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ABSTRACT
Approximately 2%–3% of the population suffers from 
obsessive–compulsive disorder (OCD). Several brain 
regions have been implicated in the pathophysiology 
of OCD, but their various contributions remain unclear. 
We examined changes in structural and functional 
neuroimaging before and after a variety of therapeutic 
interventions as an index into identifying the underlying 
networks involved. We identified 64 studies from 1990 
to 2020 comparing pretreatment and post-treatment 
imaging of patients with OCD, including metabolic 
and perfusion, neurochemical, structural, functional 
and connectivity-based modalities. Treatment class 
included pharmacotherapy, cognitive–behavioural 
therapy/exposure and response prevention, stereotactic 
lesions, deep brain stimulation and transcranial 
magnetic stimulation. Changes in several brain 
regions are consistent and correspond with treatment 
response despite the heterogeneity in treatments and 
neuroimaging modalities. Most notable are decreases 
in metabolism and perfusion of the caudate, anterior 
cingulate cortex, thalamus and regions of prefrontal 
cortex (PFC) including the orbitofrontal cortex (OFC), 
dorsolateral PFC (DLPFC), ventromedial PFC (VMPFC) 
and ventrolateral PFC (VLPFC). Modulating activity 
within regions of the cortico-striato-thalamo-cortical 
system may be a common therapeutic mechanism 
across treatments. We identify future needs and current 
knowledge gaps that can be mitigated by implementing 
integrative methods. Future studies should incorporate 
a systematic, analytical approach to testing objective 
correlates of treatment response to better understand 
neurophysiological mechanisms of dysfunction.

INTRODUCTION
Obsessive–compulsive disorder (OCD) is a chronic, 
disabling disease characterised by recurrent, intru-
sive thoughts (obsessions) and/or repetitive mental 
or physical actions (compulsions). Typical onset 
occurs during the childhood or adolescence and 
often lasts through adulthood; lifetime prevalence 
is estimated at 2.3% in the American population.1 
Patients often suffer from impaired interpersonal 
relationships as a result of their symptoms, and 
unemployment rates are reported as high as 38%.2

Aberrant signalling in cortico-striato-thalamo-
cortical (CSTC) circuits is considered to be an 
important pathological mechanism underlying 
OCD.[S1-S3] These circuits are composed of glutama-
tergic and GABAergic projections that connect fron-
tocortical and subcortical brain areas.[S4-S9] Within 
the CSTC loop, the direct pathway from striatum 
to internal pallidum to thalamus and back to cortex 
exerts a net excitatory effect, and the indirect 
pathway, which additionally includes the external 
pallidum and subthalamic nucleus, produces a 
net inhibitory effect.[S4] A lack of balance in these 
pathways is hypothesised to lead to a dysregulated 
thalamo-cortical drive resulting in inappropriate 
selection of actions and failure to inhibit maladap-
tive behaviours, both of which are characteristic 
of the OCD phenotype.[S4,S10-11] CSTC regions 
most frequently investigated in OCD are regions 
of prefrontal cortex (PFC) (including orbitofrontal 
cortex (OFC), dorsolateral PFC (DLPFC), ventro-
medial PFC (VMPFC) and anterior cingulate cortex 
(ACC)), striatum and mediodorsal thalamus.

OCD treatment includes pharmacological and 
cognitive–behavioural therapies (CBT) as well as 
less-common neuromodulatory strategies, which 
may be neurosurgical (eg, stereotactic lesions and 
deep brain stimulation (DBS)) or non-invasive (eg, 
transcranial magnetic stimulation, TMS).[S12-S13] 
This review summarises studies that examined the 
brain before and after treatment to discover changes 
in the brain that were associated with symptom 
improvement, with the hypothesis that common 
neural mediators may be observed regardless of 
treatment modality. We also identify knowledge 
gaps and recommendations for future research.

RESULTS
Our results are organised by treatment and subse-
quently by imaging modality. Following literature 
review as summarised (figure 1), in total, we included 
64 distinct studies which report changes in neuro-
imaging markers following treatment and examine 
correlation with clinical outcome measured by Yale-
Brown Obsessive Compulsive Scale (Y-BOCS), as 
the most standardised and validated instrument to 
quantify OCD symptomatology. Of the studies that 
reported significant correlations with Y-BOCS, 28 
focused on an adult cohort, 5 on a paediatric cohort 
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and 1 included patients between the ages of 16–29. Within each 
section, we first summarise statistically significant results from 
regions most frequently implicated in the CSTC circuit (OFC, 
DLPFC, VMPFC, ventrolateral PFC (VLPFC), ACC, caudate 
and thalamus). All other regions that changed significantly are 
also reported. Laterality is indicated if included in table 1. At the 
end of each section, we summarise the subset of results in which 
neuroimaging changes correlated significantly with treatment 
response (i.e., decreased Y-BOCS).

