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A B S T R A C T

Obsessive-Compulsive Disorder (OCD) is characterized by repetitive avoidance behavior which is distressing and
associated with marked impairment of everyday life. Recently, paradigms have been designed to explore the
hypothesis that avoidance behavior in OCD is consistent with a formal conception of habit. Such studies have
involved a devaluation paradigm, in which the value of a previously rewarded cue is altered so that avoidance is
no longer necessary. We employed a rule-based avoidance task which included a devaluation, examining be-
havioral performance on the task and their neural correlates using functional MRI in groups of participants with
OCD (n = 44) and healthy control participants (n = 46). Neuroimaging data were analyzed using a general
linear model (GLM), modelling valued, devalued and control cues, as well as feedback events. First, while no
overall effect of OCD was seen on devaluation performance, patients with longer illness duration showed poorer
devaluation performance (χ2 = 13.84, p < 0.001). Reduced devaluation was related to impaired learning on
the overtraining phase of the task, and to enhanced feedback activation in the caudate and parietal lobe during
within-scanner retraining (T = 5.52, p_FWE = 0.003), across all participants. Second, a significant interaction
effect was observed in the premotor cortex (F = 29.03, p_FWE = 0.007) coupled to the devalued cue.
Activations were divergent in participants with OCD (lower activation) and healthy controls (higher activation)
who did not change responding to the devalued cue following devaluation, and intermediate in participants who
did change responding (T = 5.39, p_FWE = 0.003). Finally, consistent with previous work, medial orbitofrontal
cortex activation coupled to valued cues was reduced in OCD compared to controls (T = 3.49, p_FWE = 0.009).
The findings are discussed in terms of a prediction error-based model of goal-directed and habitual control:
specifically, how goal-directed control might be diminished in OCD in favor of habits. They suggest that illness
duration might be significant determinant of variation in impaired goal-directed learning in OCD, and be a factor
relevant for understanding discrepancies across studies. Overall, the study shows the potential of conceptual
replication attempts to provide complementary insights into compulsive behavior and its associated neural
circuitry in OCD.

1. Introduction

Obsessive Compulsive Disorder (OCD) is a chronic and debilitating
psychiatric disorder affecting 2–3% of the world’s population
(Rasmussen and Eisen, 1992), characterized by repetitive, compulsive
behaviors including cleaning and checking, as well as obsessions. The
formation of habits – actions that are persistently performed, in-
dependently of their consequences (Balleine and Dezfouli, 2019;

Balleine and Dickinson, 1998) – has been proposed to underlie in-
creased compulsive behavior in OCD (Gillan et al., 2016). Broadly,
there is considerable experimental support for this idea, with numerous
demonstrations of abnormally inflexible behavior and altered correlates
of flexible learning in OCD (Apergis-Schoute et al., 2017; Gillan et al.,
2011; Remijnse et al., 2006, 2009). In particular, two recent studies
demonstrated greater levels of persistent avoidance behavior following
overtraining in OCD relative to healthy participants. These studies
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employed a devaluation paradigm: in an avoidance scenario, this in-
volves training the participant to make an avoidance response when a
cue which predicts an aversive outcome appears. After this cue-re-
sponse behavior is established and the cue becomes ‘valued’, the
aversive outcome is then ‘devalued’: the aversive properties of the ex-
pected outcome are diminished or removed. Participants should stop
responding on a cue associated with a devalued outcome. A proportion
of participants with OCD continued to respond to avoid an aversive
outcome (shock) despite the removal of the apparatus required to elicit
the shock (Gillan et al., 2015, 2014) i.e., these participants did not show
a complete devaluation response in these contexts by continuing to
exhibit habitual-like responding to the otherwise devalued cue. Re-
duction in devaluation is thus a potential component process relevant to
understanding the development of habitual behavior in OCD.

