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Abstract

Objective: To examine whether brain activity is associated with treatment response to cognitive 

behavioral therapy (CBT) in adolescents and adults with obsessive compulsive disorder (OCD), 

and whether associations are treatment-specific relative to an active control psychotherapy (stress 

management therapy; SMT).

Methods: Eighty-seven patients with OCD (age range 12-45, 57 female, 39 medicated) were 

randomized to receive 12 weeks of CBT or SMT. Prior to treatment, functional magnetic 

resonance imaging was collected in patients performing an incentive flanker task, which probes 

brain activation to both cognitive control and reward processing. Data were collected between 

March 2015 and October 2018. Voxelwise linear-mixed effects models examined whether baseline 

brain activation was differentially associated with symptom change on the (Children’s) Yale­

Brown Obsessive-Compulsive Scale ((C)Y-BOCS) scores over the course of CBT and SMT 

treatment.

Results: Within the CBT group, a better treatment response was associated with greater 

pre-treatment activation within right temporal lobe and rostral anterior cingulate cortex during 

cognitive control and within ventromedial prefrontal, orbitofrontal, lateral prefrontal and amygdala 

regions during reward processing. In contrast, reduced pre-treatment activation within a largely 
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overlapping set of regions was associated with a better treatment response to SMT (initial voxel 

threshold p<0.001, cluster corrected p<0.05).

Conclusions: Findings of treatment-specific associations are important for the development of 

biomarkers to personalize treatment in OCD (ClinicalTrials.gov: NCT02437773).
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Introduction

Obsessive-compulsive disorder (OCD) affects 1-3% of children and adolescents and 

2-3% of adults, and is characterized by recurrent and intrusive obsessive thoughts that 

patients attempt to neutralize with behavioral and/or mental compulsions (1). Psychological 

treatment for OCD consists primarily of cognitive behavioral therapy (CBT) incorporating 

in-vivo exposure and response prevention (ERP) (1). During ERP, patients interact with 

symptom-provoking stimuli while resisting compulsions, thereby learning that compulsive 

rituals are not necessary to prevent feared outcomes (2). Meta-analyses show large effect­

sizes for symptom severity reductions following CBT, even when compared with active 

control psychotherapies (1, 3). However, approximately 30-50% of patients with OCD do 

not respond adequately to treatment, and reliable predictors of response to treatment have 

yet to be established (3).

The neural mechanisms underlying OCD remain poorly understood, but cingulo-opercular 

and orbito-striato-thalamic networks are commonly implicated in patients across the lifespan 

(4). OCD patients show impaired performance as well as hypoactivation within cingulo­

opercular regions during cognitive control, identifying possible mechanisms of impaired 

control over obsessions and compulsions (4, 5). The orbito-striato-thalamic network appears 

hyperconnected at rest and hyperactive during symptom provocation and habit-driven 

responding in the disorder, whereas orbito-striatal regions are hypoactive during reward 

processing and decision-making, suggesting an imbalance of habit and goal-directed 

functions within these regions in OCD (6-8). Other work has linked cingulo-opercular 

and orbito-striatal activation during cognitive control and reward processing with treatment 

response to CBT (9, 10). Greater cingulo-opercular functioning during cognitive control 

may indicate a greater ability to engage this network during self-regulation to implement 

response-prevention strategies (10). Orbito-striatal and connected limbic regions are key for 

maintaining motivation as well as for learning new associations for environmental stimuli 

and behavioral actions, as required during ERP(11, 12).

Previous studies have examined whether individual differences in pre-treatment brain 

activation/structure are associated with treatment response to CBT in OCD, implicating 

cingulo-opercular, orbito-striatal and amygdalar regions (13-15). One study reported that 

adult patients with more pre-treatment activation during cognitive control within cingulo­

opercular, dorsolateral prefrontal, posterior cingulate, striatal and temporal regions had 

a better response to CBT (10). However, the existing literature has limitations. First, 

published neuroimaging studies did not include a control psychotherapy group and could not 
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separate findings associated with symptom change due to CBT from non-specific symptom 

reduction (10, 16). Findings of treatment-specific associations are critical in developing a 

mechanistic understanding of CBT, as well as individually-tailored treatment algorithms (14, 

15). Second, neuroimaging studies of treatment response in patients with the disorder have 

focused primarily on adults. Since early intervention may well have advantages in disorders 

like OCD that are often early in onset, understanding whether treatment-specific predictors 

of recovery generalize beyond mature adulthood is important (1, 9).