Pharmacotherapy
Studies evaluated imaging changes after administration of sero-
tonin reuptake inhibitors (SRIs) (fluoxetine3–10; fluvoxamine7 11; 
paroxetine8 12–17 and other SRIs8 9 18–20; tricyclic antidepressants 
(TCAs) (clomipramine)5 7 21 22 and after selective SRI (SSRI) 
augmentation with the atypical antipsychotic risperidone.23 24 
Patient populations ranged from treatment-naïve children,6 13 15 17 
to pharmacotherapy-resistant adults24 and treatment duration 
varied from 12 weeks to 1 year.5 23

Metabolic and perfusion studies (fluoro-deoxyglucose positron 
emission tomography, single photon emission CT)

►► Caudate: Two studies found a decrease in right caudate 
metabolism that correlated with a decrease in Y-BOCS after 
SRI pharmacotherapy (n=9 adults),3 (n=20 adults).14 Two 
studies reported a decrease in caudate metabolism, one on 
the right (n=20 adults)16 and one on the left (n=8 adults),21 
that did not correlate with symptom reduction after SRI 
or TCA administration. One study found increased metab-
olism in the right caudate that correlated with a decrease 
in Y-BOCS after administering paroxetine (n=7 adults).12 
Two other studies showed no significant change in caudate 
metabolism (n=13 adults),5 (n=11 adults).7 A single photon 
emission CT (SPECT) study reported a decrease in regional 
cerebral blood flow (rCBF) in the left caudate after fluvox-
amine; however, this finding did not correlate with Y-BOCS 
reduction (n=15 adults).11 Another SPECT study noted no 
such change in caudate perfusion after administration of 
clomipramine (n=8 adults).22

►► OFC: One study found a decrease in bilateral OFC metabo-
lism that correlated with a decrease in Y-BOCS after SRI or 
TCA pharmacotherapy (n=13 adults).5 Several other studies 
found a similar decrease in either right (n=20 adults),16 
(n=8 adults)21 or bilateral (n=10 adults)8 OFC metabolism 

after SRI or TCA intervention; however, these did not 
correlate with symptom reduction. Three studies reported 
no significant change in OFC metabolism with SRI or TCA 
treatment (n=9 adults),3 (n=11 adults),7 (n=7 adults).12 
SPECT studies found decrease in OFC perfusion bilater-
ally that did not correlate with reduction in Y-BOCS (n=8 
adults).22 Others noted no change in OFC metabolism after 
fluvoxamine (n=15 adults)11 or fluoxetine (n=6 adults).4

►► PFC/ACC: One fluoro-deoxyglucose positron emission 
tomography (FDG-PET) study noted decreased metabolism 
in the bilateral ACC that correlated with decreased Y-BOCS 
(n=11 adults).7 Another study reported decreased metabo-
lism in the right ACC that did not, however, correlate with 
symptom improvement (n=9 adults).3 Several others noted 
no significant change in ACC metabolism corresponding 
with SRI or TCA outcomes (n=13 adults),5 (n=20 adults),14 
(n=20 adults),16 (n=8 adults).21

►► Thalamus: One study noted a decreased metabolism in 
the left thalamus after fluoxetine administration; however, 
this finding did not correlate with Y-BOCS reduction 
(n=9 adults).3 Other studies that used SRI or TCA phar-
macotherapy found no corresponding significant metabolic 
change in the thalamus (n=20 adults),16 (n=8 adults),21 
(n=11 adults).7 Results from perfusion studies in the thal-
amus varied depending on treatment class. Two studies 
showed rCBF decreases in the right thalamus after SRIs 
(n=11 adults),18 but only one reported a significant correla-
tion with Y-BOCS improvement (n=15 adults).11

►► Other Regions: Decreased metabolism in bilateral middle 
and posterior cingulate cortices correlated with Y-BOCS 
reduction (n=11 adults).7 Another study found both a 
decrease in metabolism in the right putamen, bilateral cere-
bella and right hippocampus and an increase in metabolism 
in the right lateral postcentral gyrus, posterior and superior 
parietal lobes, and medial and superior occipital gyri after 
SRI treatment (n=10 adults).8 Conversely, others noted 
an increase in metabolism in the putamen bilaterally (n=8 
adults).21 These findings from these studies were not corre-
lated with Y-BOCS reduction.

In contrast to the FDG-PET study results after SRI or TCA 
treatment, risperidone augmentation (ie, SSRI+ risperidone) 
resulted in increased metabolism across all CSTC ROIs, including 
the caudate, OFC, PFC, and ACC, but a decrease in the thal-
amus; none of these results correlated with symptom response 
(n=16 adults).24 A SPECT study reported increased rCBF in the 
bilateral thalami that was correlated with Y-BOCS reduction 
after augmentation with risperidone; however, no significant 
change in caudate perfusion was noted (n=12 adults).23

Neurochemical studies (1H-MRS, α-(11C)methyl-L-tryptophan-PET)
►► Caudate: After paroxetine therapy, paediatric patients 

showed a decrease in glutamate concentration (Glx) in 
the left caudate that correlated with CY-BOCS (n=11 
children).15

►► PFC/ACC: After citalopram treatment, N-acetylaspar-
tate (NAA) concentrations in the ACC and PFC increased, 
suggesting improved neuronal and axonal integrity; 
however, these did not correlate with symptom response 
(n=13 adults).20

►► Other Regions: One study used PET imaging with an α-(11C)
methyl-L-tryptophan tracer to examine the changes in 
brain regional serotonin synthesis following treatment with 
sertraline (n=8 adults) compared with CBT. After sertraline 

Figure 1  PRISMA flow chart. OCD, obsessive–compulsive disorder; 
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-
Analyses.
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treatment, in treatment responders and partial responders, 
serotonin synthesis capacity increased brain-wide.25 This 
change was correlated with Y-BOCS reduction.

