): An automated labeling system for subdividing the human
cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage 31:968-980.

French L, Paus T (2015): A FreeSurfer view of the cortical tran-
scriptome generated from the Allen Human Brain Atlas. Front Neurosci
9:323.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al.
(2002): Whole brain segmentation: Automated labeling of neuroana-
tomical structures in the human brain. Neuron 33:341-355.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al.
(2000): Gene ontology: Tool for the unification of biology. The Gene
Ontology Consortium. Nat Genet 25:25-29.

Mi H, Muruganujan A, Ebert D, Huang X, Thomas PD (2019): PANTHER
version 14: More genes, a new PANTHER GO-slim and improvements
in enrichment analysis tools. Nucleic Acids Res 47:D419-D426.
GTEx Consortium (2013): The Genotype-Tissue Expression (GTEXx)
project. Nat Genet 45:580-585.

Machiela MJ, Chanock SJ (2015): LDlink: A web-based application for
exploring population-specific haplotype structure and linking corre-
lated alleles of possible functional variants. Bioinformatics 31:3555—
3557.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D,
et al. (2007): PLINK: A tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet 81:559-575.
DelLong M, Wichmann T (2010): Changing views of basal ganglia cir-
cuits and circuit disorders. Clin EEG Neurosci 41:61-67.

Robbins TW, Vaghi MM, Banca P (2019): Obsessive-compulsive dis-
order: Puzzles and prospects. Neuron 102:27-47.

Wu X, Yu G, Zhang K, Feng J, Zhang J, Sahakian BJ, Robbins TW
(2021): Symptom-based profiling and multimodal neuroimaging of a
large preteenage population identifies distinct obsessive-compulsive

419

Biological
Psychiatry:
GOS



http://refhub.elsevier.com/S2667-1743(21)00154-3/sref7
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref7
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref7
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref7
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref8
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref8
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref8
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref8
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref9
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref9
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref9
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref10
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref10
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref10
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref10
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref11
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref11
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref11
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref11
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref12
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref12
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref12
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref12
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref13
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref13
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref13
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref13
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref14
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref14
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref14
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref15
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref15
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref16
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref16
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref17
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref17
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref17
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref18
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref18
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref19
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref19
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref19
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref20
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref20
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref20
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref20
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref21
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref21
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref21
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref22
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref22
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref22
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref22
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref23
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref23
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref23
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref23
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref24
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref24
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref24
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref24
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref25
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref25
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref25
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref25
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref26
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref26
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref26
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref26
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref27
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref27
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref27
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref28
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref28
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref28
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref29
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref29
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref29
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref29
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref30
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref30
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref31
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref31
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref32
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref32
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref32
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref33
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref33
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref33
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref33
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref34
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref34
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref34
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref35
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref35
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref35
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref35
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref36
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref36
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref36
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref36
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref37
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref37
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref37
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref38
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref38
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref39
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref39
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref39
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref39
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref40
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref40
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref40
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref41
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref41
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref41
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref42
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref42
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref42
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref43
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref43
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref43
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref44
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref44
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref45
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref45
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref45
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref45
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref46
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref46
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref46
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref47
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref47
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref48
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref48
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref49
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref49
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref49
http://www.sobp.org/GOS

Biological
Psychiatry:
GOS

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

420

disorder-like subtypes with neurocognitive differences [published online
ahead of print Jul 2]. Biol Psychiatry Cogn Neurosci Neuroimaging.
Zhou DD, Wang W, Wang GM, Li DQ, Kuang L (2017): An updated
meta-analysis: Short-term therapeutic effects of repeated transcranial
magnetic stimulation in treating obsessive-compulsive disorder.
J Affect Disord 215:187-196.

Pittenger C, Adams TG Jr, Gallezot JD, Crowley MJ, Nabulsi N,
Ropchan J, et al. (2016): OCD is associated with an altered association
between sensorimotor gating and cortical and subcortical 5-HT1b
receptor binding. J Affect Disord 196:87-96.

Battaglia FP, Benchenane K, Sirota A, Pennartz CM, Wiener SI (2011):
The hippocampus: Hub of brain network communication for memory.
Trends Cogn Sci 15:310-318.

Ilto R, Lee ACH (2016): The role of the hippocampus in approach-
avoidance conflict decision-making: Evidence from rodent and hu-
man studies. Behav Brain Res 313:345-357.

Muller J, Roberts JE (2005): Memory and attention in obsessive-
compulsive disorder: A review. J Anxiety Disord 19:1-28.

Endrass T, Kloft L, Kaufmann C, Kathmann N (2011): Approach and
avoidance learning in obsessive-compulsive disorder. Depress Anxiety
28:166-172.