Therefore, in the current study, we explored the associations between task-activation and 

treatment response to CBT compared to a control psychotherapy (stress management 

therapy; SMT) in adolescent and adult patients with OCD. Effective engagement with CBT 

likely places greater demands than control therapies on self-regulatory processes, which 

allow patients to control emotions, cognitions and behaviors in the face of symptom triggers 

(10). It also requires the capacity for maintaining the motivation to work towards long-term 

goals (e.g., symptom recovery) in the face of challenging exposures (9, 17). Consequently, 

we anticipated that more pre-treatment activation within cingulo-opercular regions during 

cognitive control and orbito-striatal regions during reward processing would be associated 

with larger symptom reductions in the CBT group, and that these associations would be 

treatment-specific relative to SMT. Secondary analyses tested whether associations remained 

in both adolescent and adult sub-groups.

Methods

Participants

Eighty-seven patients were included in the analysis. Of these, 42 (19 adolescents, 23 adults, 

20 medicated, 28 females) were assigned to CBT and 45 (20 adolescents, 25 adults, 19 

medicated, 29 females) were assigned to SMT. Linear mixed effects models allow for the 

inclusion of patients with missing data-points, and all patients providing usable scans and 

assessment data were included. Full demographic and clinical details are given in Table 

1. Patients were recruited from outpatient programs at the University of Michigan Health 

System, from social media advertisements and via referrals from clinicians. We focused 

on two critical age periods – adolescence (13-17 years) and adulthood (25-45 years). 

Patients were required to have an early age of symptom onset (≤15 years) and moderate 

or greater levels of symptoms at baseline (≥16 on the (Child’s) Yale-Brown Obsessive 

Compulsive Scale ((C)Y-BOCS)(18, 19). Developed to measure OCD across the lifespan, 

the (C)Y-BOCS instruments use nearly identical wording and are comparable in terms of 

validity and reliability in adolescents and adults (18, 19). Full details on inclusion/exclusion 

criteria, characterization of participants and a CONSORT chart (Supplementary Figure 1) 

appear in the Supplement.

Written informed consent and assent was obtained for all patients and/or their legal 

guardians, according to procedures reviewed and approved by the Institutional Review 

Board of the University of Michigan (IRBMED, IRB:HUM00091368). Data for included 

patients was collected between March 2015 and October 2018, as part of a larger clinical 

trial (ClinicalTrials.gov:NCT02437773). The current report is a planned interim analysis 
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focused on the examination of pre-treatment neural associations with subsequent treatment 

response.

Study Design

Patients were randomized to receive either 12 weeks of individual CBT incorporating ERP, 

or 12 weeks of SMT (20, 21). Assignment was stratified based on medication, gender 

and age, using block randomization. SMT has been used in non-imaging studies of CBT, 

and shown to produce small to moderate reductions in OCD symptoms (2, 22, 23). SMT 

was included to control for potential, non-specific effects of time and weekly meetings 

with a therapist on symptom change. (C)Y-BOCS assessment of OCD severity occurred 

before, during and after treatment (weeks 1, 6 and 12) by an independent rater blind to 

treatment assignment. Patients were also assessed for anxiety and depression symptoms (See 

Supplement), and underwent scanning at the fMRI Laboratory, University of Michigan <6 

weeks before treatment (CBT:mean number of weeks=1.52, SD=0.7;SMT:mean number of 

weeks=1.76,SD=1.19). Patients were assigned to treatment group following the scan. Details 

of treatment protocols and MRI acquisition are in the supplement.