Structural studies (volumetric MRI and DTI)
►► Thalamus: One paroxetine study reported a decrease in 

bilateral thalamic volumes that correlated with symptom 
response (n=10 children).13

►► Other Regions: Another paroxetine study noted decreased 
volume in the left amygdala that correlated with SRI dosage 
but not with change in CY-BOCS (n=11 children).17 Two 
other studies investigated the effects of fluoxetine on grey 
matter volumes. Paediatric OCD subjects showed increased 
bilateral parietal lobe volumes that correlated with reduction 
in CY-BOCS (n=15 children).6 The adults showed increased 
volumes of the left putamen after medication; however, this 
was not correlated with Y-BOCS reduction (n=13 adults).10 
A diffusion-weighted MRI study demonstrated that frac-
tional anisotropy (FA) in the corpus callosum, internal 
capsule, and white-matter in the area superolateral to the 
right caudate in drug-naïve patients decreased after citalo-
pram (n=13 adults and matched controls).26 This finding 
was not correlated with treatment response.

Functional MRI studies (task fMRI and resting-state fMRI (rs-fMRI))
One study evaluated functional changes (BOLD signal) after 
escitalopram (n=9 adults) or fluoxetine (n=1 adults) therapy 
using a task-switching paradigm during functional MRI (fMRI) 
(n=10 adults).9

►► CSTC: OFC, rostral ACC and VLPFC showed increased 
activation, however, these increases were not correlated with 
treatment response.

►► Other regions: Increased activation in the left thalamus and 
the right insula were correlated with reduction in Y-BOCS, 
but increased activation in hippocampus was not correlated 
with symptom change.

Summary of neuroimaging changes with pharmacotherapy that 
correlated significantly with symptom change (ie, significant 
decrease in Y-BOCS)

►► CSTC:
–– Caudate: OCD symptom reduction correlated with de-

creased metabolic activity.3 14 15 but see 12 (figure  2A, 
table 1)

–– OFC and ACC: therapeutic effect correlated with de-
creased metabolism bilaterally.5 7

–– Thalamus: treatment response correlated with decreased 
perfusion,11 decreased volume13 and increased BOLD 
signal during a task-switching paradigm.9 However, 
risperidone augmentation to SSRI produced increased 
perfusion.23

►► Outside CSTC:
–– mid-cingulate cortex (MCC), posterior cingulate cortex 

(PCC): decreased metabolic activity.7

–– Middle temporal gyrus (MTG): increased perfusion.19

–– Insula: increased BOLD signal in insula.9

Cognitive–behavioural therapy
CBT consisting of exposure and response prevention (ERP) is an 
evidence-based treatment for OCD, in both adults[S17] and chil-
dren.[S18] ERP asks patients to expose themselves to their indi-
vidual symptom triggers while refraining from ritualising. ERP 
studies included in this review varied in frequency and duration Tr
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(ie, ‘dosing’) of sessions, ranging from intensive strategies (eg, 5 
sessions per week for 4 weeks)27–29 to gradual (eg, 1–3 sessions 
per week for 7–20 weeks) treatment courses.3 12 30 Some studies 
also supplemented CBT with other techniques. Thus, differ-
ences reported below may be due to variability in the therapy 
provided. Patient populations ranged from adults,3 12 28 29 31–36 
to children.30 37–41 Literature suggests that structural deficits in 
OCD patients are correlated with age and may represent the 
pediatric-to-adult progression of the disorder.[S19-S20] Other vari-
abilities included, maintenance of their pharmacological treat-
ment during CBT,28 29 34 36 37 a 2-week medication wash-out3 31–33 
and ‘medication free’30 39 or ‘medication naïve’ protocols.38 41 
Lastly, in terms of comparators, most studies did not include 
treatment-naïve controls; some studies included a treatment 
comparator, typically pharmacotherapy,3 12 or a healthy control 
arm (table 1).3 29 30 36 39 42–44

Metabolic and perfusion studies (FDG-PET, SPECT)
►► Caudate: Two studies noted a decrease in caudate metab-

olism (bilateral caudate; n=9 adults),33 one of which was 
correlated with a decrease in Y-BOCS (right caudate; n=9 
adults).3 Conversely, one study showed an increase in right 
caudate metabolism that also correlated with Y-BOCS reduc-
tion (n=9 adults).12 One perfusion study found decreased 
rCBF in the right caudate that did not correlate with 
symptom response (n=22 adults).35

►► PFC/ACC: One study showed increased metabolism in right 
dorsal ACC after CBT correlated with symptom improve-
ment (n=9 adults).29 A second study showed decreased 
perfusion in the right OFC after CBT that correlated 

significantly with symptom reduction, while decreases in 
right VMPFC and left middle frontal gyrus did not (n=45 
adults).34

►► Thalamus: Saxena et al also reported decreased thalamic 
metabolism that did not correlate with Y-BOCS reduction.29

Neurochemical studies (1H-MRS, α-(11C)methyl-L-tryptophan-PET)
►► Caudate: One study showed an increase in NAA in the left 

head of the caudate that was correlated with improvement 
in Y-BOCS (n=15 adults).36 In paediatric patients, one study 
found that a decrease in Glx concentration in the right head 
of the caudate was not correlated with symptom response 
and no change was observed in the pregenual ACC (n=11 
children).37 A separate study, however, found no change in 
the caudate in a cohort with similar age and treatment dura-
tion (n=21 children).38