Li K, Zhang H, Wang B, Yang Y, Zhang M, Li W, et al. (2020): Hip-
pocampal functional network: The mediating role between obsession
and anxiety in adult patients with obsessive-compulsive disorder.
World J Biol Psychiatry 21:685-695.

Sacchetti E, Magri C, Minelli A, Valsecchi P, Traversa M, Calza S, et al.
(2017): The GRM7 gene, early response to risperidone, and schizo-
phrenia: A genome-wide association study and a confirmatory phar-
macogenetic analysis. Pharmacogenomics J 17:146-154.

Noroozi R, Taheri M, Omrani MD, Ghafouri-Fard S (2019): Glutamate
receptor metabotropic 7 (GRM7) gene polymorphisms in mood dis-
orders and attention deficit hyperactive disorder. Neurochem Int
129:1044883.

Fendt M, Schmid S, Thakker DR, Jacobson LH, Yamamoto R,
Mitsukawa K, et al. (2008): mGIuR7 facilitates extinction of aversive
memories and controls amygdala plasticity. Mol Psychiatry 13:970-979.
Cosgrove KE, Galvan EJ, Barrionuevo G, Meriney SD (2011): mGIuRs
modulate strength and timing of excitatory transmission in hippo-
campal area CA3. Mol Neurobiol 44:93-101.

MacDonald JF, Jackson MF, Beazely MA (2007): G protein-coupled
receptors control NMDARs and metaplasticity in the hippocampus.
Biochim Biophys Acta 1768:941-951.

MacDonald ML, Ding Y, Newman J, Hemby S, Penzes P, Lewis DA,
et al. (2015): Altered glutamate protein co-expression network topol-
ogy linked to spine loss in the auditory cortex of schizophrenia. Biol
Psychiatry 77:959-968.

Graham DL, Buendia MA, Chapman MA, Durai HH, Stanwood GD
(2015): Deletion of Gag in the telencephalon alters specific neuro-
behavioral outcomes. Synapse 69:434-445.

Kleppisch T, Voigt V, Allmann R, Offermanns S (2001): G(alpha)g-
deficient mice lack metabotropic glutamate receptor-dependent long-
term depression but show normal long-term potentiation in the
hippocampal CA1 region. J Neurosci 21:4943-4948.

Bernstein GA, Mueller BA, Schreiner MW, Campbell SM, Regan EK,
Nelson PM, et al. (2016): Abnormal striatal resting-state functional
connectivity in adolescents with obsessive-compulsive disorder.
Psychiatry Res Neuroimaging 247:49-56.

Giménez M, Guinea-lzquierdo A, Villalta-Gil V, Martinez-Zalacain |1,
Segalas C, Subira M, et al. (2017): Brain alterations in low-frequency
fluctuations across multiple bands in obsessive compulsive disorder.
Brain Imaging Behav 11:1690-1706.

Haber SN (2016): Corticostriatal circuitry. Dialogues Clin Neurosci
18:7-21.

Ziegler G, Hauser TU, Moutoussis M, Bullmore ET, Goodyer IM,
Fonagy P, et al. (2019): Compulsivity and impulsivity traits linked to

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Neurogenetics of Obsessive-Compulsive Symptoms

attenuated developmental frontostriatal myelination trajectories. Nat
Neurosci 22:992-999.

Pagliaccio D, Durham K, Fitzgerald KD, Marsh R (2021): Obsessive-
compulsive symptoms among children in the adolescent brain and
cognitive development study: Clinical, cognitive, and brain connec-
tivity correlates. Biol Psychiatry Cogn Neurosci Neuroimaging 6:399—
409.

Vivan Ade S, Rodrigues L, Wendt G, Bicca MG, Braga DT, Cordioli AV
(2014): Obsessive-compulsive symptoms and obsessive-compulsive
disorder in adolescents: A population-based study. Braz J Psychia-
try 36:111-118.

Vellozo AP, Fontenelle LF, Torresan RC, Shavitt RG, Ferrdo YA,
Roséario MC, et al. (2021): Symmetry dimension in obsessive-
compulsive disorder: Prevalence, severity and clinical correlates.
J Clin Med 10:274.

van den Heuvel OA, Remijnse PL, Mataix-Cols D, Vrenken H,
Groenewegen HJ, Uylings HBM, et al. (2009): The major symptom
dimensions of obsessive-compulsive disorder are mediated by
partially distinct neural systems. Brain 132:853-868.

Fouche JP, du Plessis S, Hattingh C, Roos A, Lochner C, Soriano-
Mas C, et al. (2017): Cortical thickness in obsessive-compulsive dis-
order: Multisite mega-analysis of 780 brain scans from six centres. Br
J Psychiatry 210:67-74.

Johns P (2014): Functional neuroanatomy. In: Johns P, editor. Clinical
Neuroscience. London: Churchill Livingstone, 27-47.

Subira M, Sato JR, Alonso P, do Rosario MC, Segalas C,
Batistuzzo M, et al. (2015): Brain structural correlates of sensory
phenomena in patients with obsessive-compulsive disorder.
J Psychiatry Neurosci 40:232-240.