Incentive Flanker Task: In the Incentive Flanker Task (IFT), patients pressed one of 

two buttons to identify a target letter (S, K, H, and C) surrounded by four flankers, which 

either mapped to the same button response (low interference) or the opposite response (high 

interference) as the target. Target and flanker stimuli were preceded by cues (1.5 – 10 s) 

indicating how much money patients stood to lose (for an error) or gain (for a correct 

response) on the upcoming trial (0¢ -- 50% of the trials), 10¢ (25% of the trials), or 25¢ 

(25% of the trials). Patients’ responses lead to a feedback signal – asterisks in place of the 

target/flanker stimuli as white (correct) or red (incorrect). In total, participants completed 

4 runs, each consisting of 48 trials (scan duration~25 min). Prior to the fMRI session, 

patients practiced the IFT to achieve an error rate of ~15%, titrated using a subject-specific 

response deadline (6). Previous studies indicate that reward and punishments on the IFT 

decrease reaction times in both OCD and healthy subjects, in line with a motivational effect 

(24). Performance measures include interference reaction time, incentivised reaction time 

and interference errors (See Supplement). Patients received approximately $10-20, based on 

amounts earned and lost for each incentive trial. See Supplementary Figure 2.

Statistical analysis of clinical and behavioral data

Linear mixed effect models were used to to test for differences in treatment response 

between CBT and SMT groups, as well as for relationships between task performance, 

treatment group and treatment outcome. See Supplement.

Statistical analysis of fMRI data

Standard preprocessing steps were performed in Statistical Parametric Mapping (SPM 

12, http://www.fil.ion.ucl.ac.uk/spm; Wellcome Trust Centre for Neuroimaging, University 

College London, UK). First-level contrasts examined brain activation during cognitive 

control (“interference inhibition” -- correct high versus correct low interference trials), 

interference errors (incorrect versus correct high interference trials) and reward processing 

(rewarded correct trials versus non-rewarded correct trials, regardless of interference level). 
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At the second level, voxelwise linear mixed effects analyses were performed in the nlme 

package (25) for R (http://www.r-project.org). These models examined voxel-activation by 

week by treatment group interactions on (C)Y-BOCS scores collected at weeks one, six 

and twelve of treatment while controlling for age group and medication status. A random 

intercept term for patient was included to account for the nonindependence of observations. 

T-scores for the interaction of interest were used to create whole-brain t-maps, which were 

then thresholded at a voxel-level threshold of p<0.001 and a familywise error cluster-level 

corrected threshold of p<0.05. The MarsBar toolbox (http://marsbar.sourceforge.net/) was 

used to extract mean Blood Oxygen Level Dependent (BOLD) signal for each patient in 

significant clusters. To determine which treatment group(s) drove significant interactions, 

extracted values were plotted and subjected to follow-up analyses examining mean cluster­

activation by week interactions on (C)Y-BOCS performed within each level of treatment 

group (i.e., CBT, SMT). Voxelwise follow-up analyses were also performed within CBT and 

SMT sub-groups (see Supplement). Further details on fMRI preprocessing and analyses are 

given in the Supplement.

Results

Clinical outcomes

Both CBT (B=−6.13,t=−12.89, p< 0.001, 95% CI (−7.07, −5.18)) and SMT (B=−2.94, 

t=−5.64, p<0.001, 95% CI(−3.9, −1.9)) groups showed a significant decrease in symptoms 

over time. There was a significant treatment group by week interaction, such that CBT 

resulted in a steeper reduction in (C)Y-BOCS scores over time compared to SMT 

(B=−3.21,t=−4.52, p=0.001, 95% CI(−4.61, −1.81)). See Table 1 and Figure 1.