►► PFC/ACC: Another study noted an increase in NAA concen-
trations in the right pregenual ACC and a decrease in Glx 
in the left middle ACC after an intensive 4-week treatment; 
however, these findings did not correlate with improvement 
in Y-BOCS (n=8 adults).28 A paediatric study (n=24 chil-
dren) also noted a decreased in Glx in the pACC after 12–14 
weeks of CBT.[S21] The authors did not report if the change 
in Glx was correlated with CY-BOCS improvement, but did 
note that baseline Glx in vACC was a predictor of post-CBT 
change in CY-BOCS score.

►► Other Regions: In a study using an α-(11C)methyl-L-
tryptophan tracer to examine changes in regional sero-
tonin synthesis following treatment with sertraline 
compared with CBT (n=8 adults), treatment responders 

Figure 2  Synthesis of statistically significant changes in brain glucose metabolism correlated with symptom improvement quantified by Yale-Brown 
Obsessive Compulsive Scale figure 2. Summary of metabolic changes in regions of interest (ACC, caudate, OFC, PFC and thalamus) measured with PET 
following interventions with (A) pharmacotherapy, (B) CBT, (C) lesions, (D) DBS and (E) TMS. Anatomy call-outs indicate the number of studies reporting 
increases (red), no change on purposive measurement (grey arrows and boxes) or decreases (blue). Same colours used in bar chart scaled on number 
of subjects enrolled per trial, labelled by study first author surname. ACC, anterior cingulate cortex; CBT, cognitive–behavioural therapy; DBS, deep brain 
stimulation; OFC, orbitofrontal cortex; PET, positron emission tomography; PFC, prefrontal cortex.
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and partial responders demonstrated increased serotonin 
synthesis capacity brain-wide. that correlated with Y-BOCS 
reduction.25

Structural studies (volumetric MRI and DTI)
►► PFC/ACC: Using voxel-based morphometry (VBM), a paedi-

atric study of medication-free OCD patients (n=26 children 
and 27 controls) showed increased left OFC grey matter 
volumes after CBT correlated with greater symptom reduc-
tion. Additionally, the authors reported decreased volumes 
in the right globus pallidus and bilateral external capsules 
that did not correlate with treatment response.39 Another 
study demonstrated unilateral increases in left OFC that 
correlated with improved Y-BOCS score.42

►► Thalamus: That study also demonstrated bilateral decreases 
in thalamic volumes following CBT that correlated with 
improvement in Y-BOCS scores (n=12 adults).42

►► Other regions: A diffusion-weighted MRI study used VBM 
to quantify differences in FA across the middle frontal gyrus, 
OFC, cerebellum and MTG. In addition, the group noted 
reductions of FA in the putamen. Among these, the putamen, 
MTG and OFC findings were correlated with the Y-BOCS 
reduction (n=85 adults).43

Functional studies (task fMRI and rs-fMRI)
►► Caudate: A reversal learning study showed increased activa-

tion in the caudate after CBT that was not correlated with 
symptom response (n=10 adults).27

►► PFC/ACC: Studies using Stroop,31 32 and symptom provo-
cation.32 45 paradigms showed decreased activation in the 
ACC (n=10 adults),32 (n=31 adults)45 and OFC,32 (n=11 
adults),31 following CBT that did not correlate with Y-BOCS. 
A resting-state connectivity study demonstrated decreased 
resting-state functional connectivity (RSFC) between left 
DLPFC and right precuneus, right superior temporal gyrus 
and cuneus that correlated with reduction in Y-BOCS (n=20 
adults).44 In contrast, one study, using the Tower of London 
executive function task, showed increased BOLD signal in 
the left DLPFC and in the left parietal cortex following 
CBT that were correlated with symptom response (n=24 
children).30

►► Other regions: A RSFC study showed reduced connectivity 
in the default mode network and the task-positive network 
in the treatment-naïve OCD cohort (n=25 children) at base-
line compared with healthy controls (n=23 children). While 
this group gathered neuroimaging data before and after CBT, 
they reported no significant change in fMRI-based connec-
tivity as a function of OCD symptom measurements.41

Summary of neuroimaging changes with CBT that correlated 
significantly with symptom change

►► Decreased metabolism in the caudate (figure 2B, table 1).3

►► Increased metabolism in dorsal ACC.29

►► Decreased perfusion in OFC.34

►► In children, increased volume of OFC,39 increased activa-
tion of DLPFC and left parietal cortex during an executive 
function task.30

►► Increased FA of MFG, OFC, cerebellum and MTG.43

Stereotactic lesions
Stereotactic lesions have been used in patients with severe, 
intractable OCD since the 1960s.[S22-S23] These lesions target 

nodes (eg, dorsal anterior cingulotomy)[S24-S25] or white matter 
connections between nodes (eg, anterior capsulotomy,[S26-S27] 
subcaudate tractotomy)[S28] in the CSTC circuit.[S22] Studies 
included in this review implemented thermoablative anterior 
capsulotomy,46 47 radiosurgical (Gamma Knife) anterior capsulo-
tomy,48 thermoablative cingulotomy49 and thermoablative limbic 
leucotomy.50 Patients undergoing lesion procedures have failed 
pharmacotherapy and CBT.51 The severity and intractability 
of their disease, potential long-term exposure to medications, 
and frequent comorbid psychiatric conditions, such as major 
depressive disorder, distinguish them from the patient cohorts 
in previous categories.52

