
https://doi.org/10.1093/brain/awac425 BRAIN 2023: 146; 1322–1327 | 1322

Mechanisms of imbalanced frontostriatal 
functional connectivity in 
obsessive-compulsive disorder

Sebastien Naze,1 Luke J. Hearne,1 James A. Roberts,1 Paula Sanz-Leon,1 

Bjorn Burgher,1 Caitlin Hall,1 Saurabh Sonkusare,1 Zoie Nott,1 Leo Marcus,1 

Emma Savage,1 Conor Robinson,1 Ye Ella Tian,2 Andrew Zalesky,2 Michael Breakspear3 

and Luca Cocchi1

The diagnosis of obsessive-compulsive disorder (OCD) has been linked with changes in frontostriatal resting-state 
connectivity. However, replication of prior findings is lacking, and the mechanistic understanding of these effects 
is incomplete. To confirm and advance knowledge on changes in frontostriatal functional connectivity in OCD, par
ticipants with OCD and matched healthy controls underwent resting-state functional, structural and diffusion neu
roimaging.
Functional connectivity changes in frontostriatal systems were here replicated in individuals with OCD (n = 52) com
pared with controls (n = 45). OCD participants showed greater functional connectivity (t = 4.3, PFWE = 0.01) between the 
nucleus accumbens (NAcc) and the orbitofrontal cortex (OFC) but lower functional connectivity between the dorsal 
putamen and lateral prefrontal cortex (t = 3.8, PFWE = 0.04) relative to controls. Computational modelling suggests 
that NAcc-OFC connectivity changes reflect an increased influence of NAcc over OFC activity and reduced OFC influ
ence over NAcc activity (posterior probability, Pp > 0.66). Conversely, dorsal putamen showed reduced modulation 
over lateral prefrontal cortex activity (Pp > 0.90). These functional deregulations emerged on top of a generally intact 
anatomical substrate.
We provide out-of-sample replication of opposite changes in ventro-anterior and dorso-posterior frontostriatal con
nectivity in OCD and advance the understanding of the neural underpinnings of these functional perturbations. 
These findings inform the development of targeted therapies normalizing frontostriatal dynamics in OCD.
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Introduction
Evidence from preclinical1,2 and clinical3–5 studies highlight 
changes in frontostriatal circuits in obsessive-compulsive disorder 
(OCD). In a seminal paper, Harrison et al.4 reported distinct patterns 
of fronto-striatal resting-state connectivity along the ventro-dorsal 
axis in OCD. Importantly, their results suggested a linear associ
ation between symptom severity and resting-state functional con
nectivity between the nucleus accumbens (NAcc) and the 
orbitofrontal cortex (OFC). These findings are consistent with data 
from invasive studies in humans6,7 and animal models,2 suggesting 
a causal effect of altered frontostriatal functional connectivity on 
OCD pathology. Accordingly, subcortical deep brain stimulation 
targeting cortico-striato-thalamic systems has been shown to alle
viate OCD symptoms8 and deficits in mood and cognition.9

However, the results from Harrison and colleagues4 lack independ
ent validation. Moreover, whether changes in resting-state func
tional connectivity emerge from an altered influence of striatal 
activity over the frontal cortex, or modified frontal cortex influence 
over striatal activity, remains to be elucidated.10 Finally, it remains 
unclear whether OCD is associated with anatomical abnormalities 
supporting these dysfunctional frontostriatal systems.

We combined neuroimaging and computational modelling to 
replicate and extend knowledge of OCD frontostriatal systems. 
Neuroimaging and phenotypic data were acquired from an original 
sample of individuals with OCD and matched healthy controls 
(Table 1). We sought to: (i) replicate the changes in frontostriatal 
functional connectivity described by Harrison et al.4; (ii) infer the 
neural interactions causing these pathological patterns of func
tional connectivity; (iii) assess possible alterations in their anatom
ical underpinnings; and (iv) test for associations between 
neuroimaging features and OCD symptom severity.

Materials and methods
Participants

Participants with a clinical diagnosis of OCD for at least 12 months 
were recruited across Australia as part of a clinical trial 
(ACTRN12616001687482). The diagnosis of OCD was independently 
confirmed by a board-certified psychiatrist (M.B. or B.B.). 
Neurocognitive assessments (Table 1) were performed by trained 
provisional psychologists. The OCD cohort was compared to age-, 
gender- and handedness-matched controls (Table 1). Forty-three 
OCD participants were prescribed with stable psychoactive medi
cation for at least 1 month before testing, while nine were free 
from psychoactive medication. All participants were between 18 
and 50 years old. Exclusion criteria were a history of psychotic dis
orders, suicide attempts, manic episodes, seizures, neurological 
disorders, traumatic head injuries, substance abuse disorders and 
contraindications to MRI.