Behavioral data

There were no significant task performance by treatment group by week interactions on 

(C)Y-BOCS (all p>0.05, see Supplement).

fMRI results

Brain activation maps are provided in Supplementary Figures 3-5. During cognitive control, 

activation within left premotor cortex and right temporal lobe showed a significant voxel­

activation by treatment group by week interaction. At a relaxed cluster forming threshold 

of p<0.0025, a similar finding was observed within a hypothesized cingulo-opercular region 

of interest -- the rostral anterior cingulate cortex (rACC). Follow-up analyses revealed that 

while more pre-treatment activation within right temporal lobe (CBT:B=−3.96,p=0.003; 

SMT:B=5.09, p<0.001), rACC (CBT:B=−2.68, p=0.004; SMT: B=2.94, p=0.01) and left 

premotor cortex (CBT:B=−2.91, p=0.002; SMT:B=3.61, p=0.008) was associated with a 

better treatment response in patients undergoing CBT, less activation was associated with a 

better treatment response in the same regions in patients undergoing SMT (Table 2; Figure 

2; Supplementary Figure 6).

During reward processing, a significant voxel-activation by treatment group by week 

interaction was found within a large cluster incorporating bilateral ventromedial prefrontal 

cortex, orbitofrontal cortex, amygdala, inferior frontal gyrus and dorsolateral prefrontal 
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cortex. More pre-treatment activation within these regions was associated with a better 

treatment response within the CBT group (B=−3.91, p<0.001) but a worse treatment 

response in patients who underwent SMT (B=5.62, p<0.001). A similar pattern of findings 

was found in left temporal lobe (CBT:B=−3.15, p<0.001; SMT:B=4.37, p<0.001) and 

parietal lobe (CBT:B=−1.22, p=0.045; SMT:B=2.53, p<0.001). Also significant in the 

interaction analysis were right posterior insula (CBT:B=5.35, p<0.001; SMT:B=−2.53, 

p=0.03) and parietal lobe (CBT:B=5.26, p<0.001; SMT:B=−2.75, p=0.015), in which 

relatively less activation was associated with a better response to CBT but more activation 

was associated with a better response to SMT (Table 2; Figure 3; Supplementary Figure 7).

Voxelwise findings at each level of treatment group (CBT, SMT) are presented in 

Supplementary Figures 8-11.

Effects of age

Both adult and adolescent sub-groups showed similar symptom reductions during CBT 

(adult:B=−6.12, p<0.001; adolescent:B=−6.13,p<0.001) and SMT (adult:B=−2.74,p<0.001; 

adolescent:B=−3.21, p<0.001), as well as a group by time interaction, indicating greater 

efficacy of CBT relative to SMT (adult:B=−3.43, p< 0.001; adolescent:B=−2.93, p=0.01). 

Adding an additional interaction term for treatment group by week by age group to the 

model decreased model fit, as determined by the Bayesian information criterion (without 

interaction with age group=1543.81; including interaction with age group =1552.15). 

Moreover, this interaction was non-significant (B=−0.57, t=−0.39, p=0.69, 95% CI(−3.4, 

2.27)). Adult and adolescent patients did not show any behavioral differences (all p>0.05), 

besides adolescents showing smaller interference reaction times (t(85)=2,p=0.046). Clusters 

found to be significant in the primary voxel-activation by treatment group by week 

interaction were extracted and subjected to robustness checks for the effects of age. 

Adolescents and adults did not differ on activation within any of the extracted clusters 

(all p>0.05). As shown in Supplementary Table 3, results remained significant for both 

adolescents and adults when analyses were repeated within each sub-group using extracted 

ROI data. Exploratory analyses performed on extracted data including age group in an 

additional interaction term were non-significant (all p>0.05). See Supplementary Figures 

12-14.

Discussion

The current study sought to examine whether pre-treatment brain activation during cognitive 

control and reward processing is associated with treatment response to CBT in patients with 

OCD, and if so whether the associations are treatment-specific relative to an active control 

therapy (SMT) and/or vary with age. Patients in both treatment groups showed significant 

reductions in OCD symptoms following treatment, but symptom reduction following CBT 

was steeper than symptom reduction following SMT. In the CBT group, a pattern of greater 

pre-treatment activation during cognitive control and reward processing was associated with 

a better treatment response, while relatively less activation in these regions prior to treatment 

was associated with better outcomes after treatment in the SMT group. Follow-up analyses 

in adolescent and adult sub-groups indicated that findings were conserved across age.