Metabolic and perfusion studies (FDG-PET, SPECT)
FDG-PET before and after anterior capsulotomy (n=8, 
16–29 years) demonstrated decreased metabolism in bilateral 
dorsal ACC, and OFC, as well as increased metabolism in middle 
and inferior occipital gyri correlated with decreased Y-BOCS. 
Other regions showed changes not correlated with Y-BOCS: 
decreased metabolism in bilateral caudate, medial dorsal thal-
amus, and right cerebellar tonsil, and increased metabolism in 
precentral and superior temporal gyri.47

Another FDG-PET study compared anterior capsulotomy 
(n=13 adults) with DBS. After capsulotomy, metabolism 
decreased in the left caudate head and body, bilateral medial 
frontal cortices, right inferior frontal cortex, left dACC and 
left medial dorsal thalamus, and bilateral posterior cerebellum. 
Metabolism increased in right cuneus and bilateral parietal lobes. 
Only changes in the occipital lobe correlated with decreased 
Y-BOCS.46

SPECT showed rCBF decreased in the right PFC and the 
left striatum following limbic leucotomy, but changes were not 
significantly correlated with Y-BOCS change (n=8 adults).50 
Another group found rCBF decreased in paraterminal gyri and 
increased bilaterally in DLPFC and left lateral temporal lobe 
following bilateral anterior capsulotomy (n=3 adults). These 
postoperative changes were interpreted to reflect connectional 
diaschisis, such that the procedure served to disconnect the 
DLPFC and lateral temporal lobe from hyperactive paraterminal 
gyri. Due to the small sample size, the team did not correlate 
SPECT changes with Y-BOCS change.53

Structural studies (volumetric MRI and DTI)
Volumetric decrease in the caudate body was shown following 
thermoablative cingulotomy (n=9 adults).49 VBM analysis found 
non-significant changes to caudate, thalamus and ACC following 
radiosurgical capsulotomy, instead showing a significant increase 
in right inferior frontal gyrus (n=5 adults).48 Changes in both 
studies were unrelated to symptomatic response.

Functional studies (task fMRI and rs-fMRI)
Decreased RSFC between the striatum and dorsal ACC correlated 
with symptom response in patients who underwent capsulotomy 
(n=27 adults).54

Summary of neuroimaging changes with lesions that significantly 
correlated with symptom change

►► Increase in metabolism in the middle and inferior occipital 
gyri after capsulotomy (figure 2C, table 1).46 47

►► Decreased metabolism in dorsal ACC and OFC after 
capsulotomy.47

►► Decrease in connectivity between the striatum and dorsal 
ACC after capsulotomy.54
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Deep brain stimulation
Like stereotactic lesions, DBS is used to treat patients with 
severe, refractory OCD by targeting nodes and pathways 
within the CSTC.[S29-S33] Unlike lesions, DBS is adjustable and 
reversible. DBS for OCD typically targets the anterior limb 
of the internal capsule (ALIC), a large white matter pathway 
running between the caudate nucleus and the ventral striatum 
(VS).46 55–57 Targeting has become increasingly refined; groups 
have defined idealised portions of the ALIC to target based on 
their connectivity and proximity to CSTC-affiliated structures. 
Common targets include the ventral capsule/VS (VC/VS),58 
nucleus accumbens (NAcc),59 and bed nucleus of the stria termi-
nalis (BNST),[S33] although recent consensus suggests that elec-
trical modulation of the capsular white matter fibres likely drives 
treatment response.[S34] The same caveats regarding severity and 
intractability noted above for patients undergoing stereotactic 
lesions apply to patients undergoing DBS.

Metabolic and perfusion studies (FDG-PET, SPECT)
FDG-PET demonstrates changes in metabolism within CSTC 
circuits and elsewhere. ALIC stimulation decreased metabolism 
in the OFC bilaterally (n=4 adults)56; however, this change 
was not correlated with treatment response. Another study 
observed ALIC DBS decreased metabolism in the bilateral 
NAcc, left hippocampus, subgenual ACC, and left PCC that 
correlated with Y-BOCS reduction. The same study also noted 
a decrease in metabolic activity in the right insula that did not 
correlate with improvement in symptoms (n=6 adults).57 One 
study, which included all 6 OCD patients from Van Laere et 
al, also demonstrated decreased metabolism in the left PCC 
following DBS (n=16 adults); however, this finding was not 
correlated with reduction in Y-BOCS. Following stimulation 
to the region of the VC/vs, in a subset of these patients, this 
group further showed that metabolic activity decreased in the 
subgenual ACC but was not correlated with Y-BOCS score.46

FDG-PET showed pretreatment metabolic hyperactivity of 
the bilateral frontal lobe including ACC compared with controls 
which was reduced after 4–6 years of therapeutic stimulation 
to NAcc (n=2 adults). Stimulation was also found to reduce 
metabolic activity in the caudate nucleus. These changes were 
correlated with clinical improvement (Y-BOCS).[S35]