The study was approved by the Human Research Ethics 
Committee of QIMR Berghofer (P2253). Written informed consent 
was obtained from all participants.

Neuroimaging data acquisition

Brain imaging data were acquired on a 3 T Siemens Prisma MR 
scanner equipped with a 64-channel head coil located at the 
Herston Imaging Research Facility, Brisbane, Australia (details in 
the Supplementary material).

Neuroimaging data preprocessing and analysis

Functional MRI

The functional brain images were pre-processed using a combin
ation of fMRIprep (version 20.2.1)12 and FMRIB’s ICA-based 
X-noiseifier (ICA-FIX)13 (Supplementary material). Statistical test
ing was constrained to the four cortico-striatal systems affected 
by OCD described in Shephard et al.1 Frontal masks for each 
cortico-striatal system were generated by matching frontal regions’ 
names described in Shephard et al.1 to the cortical parcels defined 
by Schaefer et al.14 using the parcel names provided in the 400 re
gions’ atlas (Supplementary Table 1 and Supplementary Fig. 1). 
Functional connectivity was computed between the average func
tional MRI (fMRI) signal within a striatal seed and comprising its 
corresponding frontal mask using Pearson’s correlation. Striatal 
seeds were defined as per Harrison et al.4 and Di Martino et al.15: 
spheres of 3.5 mm radius centred on Montreal Neurological 
Institute (MNI) coordinates corresponding to the nucleus accum
bens (NAcc: x = ±9, y = 9, z = −8), the dorsal caudate (dCaud: x = 
±13, y = 15, z = 9), the dorsal putamen (dPut: x = ±28, y = 1, z = 3) 
and the ventral putamen (vPut: x = ±20, y = 12, z = −3). Group differ
ences in functional connectivity were tested independently for 
each of the four pairs of striato-cortical regions using FSL random
ise16 (5000 permutations). Significant clusters were identified using 
the threshold-free cluster enhancement method (TFCE) and cor
rected for multiple comparisons using a family-wise error rate of 
maximum 5% (PFWE < 0.05).

A confirmatory analysis was performed using whole-brain cor
tical masks computed using data from the Human Connectome 
Project (HCP)17 (Supplementary material).

Dynamic causal modelling and parametric empirical Bayes

We used dynamic causal modelling (DCM) to model neural dynam
ics in each group. DCM uses variational Bayes to fit a biophysical 
model of neural dynamics and associated blood oxygen level- 
dependent (BOLD) responses to the fMRI timeseries.18 DCM models 
interaction within and between the underlying neural populations 
using dynamic state equations. The units of coupling are rate con
stants measured in hertz for recurrent connections and log-scaled 
arbitrary units for between-region interactions. Cross-spectral 
density features were used to invert the model as this approach 
has proven its validity for the efficient estimation of resting-state 
connectivity.19 Individual time series were extracted from the three 
striatal seeds and their corresponding three statistically significant 
frontal clusters of interest (Fig. 1 and Supplementary Fig. 2), result
ing in a total of six volumes of interest (VOIs). Specifically, the front
al VOIs were created from the intersection of a cluster derived from 
the group level analysis and a 3.5 mm sphere centred at the indivi
dual’s peak functional connectivity within the cluster. This ensured 
that VOIs were of similar sizes across the six regions (20 voxels, or 
180 mm3) while also maximizing signal-to-noise ratio at subject 
level.

Effective connectivity weights were estimated between a single 
striatal seed and its corresponding cortical cluster (Fig. 1A and 
Supplementary Fig. 2). Group differences were tested within each 
frontostriatal system using recurrent (self), feedforward (striatum 
to frontal cortex) and feedback (frontal cortex to striatum) connec
tions (Fig. 1C). As a complementary analysis, fully connected DCMs, 
modelling effective connectivity between all striatal and frontal 
VOIs, were also estimated (Supplementary Fig. 3A). To test for 
between-group effects in neural couplings, we used parametric 
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empirical Bayes (PEB).20 The PEB scheme starts by estimating 
the parameters of interest from all subjects. Bayesian model com
parison is subsequently performed using subject-specific model 
parameters (first level) to infer group effects, with the sample 
mean and group-specific deviations from this mean included as re
gressors. Next, Bayesian model reduction is performed over the 
group-specific parameters (second level). This approach prunes 
parameters that do not contribute to the model evidence via a gree
dy search.21 Given the Bayesian framework of PEB, differences in ef
fective connectivity between the groups are reported as posterior 
probabilities (Pp).