Norman et al. Page 6

Am J Psychiatry. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Greater symptom reduction following CBT treatment was associated with more baseline 

brain activation within right temporal lobe and, at a relaxed cluster-forming threshold, 

within a hypothesized cingulo-opercular region, the rACC, shown in meta-analyses to be 

reduced in gray matter volume and hypoactive during cognitive control in patients with 

OCD (4, 5). These findings replicate a recent study of treatment response to CBT in 

OCD adults, and extend previous work by showing treatment-specificity relative to SMT 

(10). Interestingly, in the CBT subgroup analysis, greater activation within anterior insular, 

dorsolateral prefrontal and posterior cingulate regions was also associated with treatment 

response, providing further independent replication of this previous study, although these 

findings did not survive correction for multiple comparisons in the interaction analysis, 

leaving their treatment-specificity unclear (see Supplement). Meta-analytic studies have 

shown that reduced structure and function of the rACC is commonly implicated across 

multiple psychiatric disorders (5, 26, 27), and greater volume or activation within the rACC 

is arguably the most common predictor of a better treatment response to CBT (28, 29). 

The rACC is proposed to play important roles in flexible top-down control of emotions and 

self-regulation in response to potential symptom triggers, cognitiveaffective functions which 

are critically involved in CBT (30). These findings, together with a converging research 

literature, suggest that patients with relatively preserved functioning within brain regions 

supporting cognitive control may be better candidates for CBT (10).

During reward processing at pre-treatment, greater activation in bilateral vmPFC/OFC, 

lateral prefrontal and amygdalar regions predicted better response to CBT. Recent work 

has suggested parallels between reward processing and fear extinction, as experiencing 

the presentation of a conditioned stimulus without the aversive unconditioned stimulus 

is a better than expected and therefore quasi-rewarding outcome, and studies in humans 

and animals have demonstrated that functioning within mesolimbic dopaminergic circuitry 

during extinction learning mirrors that seen during reward-related tasks (11). Fear extinction 

learning is likely a key mechanism of ERP for OCD, and therefore patients with relatively 

robust orbito-striato-limbic brain activation may be better able to learn updated and 

less negative associations for their symptom triggers while undergoing ERP (2, 11). 

More broadly, robust functioning within reward-processing regions may protect against 

impairments in motivation (e.g., anhedonia) and positive affect, which have been shown to 

have a negative impact on response to treatments including CBT across multiple disorders 

(12, 31). Therefore, relatively greater pre-treatment activation in patients who respond 

strongly to CBT may also indicate a greater capacity for emotional resilience and the 

motivation to engage in challenging aspects of CBT therapy (12).

Interestingly, interaction analyses showed that while more brain activation within cognitive 

control and reward-processing regions was associated with a better treatment response 

to CBT, a better treatment response to SMT was associated with less activation in an 

overlapping set of brain regions. While these findings in the SMT group were unexpected, 

they are consistent with work comparing CBT with pharmacotherapy treatments, which 

reported increased vmPFC/OFC gray matter and resting-state metabolism to be associated 

with a better response to CBT and the opposite for pharmacotherapy (13, 15). One 

possibility is that CBT is most effective in patients already possessing the degree of 

cognitive control and reward responsiveness required for engaging with and learning from 
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ERP (10, 11). SMT, on the other hand, may improve OCD symptoms indirectly by teaching 

patients how to relax and employ problem-solving techniques to reduce negative emotions 

in the face of common (i.e., non-OCD specific) life stressors; thus, SMT may bring 

about therapeutic change via improved self-regulation and feelings of self-efficacy (21). 

Consequently, SMT may be better able to meet the needs of patients with the most room for 

improvement in these domains. However, given that they were unanticipated, future work is 

needed to properly delineate the mechanisms driving these findings in the SMT group.