STN stimulation produced decreased metabolism in the 
VMPFC, ACC and OFC that correlated with Y-BOCS reduc-
tion (n=10 adults).55 Another study showed inferior thalamic 
peduncle stimulation in two patients with OCD produced 
decreased metabolism in right caudate, putamen, supplementary 
motor area, and cingulate, as well as increased metabolism in the 
bilateral primary motor areas, left temporal pole, and left OFC, 
which were not assessed for direct correlation with Y-BOCS 
scores.[S36]

A 15O-CO2 PET study showed increased rCBF in right subge-
nual ACC, right medial OFC, right dorsolateral putamen, and 
left globus pallidus after 3 months of VC/vs stimulation (n=6 
adults).58 None of these findings correlated with behavioural 
response (Y-BOCS). Oxygen-15 positron emission tomography 
(15O-PET) during acute monopolar VC/VS DBS demonstrated 
increased perfusion in the dACC that correlated with a reduc-
tion in depressive symptom severity (n=6 adults). There were 
no significant changes in OCD symptoms.[S37] NAcc DBS was 
evaluated with SPECT, showing decreased D2/3R availability 
post-DBS correlated with symptom response (n=15 adults).[S37] 
These findings suggest increased dopamine release causing 

competition for the radiotracer, diminished D2/3R affinity, 
and/or structural receptor decrease due to down-regulation.

Functional studies (task fMRI and rs-fMRI)
An fMRI reward anticipation task during NAcc DBS and showed 
abnormally low NAcc activity at baseline which normalised to 
the level of controls after 1 week of stimulation. In a sepa-
rate resting-state fMRI experiment, the same group found that 
connectivity (NAcc:left VMPFC) and (NAcc:bilateral VLPFC) 
decreased after DBS and correlated with symptom reduction 
(Y-BOCS). They suggested that cortico-striatal disruption may 
underlie NAcc DBS (n=9 OCD adults and 13 controls).59

Summary of neuroimaging changes with DBS that correlated with 
symptom change

►► Decreased metabolism in the OFC and VMPFC after STN 
DBS (figure 2D, table 1).55

►► Decreased metabolism in CSTC regions following long-term 
DBS therapy.55 57[S35-S36]

►► Reduced rs-fMRI connectivity between the NAcc and bilat-
eral VLPFC, and NAcc and left VMPFC following clinically 
effective NAcc DBS.59

Challenges of studying neuroimaging changes with DBS using MR
Unlike in other treatment modalities, the use of MRI in DBS 
patients is limited by strict safety regulations, due to early find-
ings of adverse effects caused by interactions between magnetic 
fields and the metal electrodes and coils.[S39] Despite its tech-
nical challenges, some studies have been able to use MRI in 
DBS.[S39] A recent multi-institution study of 102 patients with 
DBS implants reported no adverse effects related to 1.5 T or 3T 
MRI.[S41] However, the potential for artifact-related noise and 
voxel-effacement remains a challenge. Further investigation is 
certainly warranted as the use of MRI will be central to under-
standing the pathophysiology of severe, treatment-refractory 
OCD.

Transcranial magnetic stimulation
TMS,[S42] is a non-invasive technique that induces an electric field 
on the brain via alternating current in a wire coil held adjacent 
to the scalp. The induced field produces electrical stimulation in 
brain regions directly beneath the coil.[S43-S44] The parameters of 
stimulation (coil geometry, frequency, intensity, location) deter-
mine the effects. Among repetitive TMS (rTMS) approaches in 
neuropsychiatry, the most commonly-studied patterns of stimu-
lation are slow (<1 Hz), fast (>5 Hz) and theta-burst.[S45]

Metabolic and Perfusion studies (FDG-PET, SPECT)
Slow rTMS (1 Hz) of the right OFC with a butterfly double-
cone coil decreased metabolic activity (FDG-PET) in right OFC 
correlated with Y-BOCS decrease. Right DLPFC, right middle 
gyrus, right orbital gyrus, left subgenual ACC, and left orbital 
gyrus decreased in metabolism as well; however, none of these 
were correlated with Y-BOCS (n=19 adults).[S46]

Functional Studies (task fMRI, rs-fMRI)
A recent sham-controlled study evaluated slow rTMS of the 
right DLPFC region during a provocation task. The active group 
(n=10 adults) showed no change in BOLD response before vs 
after stimulation whereas the sham group (n=8 adults) showed a 
BOLD increase at right inferior frontal gyrus and right putamen; 
this did not correlate with symptom improvement.[S47]
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Summary of neuroimaging changes with TMS that significantly 
correlated with symptom change
Low frequency rTMS treatment to right OFC decreased meta-
bolic activity in right OFC.[S46] (figure 2E, table 1)

DISCUSSION
Summary of main findings
Through our literature review, we identified several nodes within 
the CSTC circuit that changed following effective treatments for 
OCD regardless of treatment modality. We highlight changes that 
correlated with Y-BOCS decrease, as that correlation suggests 
a proximal relationship between the neuroimaging finding and 
symptomatic improvement. Such correlation occurred in thirty-
four of the reviewed studies, as summarised in table 1.