Diffusion MRI

Diffusion images were corrected for B0 field inhomogeneities, eddy 
current and inter-volume motion using top-up and eddy tools from 
FSL 6.0. Individual images were visually checked, and four partici
pants (one control and three OCD) were discarded due to poor 
data quality. Fibre orientations densities (FODs) were estimated 
using constrained spherical deconvolution (CSD) provided by 
MRtrix322 and implemented in QSIPrep (v.0.13.0) with default para
meters.23 One hundred million streamlines were reconstructed for 
each subject using probabilistic tractography (iFod2 algorithm), 
seeded from the grey-white matter boundary with minimum and 
maximum lengths of 3 and 25 cm, respectively, and a maximum an
gle of 30° between consecutive points. Track density (TD) maps24

were computed using VOIs centred on the functional seeds (MNI co
ordinates for right NAcc: x = 9, y = 9, z = −8; right dPut: x = 28, y = 1, z = 
3; left vPut: x = −20, y = 12, z = −3) and the peak of their associated 
cortical clusters of interest [right OFC: x = 23, y = 57, z = −6; right lat
eral prefrontal cortex (lPFC): x = 53, y = 13, z = 19; left dorsal prefront
al cortex (dPFC): x = −24, y = 55, z = 35] (Fig. 1 and Supplementary Fig. 
2). To ensure that the frontal VOIs located in grey matter overlap 
with tracks terminating at the grey-matter–white-matter boundary, 
we used a sphere of 6 mm radius all VOIs. The left dPFC cluster being 
located on the pial surface, for this volume we used a 12 mm sphere 
radius to ensure that the VOI did encompass areas of the grey- 
matter–white-matter boundary where tracks terminate. Subject 

and pathway-specific masks were created from these TD maps 
using a variable threshold spanning from the 30th to the 90th per
centile of TD distribution. The average generalized fractional an
isotropy (GFA) over these masks were compared across groups. A 
systematic analysis was performed independently for each TD 
threshold value without showing significant difference. In indivi
duals without tracks within a pathway, the group average mask 
on this pathway was used instead.

Data and code availability

Raw data were generated at QIMR Berghofer. Derived data support
ing the findings of this study are available from the corresponding 
author on request. The code of the analysis is publicly available on 
the group Github repository at https://github.com/clinical-brain- 
networks/OCD_Naze_et_al_2022_Brain.

Results
Replication of resting state functional connectivity 
changes in frontostriatal systems in OCD

We computed resting state functional connectivity between four 
striatal seeds and their associated four frontal grey matter regions 
corresponding to the functionally relevant cortico-striatal systems 
described as being implicated in OCD1 (Supplementary Fig. 1A and 
B). Group-comparisons were computed within these masks using 
non-parametric inference (see ‘Materials and methods’ section).

The ensuing results replicated the ‘greater’ functional connect
ivity between the right NAcc and the right OFC in OCD compared 
with healthy controls (t = 4.3, PFWE = 0.01, Cohen’s d = 0.84; Fig. 1A 
and B). These analyses also replicated a ‘decrease’ in functional 
connectivity between the dPut and the lPFC (t = 3.8, PFWE = 0.04, d = 
0.64) in OCD. A complementary analysis, performed using whole- 
brain grey matter cortical masks derived from 1080 healthy young 
adults, confirmed those results (Supplementary Figs 1C and 4). 
Moreover, an additional analysis suggests that our results are un
likely to be related to medication status (Supplementary Fig. 5).

Table 1 Socio-demographic and clinical characteristics of the sample

Controls (n= 45) OCD (n= 52) P-value

Age, years 32.5 (8.7) 30.2 (7.9) 0.18
Gender, % female 40 44 0.68
Handedness, % right 96 85 0.08
IQ-Full scalea 112.7 (11.3) 106.0 (12.5) 0.007
OBQ 116.5 (47.1) 196.8 (51.2) <0.001
OCI-R 5.5 (7.1) 33.2 (14.6) <0.001
HAM-A 2.9 (3.1) 19.5 (8.6) <0.001
HADS Anxiety; Depression 4.8 (3.7); 2.2 (2.3) 13.3 (4.7); 8.2 (4.8) <0.001
MADRS 2.9 (3.5) 19.5 (10.4) <0.001
Y-BOCS Total 1.8 (3.0) 25.3 (5.2) <0.001
Symptoms dimensions Absent–Mild–Severe