Findings of treatment-specific associations suggest that rather than being a general correlate 

of symptom reduction, greater activation during cognitive control and reward processing 

is likely linked in a more specific way to CBT response in patients with OCD. We 

have demonstrated in recent meta-analytic work that patients with OCD show impaired 

performance and reduced activation within rACC during cognitive control (4, 32). Moreover, 

hypoactivation during reward processing has been reported in patients with OCD in 

prefrontal and orbito-striato-limbic regions similar to those associated with treatment 

reponse in the present study (8, 33). Findings indicate that treatment response to CBT 

depends upon circuitry known to be dysfunctional in OCD, suggesting that engagement 

with CBT might be augmented by pharmacological or non-pharmacological treatments 

which target these underlying networks (26), and that it may be possible to identify good 

candidates for CBT based on relatively preserved functioning in these brain regions during 

cognitive control and reward processing (14).

In the present study, analyses in age-defined subgroups indicated that the same pattern of 

treatment-specific associations was present in both adolescents and adult patients. Findings 

provide initial evidence for a preservation of neural predictors of CBT response across the 

lifespan. However, all patients in our study had early onset forms of the disorder. OCD has 

a bimodal onset distribution, with peaks at around 10 and 20 years of age, and early and 

late onset forms of the disorder have been linked to distinct clinical, neuropsychological 

and neurobiological correlates, as well as distinct treatment outcome trajectories (34). 

Future research should examine whether there are differences in brain activation during 

cognitive control and reward processing between early and late onset forms of the disorder, 

and whether there are distinct neural predictors of treatment response in these patient 

subgroups. No differences in activation were found between adolescent and adult patients 

during cognitive control and reward processing, unlike in some studies in healthy subjects 

(35). However, interpreting this as evidence of altered development in the disorder would 

be problematic as findings in healthy subjects are mixed and no normative data on the 

development of activation during the IFT has been published (4, 35).

Limitations of the study include the fact that, although outcome assessments were made 

blinded to the treatment group, it was not possible to maintain blinded status for patients. 

This issue is common to previous clinical trials comparing CBT with SMT (2, 20). In 

addition, we excluded patients with common co-morbidities and findings may not generalize 

to patients with these co-morbid conditions. Furthermore, negative findings may be due 

to relatively lower power for the error processing contrast due to the smaller number of 

trials. Moreover, the sample size of the current study was moderate, and while the present 

findings provide initial evidence for the potential of using task-based fMRI in distinguishing 
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good and poor responders to CBT and SMT, before translation to the clinic these findings 

must be shown to be robust, replicable and generalizable to other patient subgroups, and 

other treatment and imaging sites. Although similar findings were found for adolescents and 

adults, including two age groups added heterogeneity to the sample. While the current study 

findings reveal treatment-specific outcome predictors in patients with OCD undergoing 

CBT or SMT, it does not speak to whether these predictors are conserved across different 

disorders that are treated with similar therapies and in which similar cingulo-opercular and 

orbito-striatal regions have been implicated (26, 31).

In conclusion, the aim of this study was to examine whether treatment response to CBT 

was associated with treatment-specific brain activation during cognitive control and reward 

processing examined prior to therapy in adolescent and adult OCD. Findings show that 

greater activation within two networks commonly implicated in the disorder, the cingulo­

opercular network during cognitive control and the orbito-striato-thalamic network during 

reward processing, was associated with better treatment responses to CBT but a worse 

treatment response to SMT. The present study advances the field by demonstrating that 

associations between brain activation and treatment response were treatment-specific to CBT 

relative to a control psychotherapy, and moreover that these associations were stable across 

the lifespan from adolescence to mature adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Raincloud plot of the change in OCD symptoms over the course of CBT and SMT 
treatment in patients with OCD.
Patients who underwent CBT (B=−6.13, t=−12.89, p< 0.001, 95% CI (−7.07, −5.18)) and 

SMT (B =−2.94, t=−5.64, p<0.001, 95% CI (−3.9, −1.9)) showed a significant decrease in 

symptoms over the course of treatment. There was a significant treatment group by week 

interaction. Patients who underwent CBT showed a steeper reduction in (C)Y-BOCS scores 

over time compared to patients who underwent SMT (B=−3.21, t=−4.52, p=0.001, 95% CI 

(−4.61, −1.81)).
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Figure 2. Brain regions significant in the linear mixed effects model for the cognitive control 
contrast.
(A) Axial slices showing brain regions that were significant in the linear mixed-effects 

model of the interactive effect of voxel-activation during cognitive control, treatment group 

and week on (Child’s) Yale-Brown Obsessive Compulsive Scale ((C)Y-BOCS) scores. 