►► OFC: decreased activity.5 8 16 21 22 31 32 34 55 56[S46]

►► PFC: decreased metabolism,21 46 47 55 57[S35,S46] and decreased 
perfusion.18 50

►► ACC: decreased activity.3 7 32 46 47 54 57[S36]

►► Thalamus: decreased activity.3 32 47[S67]

►► Caudate: decreased activity.3 11 14–16 21 33 35 37 49[S35-S36]

►► But see,9 12 20 23 24 27–29 36

►► NAcc: reduced connectivity with other networks,54 57 59[S38]

►► Regions outside CSTC exhibited changes:
–– Hippocampus: decreased metabolism,7

–– Posterior Cingulate: decreased metabolism,57

–– Increased activity in middle/inferior occipital gyri,46 47 
anterior MTG,19 insula,9 and parietal cortex.30

Characterising OCD pathophysiology in terms of hypoac-
tivity or hyperactivity is a simplification; OCD is a heteroge-
neous disorder and often, pathophysiology is associated with 
the particular cluster of symptoms experienced by a particular 
patient. As noted above, regions such as the caudate show 
clinically-relevant activity in both directions. Table  1 further 
details how both hypoactivity and hyperactivity in the CSTC 
circuit needs remediation for observable clinical improvement. 
This contradictory evidence further emphasises the need for 
standardisation and integration of objective measures to parse 
the mechanisms of OCD pathology. Indeed, perhaps the best 
framing of the problem would be as a need to ‘tune’ the CSTC 
circuit, rather than to increase or decrease activity en masse.

Placement within a conceptual framework
Neurobiological models of OCD have often focused on dysfunc-
tion in mechanisms of cognitive control,[S48-S54] suggesting 
involvement of ACC, VMPFC and DLPFC, as well as OFC, 
thalamus and striatum.[S2,S55] Three sub-domains may contribute 
to OCD pathophysiology: (1) response selection and inhibi-
tion, (2) goal selection and cognitive flexibility and (3) perfor-
mance monitoring. These processes include recognising relevant 
stimuli, ignoring distracting influences, inhibiting prepotent 
responses, selecting optimal responses, monitoring the outcome 
of actions and adjusting future behaviour based on feedback 
and evolving goals.[S55] Beyond cognitive control, abnormality 
in reward-seeking in OCD[S38,S56,S57] is being examined dynam-
ically, considering that symptoms may arise from a failure to 
balance between goal-directed and habit-like behaviour.[S58,S59] 
In addition, abnormal perception and valuation of threat[S60-S61] 
may underlie the features of anxiety that frequently occur with 
OCD.[S62] For a review of psychological models of OCD, please 
see.[S63]

Within the framework of cognitive control, a failure of inhibi-
tion—the ability to suppress or delay actions—has been hypoth-
esised to manifest into compulsions (failure to inhibit negative 

behavioural processes),[S5,S64] and to a lesser extent it may also 
contribute to obsessions (failure to inhibit negative cognitive 
processes)[S65] in OCD. It is classically thought to explain the 
repetitive behaviours of OCD, which cannot be effectively 
suppressed despite patients’ desire to stop. Models focused on 
response selection and inhibition[S52] emphasise ACC’s role in 
inhibition, as well as the involvement of DLPFC and OFC, all of 
which feature prominently in the CTSC circuits.

Cognitive flexibility is another characteristic deficit in OCD, 
wherein individuals may struggle to switch behaviour patterns 
(ex: reverse a learnt or habitual behaviour).[S58,S66] In OCD, the 
inability to switch behaviours in response to changing stimuli 
has been associated with hypoactivity in the DLPFC-dorsolateral 
caudate loop and the rostral putamen, whereas ritualistic, 
compulsive behaviour is associated with hyperactivity in the 
OFC-ventromedial caudate loop.[S5,10,S67-S68, S79-S81]

Future directions
Need for Standardisation
This review reveals the need to standardise future research over 
several categories.

Treatment delivery
Interventions are delivered under parameters that determine 
their clinical and neurobiological effect. Studies vary most 
commonly in duration of treatments. While dosage is relatively 
well-defined for pharmacotherapy, different doses have been 
used in CBT (eg, daily vs weekly treatment), and neuromodu-
latory ‘dose’ (eg, frequency, amplitude, duration of therapy for 
DBS and TMS) is inconsistent across studies. Differences in these 
variables (stimulation polarity, field volume, tissue properties) 
likely account for a substantial portion of the discordance in clin-
ical outcomes often reported in neuromodulation studies.[S69-S70] 
Therefore, we recommend comprehensive documentation and 
reporting of therapeutic parameters to allow comparison of the 
heterogeneous and complex treatment protocols as currently 
implemented.

Patient selection
OCD is an especially heterogeneous disorder. Some studies 
isolate patient groups by symptom type45; others exclude 
comorbid psychiatric disorders.3 21 Most studies cannot restrict 
themselves to treatment-naïve subjects for practical reasons, so 
the majority will include patients with treatment history. Further-
more, neurobiological implications of imaging findings children 
diverge from those of adult patients, including greater inter-
pretational weight surrounding dendritic pruning and neuro-
plasticity. To address this issue, it is crucial to clearly document 
symptom types, comorbidities, and treatment history to facilitate 
the inclusion of these dimensions in future analyses. Lastly, we 
recommend including a control group for comparison to better 
identify whether the underlying mechanisms of action resulting 
in change are due to a reversal in pathology towards normalcy or 
a compensatory pathway to mitigate existing pathology.