Sexual/Religious 100–0–0% 31–39–30% <0.00001
Symmetry/Ordering 100–0–0% 51–39–10% <0.00001
Hoarding 100–0–0% 61–31–8% <0.00001
Contamination/Cleaning 98–2–0% 12–16–72% <0.00001
Aggressive/Checking 89–9–2% 6–8–86% <0.00001

Values are presented as mean (standard deviation) unless otherwise stated. P-values relate to Student’s t-test for continuous data and χ2 test for categorical data. Y-BOCS 

symptoms dimensions computed as in previously reported.4,11 HADS = Hospital Anxiety and Depression scale; HAM-A = Hamilton Anxiety Rating Scale; MADRS = Montgomery- 

Asberg Depression rating scale; OBS = Obsessional Beliefs Questionnaire; OCI-R = Obsessive Compulsive Inventory-Revised; Y-BOCS = Yale-Brown Obsessive Compulsive Scale. 
aWechsler Adult Intelligence Scale (WAIS-IV).
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Functional connectivity differences in a third pathway compris
ing the vPut and the dPFC were of medium effect but not statistic
ally significant when correcting for multiple comparisons (t = 3.5, 
Puncorr < 0.0005, PFWE = 0.15, d = 0.63) (Supplementary Fig. 2A and 
B). While our results indicated a difference in the right hemisphere, 
no group by hemisphere interaction was detected (as per Harrison 
et al.4). Statistical maps of significant clusters reported in Harrison 
et al.4 are provided in Supplementary Fig. 6.

Changes in neural interactions underlying altered 
functional connectivity in OCD

We used spectral DCM (see ‘Materials and methods’ section) to infer 
changes in the neural interactions between the frontal and striatal 
brain regions comprising the two systems of interest (Fig. 1A and B). 
Group differences in recurrent (self), feedforward (striatum to 
frontal cortex) and feedback (frontal cortex to striatum) effective 
connectivity were estimated using PEB (see ‘Materials and meth
ods’ section). These analyses revealed increased feedforward and 
reduced feedback coupling in OCD compared to controls in the 
NAcc-OFC system (±0.06 log scaled a.u., Pp > 0.66). Conversely, the 
dPut-PFC system showed decreased feedforward (−0.14 log scaled 
a.u., Pp > 0.9) and increased recurrent (dPut: +0.18 Hz, Pp > 0.95) ef
fective connectivity in OCD (Fig. 1C). Exploratory analyses in the 
vPut-dPFC system showed that changes in effective connectivity 
mirrored those observed for the dPut-lPFC system (−0.19 log scaled 
a.u. in feedforward, +0.12 Hz recurrent within dPFC connections, Pp 
> 0.95) (Supplementary Fig. 2C).

Group-differences in effective connectivity remained consistent 
when using a fully connected DCM (i.e. whereby connectivity is as
sessed between all the clusters of interest combined from Fig. 1 and 
Supplementary Fig. 2). Note that cross-pathways interactions were 
also modelled (Supplementary Fig. 3). Notably, the increased NAcc 
coupling to frontal regions in this model extends dorso-laterally 

(Pp > 0.99), supporting a core role of NAcc functional deregulation 
in OCD pathology.

Anatomical underpinning of changes in 
spontaneous frontostriatal connectivity in OCD

We used diffusion MRI-derived tractography to generate within- 
subject structural connectivity masks comprising the right 
NAcc-OFC and the right dPut-lPFC pathways (Fig. 2A). Generalized 
fractional anisotropy was calculated within these masks for each 
individual to test for anatomical difference between groups (see 
‘Materials and methods’ section). The two groups did not statistic
ally differ in GFA measure for the two pathways (Fig. 2B; 
Kolmogorov–Smirnov test, Puncorr > 0.2, d = 0.2). We also investi
gated possible changes in the anatomical substrate of the left 
vPut-dPFC system without significant group differences. These re
sults were robust to changes in preprocessing thresholds (see 
‘Materials and methods’ section). Confirmatory analyses adopting 
alternative measures of structural connectivity likewise did not re
veal significant differences (Supplementary Fig. 7).