Bragdon LB, Gibb BE, Coles ME (2018): Does neuropsychological
performance in OCD relate to different symptoms? A meta-analysis
comparing the symmetry and obsessing dimensions. Depress Anxi-
ety 35:761-774.

Smolin B, Karry R, Gal-Ben-Ari S, Ben-Shachar D (2012): Differential
expression of genes encoding neuronal ion-channel subunits in major
depression, bipolar disorder and schizophrenia: Implications for
pathophysiology. Int J Neuropsychopharmacol 15:869-882.
Logotheti M, Papadodima O, Venizelos N, Chatziioannou A, Kolisis F
(2013): A comparative genomic study in schizophrenic and in bipolar
disorder patients, based on microarray expression profiing meta-
analysis. ScientificWorldJournal 2013:685917.

Rose EM, Koo JC, Antflick JE, Ahmed SM, Angers S, Hampson DR
(2009): Glutamate transporter coupling to Na,K-ATPase. J Neurosci
29:8143-8155.

Lam TI, Brennan-Minnella AM, Won SJ, Shen Y, Hefner C, Shi Y, et al.
(2013): Intracellular pH reduction prevents excitotoxic and ischemic
neuronal death by inhibiting NADPH oxidase. Proc Natl Acad Sci U S A
110:E4362-E4368.

Kriegeskorte N, Simmons WK, Bellgowan PS, Baker Cl (2009): Circular
analysis in systems neuroscience: The dangers of double dipping. Nat
Neurosci 12:535-540.

Menzies L, Chamberlain SR, Laird AR, Thelen SM, Sahakian BJ,
Bullmore ET (2008): Integrating evidence from neuroimaging and
neuropsychological studies of obsessive-compulsive disorder: The
orbitofronto-striatal model revisited. Neurosci Biobehav Rev 32:525-
549.

Milad MR, Rauch SL (2012): Obsessive-compulsive disorder: Beyond
segregated cortico-striatal pathways. Trends Cogn Sci 16:43-51.
Pujol J, Martinez-Villavella G, Macia D, Fenoll R, Alvarez-Pedrerol M,
et al. (2016): Traffic pollution exposure is associated with altered brain
connectivity in school children. Neuroimage 129:175-184.

Pujol J, Fenoll R, Macia D, Martinez-Villavella G, Alvarez-Pedrerol M,
Rivas |, et al. (2016): Airborne copper exposure in school environments
associated with poorer motor performance and altered basal ganglia.
Brain Behav 6:€00467.

Biological Psychiatry: Global Open Science October 2022; 2:411-420 www.sobp.org/GOS


http://refhub.elsevier.com/S2667-1743(21)00154-3/sref49
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref49
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref50
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref50
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref50
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref50
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref51
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref51
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref51
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref51
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref52
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref52
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref52
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref53
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref53
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref53
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref54
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref54
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref55
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref55
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref55
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref56
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref56
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref56
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref56
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref57
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref57
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref57
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref57
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref58
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref58
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref58
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref58
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref59
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref59
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref59
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref60
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref60
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref60
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref61
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref61
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref61
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref62
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref62
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref62
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref62
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref63
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref63
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref63
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref64
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref64
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref64
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref64
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref65
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref65
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref65
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref65
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref66
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref66
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref66
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref66
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref67
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref67
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref68
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref68
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref68
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref68
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref69
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref69
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref69
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref69
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref69
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref70
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref70
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref70
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref70
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref71
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref71
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref71
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref71
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref72
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref72
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref72
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref72
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref73
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref73
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref73
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref73
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref74
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref74
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref75
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref75
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref75
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref75
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref76
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref76
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref76
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref76
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref77
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref77
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref77
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref77
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref78
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref78
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref78
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref78
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref79
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref79
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref79
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref80
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref80
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref80
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref80
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref81
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref81
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref81
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref82
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref82
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref82
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref82
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref82
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref83
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref83
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref84
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref84
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref84
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref85
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref85
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref85
http://refhub.elsevier.com/S2667-1743(21)00154-3/sref85
http://www.sobp.org/GOS

	Neurogenetics of Dynamic Connectivity Patterns Associated With Obsessive-Compulsive Symptoms in Healthy Children
	Methods and Materials
	Participants
	Imaging Data Acquisition and Preprocessing
	Genotyping
	Data Analyses
	Sociodemographic and Psychometric Data
	OCS-Related Attractor Connectivity
	Genetic Signature of OCS-Related Attractors


	Results
	Sociodemographic and Psychometric Data
	OCS-Related Attractor Connectivity
	Genetic Signature of OCS-Related Attractors

	Discussion
	References