Brain regions
It is essential to reduce the study variability due to broad and 
inconsistent anatomical definitions of brain regions. Early studies 
did not provide coordinates of observed changes. Anatomical 
definitions tend to span several cytoarchitectonic areas, for 
example, the OFC was defined in some studies as Brodmann 
Area (BA) 47,48 in others as BA 10,32 55 or as BA 11.24 34 39 58 
Further, the term PFC is often used to indicate to medial, lateral, 
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dorsal or ventral regions without specification. Hence, a more 
consistent approach, using appropriately specified BA when 
possible rather than region names, or coordinates from a stan-
dardised system will facilitate accurate comparisons between 
studies. Additionally, region segmentation is affected by image 
resolution and quality; when working with structural or func-
tional scans, it is important to consider the trade-offs between 
scanner resolution, voxel dimensions and scan time to determine 
which parameters will enable adequate study of the target brain 
regions without imposing extra burden on subjects.

Gaps in knowledge and future opportunities
Connectivity
Future studies will benefit from thorough investigation of 
the structure and function CSTC and limbic circuits in OCD. 
Anatomical and functional connectivity studies using diffusion 
tensor imaging (DTI) and fMRI, considered alongside histolog-
ical tracer studies can help build our understanding of the physical 
structure and dynamical interactions of the network underlying 
OCD.[S71-S75] This principle is illustrated by a DBS study recently 
demonstrating that NAcc stimulation reduced hyperconnectivity 
as measured by rs-fMRI between frontal and striatal regions and 
restored normal function.59 Connectivity approaches such as 
this can help answer how and why certain patterns of regional 
changes occur as a result of these interventions.

Whole brain
While a majority of the changes correlated with symptom 
improvement involved regions within the CSTC, some other 
limbic structures including the mesial temporal region, cingulate 
and insula were frequently implicated as well.[S2] Observations of 
increased metabolism in the left mesial temporal lobe following 
DBS of the ALIC may be a human correlate of modulations in 
fear extinction observed in rodents after DBS in the homologous 
area.57[S76] Whole-brain neuroimaging approaches can further 
our understanding of the complex interplay between CSTC and 
limbic regions, and how they vary by OCD dimension, severity, 
treatment history, comorbidities and other factors. Though this 
review was focused on a comparison of pretreatment ersus post-
treatment imaging results, there is value in assessing predic-
tive studies to identify relevant diagnostic features. Predictive 
markers of response would facilitate the matching of patients 
with optimal treatments, reducing the major patient and health-
care burden imposed by iterative trials of ultimately unsuccessful 
therapies. Additionally, we can improve our understanding 
of the relationship between objective measures and clinically 
relevant outcomes in real-world scenarios, typically missing 
from controlled, in-clinic evaluations, by incorporating high-
resolution neuroimaging with digital tracking of symptoms in 
future studies.

Electrophysiology
Extensive imaging and electrophysiological tools are at our 
disposal today. Each modality has a unique purpose, and corre-
sponding limitations in terms of noise, and spatial and temporal 
resolution. Combining multiple modalities allows for holistic 
investigation of OCD pathophysiology. Ideally, we want to 
understand the activity of involved neural elements at the level 
of single neurons and population synaptic activity (local field 
potentials, LFP). Electrophysiological recordings from surgical 
patients who are implanted with intracranial electrodes across 
the brain can be leveraged to study activity that is correlated with 
specific symptom domains. These opportunities exist within the 

OCD cohort (pathological network), or in other patient groups 
(epilepsy, movement disorders). Surgical interventions such as 
stereoelectroencephalography (sEEG) to monitor seizures in 
epilepsy patients allows us to access the brain with incredible 
resolution. We assume, based on psychological evaluations, that 
a reasonable subset of these patients has intact emotional and 
cognitive processing and thus, we can leverage such clinical situa-
tions to study the dynamics of OCD-related networks in patients 
without OCD. There is a shifting emphasis towards network-
based treatment approaches in neuropsychiatry,[S77-S78] which 
is essential for better efficacy in heterogeneous conditions such 
as OCD. By integrating electrophysiology with high-resolution 
MRI and DTI, we can better identify nodes that are aberrant and 
propose a targeted approach to treatment.

CONCLUSION
Several regions within and outside CSTC circuits have shown 
consistent patterns of change following effective OCD treat-
ment. Within the CSTC, the caudate, OFC, PFC, ACC and 
thalamus all demonstrated decreases in metabolism and perfu-
sion after successful treatment with medications, CBT, stereo-
tactic lesions or DBS. These results support the iconic imaging 
studies of Baxter and Schwartz,3 33 who proposed OCD pheno-
type may arise from CSTC hyperactivity, and that normalisa-
tion of activity occurs with successful therapy. This review finds 
that several other limbic regions (PCC and MTL) share these 
features. Future studies must take a systematic approach to iden-
tifying neuroimaging correlates of symptomatic response, incor-
porating structural and functional connectivity to understand 
network dynamics. Doing so will shed light on the mechanisms 
of dysfunction that arise within affected circuits and provide 
valuable insight into improved strategies for targeting therapy.

Please refer to online supplemental file 1 for supplemental 
references.
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