Association between symptoms and functional 
connectivity in OCD

There was no significant association between OCD symptoms 
severity (total Y-BOCS score) and NAcc-OFC functional connect
ivity in our sample. We hence could not validate the correspond
ing findings reported in Harrison et al.4 (Fig. 2C). Additional 
explorative correlations with Obsessive Beliefs Questionnaire, 
Obsessive-Compulsive Inventory-Revised, Hamilton Anxiety 
Rating Scale, Montgomery-Asberg Depression Rating Scale and 
Hospital Anxiety and Depression Scale scores (Table 1) did not 
reveal any significant brain-behaviour associations.

Figure 1 Functional and effective connectivity differences in OCD versus healthy controls. (A) Main effect of group: increased (T < 0) and decreased (T > 
0) functional connectivity in OCD (|t| > 2.5). *PFWE = 0.04, **PFWE = 0.01). MNI coordinates for NAcc seed: x = ±9, y = 9, z = −8; dPut seed: x = ±28, y = 1, z = 3. 
R = right hemisphere; L = left hemisphere. (B) Pearson correlation values (functional connectivity, FC) between fMRI signals in the seed regions and the 
highlighted clusters denoted by asterisks in A. Boxes extend from first to third quartile, whiskers span 1.5 of the interquartile range and individuals’ FC 
values are marked by small circles. (C) Group differences in ‘effective’ connectivity between seed regions and cortical clusters depicted by asterisks in A. 
Plus symbols and thick lines, and minus sign symbols and thin lines indicate deviations relative to the mean across groups inferred through DCM. *Pp > 
0.66 (moderate); **Pp > 0.9 (strong); ***Pp > 0.95 (very strong). OFC peak coordinates: x = 23, y = 57, z = −6; lPFC peak coordinates: x = 53, y = 13, z = 19. HC = 
healthy controls.
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Discussion
Our results provide further evidence of stronger ventro-anterior but 
weaker dorso-posterior frontostriatal functional connectivity at 
rest in OCD.4 We extend this knowledge by showing that functional 
connectivity changes in the NAcc-OFC system in OCD are asso
ciated with greater ventro-striatal influence over orbitofrontal ac
tivity and a reduced influence of orbitofrontal activity over the 
ventral striatum. In contrast, the putamen hypo-modulates two 
distinct clusters in the posterior dorsolateral frontal cortices. 
Previous preclinical work suggested that a chronic increase in 
ventromedial striatal activity leads to pathological activity and 
plasticity in the frontal cortex, and OCD-like behaviour.2 Our find
ings support this hypothesis and extend it by suggesting that 
OCD likely emerges from a more complex functional imbalance af
fecting distinct corticostriatal systems.

While our sample size was comparable or larger than previous 
studies including Harrison et al.4 and Vaghi et al.,9 we did not replicate 
the positive relationship between symptom severity and NAcc-OFC 
functional connectivity. Considering the effect of r = 0.76 and other 
measures reported by Harrison et al.,4 our sample size of 52 has a stat
istical power of over 0.90 to detect this same effect. In contrast, the 
size of this effect was negligible, suggesting inadequate power was 
not the cause of our failure to replicate. This result may reflect the dif
ferent clinical characteristics of the samples. For example, in 
Harrison et al.,4 a large proportion of individuals had aggressive/ 
checking symptoms, while our sample presented with a higher level 
of contamination/cleaning symptoms (Table 1). This divergence mo
tivates future studies characterizing the neural substrates underpin
ning the heterogeneous symptoms comprising the diagnosis of OCD.

Previous studies have suggested that OCD is linked to structural 
changes in brain regions and connections encompassing the fron
tostriatal systems.25,26 Here, we did not observe significant changes 
in structural connectivity between groups using tractography mea
sures. This does not rule out the presence of abnormal structural 

connectivity in OCD,27 but suggests that such changes are unlikely 
to drive the observed functional deregulations.

The validation of distinct changes in OCD frontostriatal func
tional connectivity in an independent replication strengthens the 
targeting of these regions in neuromodulatory therapies. 
Specifically, our results support deep brain stimulation interven
tions reducing NAcc modulatory influence on the OFC.7,8,28 The re
ported differences in effective connectivity also add mechanistic 
insights to the altered balance of excitation and inhibition in the as
sociated systems. These findings are important to assist the clinical 
translation of new non-invasive brain stimulation methods includ
ing focused ultrasound stimulations.29 These emerging techniques 
may allow the targeted change of distinct striatal outputs via the 
modulation of excitatory or inhibitory neural populations.30

Finally, the relative preservation of structural connectivity suggests 
that OCD is largely related to functional disruptions that are likely 
remediable by pharmacotherapy and neuromodulation.
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