All regions are presented at an uncorrected cluster forming threshold of p<0.001 and 

a familywise error corrected cluster threshold of p<0.05, except for the cluster in the 

rostral anterior cingulate (rACC), which is presented using an uncorrected cluster forming 

threshold of p<0.0025 and a familywise error corrected cluster threshold of p<0.05. Blue 

indicates regions where more pre-treatment activation was associated with greater symptom 

reduction over time in patients undergoing CBT, but a smaller reduction in symptoms 

over time in patients undergoing SMT. (B) Graphs showing predicted model estimates for 

cognitive behavioral therapy (CBT) and stress management therapy (SMT) groups. The 

y-axis represents the predicted (C)Y-BOCS based on model estimates, and separate lines 

indicate level of rACC activation (“Low” = one standard deviation below mean, “Medium” = 

mean, “High” = one standard deviation above the mean). Graphs for other regions are given 

in the Supplement.
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Figure 3. Brain regions significant in the linear mixed effects model for the reward processing 
contrast.
(A) Axial slices showing brain regions that were significant in the linear mixed-effects 

model of the interactive effect of voxel-activation during reward processing, treatment 

group and week on (Child’s) Yale-Brown Obsessive Compulsive Scale ((C)Y-BOCS) scores. 

All regions are presented at an uncorrected cluster forming threshold of p<0.001 and a 

familywise error corrected cluster threshold of p<0.05. Blue indicates regions where more 

pre-treatment activation was associated with greater symptom reduction over time in patients 

undergoing CBT, but a smaller reduction in symptoms over time in patients undergoing 

SMT. Red indicates regions where more pre-treatment activation was associated with a 

smaller reduction in symptoms over time in patients undergoing CBT, but a greater reduction 

in symptoms over time in patients undergoing SMT. (B) Graphs showing predicted model 

estimates for cognitive behavioral therapy (CBT) and stress management therapy (SMT) 

groups. The y-axis represents the predicted (C)Y-BOCS based on model estimates, and 

separate lines indicate level of vmPFC/OFC/amygdala/IFG/DLPFC activation (“Low” = one 

standard deviation below mean, “Medium” = mean, “High” = one standard deviation above 

the mean). Graphs for other regions are given in the Supplement.
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Table 2.

Brain regions that were significant in the linear mixed effects model of the interactive effect of voxel­

activation, treatment group and week on (Child’s) Yale-Brown Obsessive Compulsive Scale ((C)Y-BOCS) 

scores.

Contrast MNI x, y, z
Coordinates

Max-T No. of
Voxels

Brodmann
areas

Cognitive control

L & R rACC 
a −9 ,50 ,29 −4.09 70 9,10,32

L premotor cortex −9 ,5,68 −5.28 43 6

R temporal lobe 60 ,19, −4 −4.68 52 21,22

Reward Processing

L & R vmPFC/OFC/amygdala/IFG/DLPFC −6,65,−10 −6.21 1502 10,11,8,47,6,32,25,9,45,

L temporal lobe −57,−13,−16 −6.07 283 21,22

L inferior parietal lobe −42,−70,41 −4.12 108 39,40,19

R premotor cortex/posterior insula 51, −1, 5 4.82 100 6

R inferior parietal lobe 48,−34,32 5.15 75 40

Abbreviations: BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; MNI, Montreal Neurological Institute; 
OFC, orbitofrontal cortex; rACC, rostral anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex;

Notes:

a
Significant at a relaxed uncorrected cluster-forming threshold of p<0.0025 and corrected cluster threshold of p<0.05. All other findings presented 

at an uncorrected cluster-forming threshold of p<0.001 and corrected cluster threshold of p<0.05
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