To date, few studies examined the neural basis of a bias toward
habitual behavior in OCD (Banca et al., 2015). One study (Gillan et al.,
2015) examined neural activity during an avoidance devaluation
paradigm. Individuals with OCD showed altered activity in the medial
orbitofrontal cortex (OFC), as well as other default mode network
(DMN) regions, during responding to valued versus control cues, which
switched from greater (OCD > healthy) to lower (healthy > OCD)
activity throughout the course of cue-outcome continency training. This
finding is consistent with the role of the OFC in value and cue-outcome
encoding (Bartra et al., 2013; Sadacca et al., 2018).

In their study, Gillan and colleagues evaluated neural activity cou-
pled to valued, but not devalued, cues during the devaluation phase.
They reasoned that such activity might reflect habitual behavior, as
responding to both devalued and valued cues should become habitual
in non-devaluers. However, given that extended training with the cues
may render cue-elicited responding automatic, successful non-re-
sponding to devalued cues may also require inhibitory processes to be
engaged (Wessel et al., 2014). The premotor cortex (Aron et al., 2007;
Picton et al., 2007), inferior frontal gyrus (IFG: Aron et al., 2014) and
subthalamic nucleus (Aron and Poldrack, 2006; Eagle et al., 2008)
support the capacity to inhibit prepotent behaviors. In particular, pre-
vious studies reported abnormal activity in the IFG during behavioral
inhibition, set shifting and task switching (Britton et al., 2010; Gu et al.,
2008; Roth et al., 2007) in individuals with OCD, while alterations of
the structure and function of the premotor cortex and IFG have also
been consistently identified within the OCD literature via meta-analysis
(Norman et al., 2016). Finally, functional connectivity of the sub-
thalamic nucleus is related to individal differences in compulsivity
(Morris et al., 2017). Thus, altered goal-directed control in OCD might
be associated with alterations in neural activation in regions involved in
inhibitory control, but to our knowledge little evidence testing this
proposal using fMRI exists within the context of stimulus–response
learning.

In the present study, we considered two potential neural mechan-
isms underlying persistent responding to all cues in OCD: 1. impaired
inhibition of responding to devalued cues, involving lower premotor
cortical and inferior frontal gyrus activity to these cues; 2. altered re-
presentation of value to valued vs. control cues during the retraining
and devaluation phases of the task, as indexed by aberrant patterns of
orbitofrontal cortex activity. We thus examined neural activity to de-
valued and valued cues during the devaluation phase, to valued cues
throughout the retraining and devaluation phases during an avoidance
devaluation task in OCD and healthy participants.

In summary, we tested the following hypotheses:
Hypothesis 1: A greater proportion of OCD than healthy individuals

would continue to respond to devalued cues, i.e., would not show a
robust devaluation effect, consistent with habit formation, and in sup-
port of Gillan et al. (2015, 2011). Devaluing participants would be
expected to show a strong preference not to respond for the devalued
stimulus, whereas non-devaluing participants would be expected to
continue responding for this stimulus or respond randomly.

We then examined the three potential neural mechanisms

underlying reduced devaluation, which we hypothesized to be evident
more in individuals with OCD, given Hypothesis 1.

Hypothesis 2: In support of impaired inhibition of responding to
devalued cues: non-devaluers relative to devaluers would show lower
activity in frontal lobe and subthalamic regions important for inhibi-
tion. Given this hypothesis is highly inferentially dependent on the lo-
cation of the activations (e.g. inferior frontal gyrus), and more im-
portantly, the capacity of these activations to support the inference
about psychological function, we performed a post hoc behavioral de-
coding analysis to determine the specificity of the observed activations
for inhibition (see supplemental information).

Hypothesis 3: In support of impaired encoding of valued versus
control cues, and the previous study (Gillan et al., 2015): non-devaluers
relative to devaluers would show decreased value encoding-related
activity in the orbitofrontal cortex to valued cues across the retraining
and devaluation phases of the task.

These three hypotheses were derived from Gillan and colleagues’
previous work (Gillan et al., 2015), although no evidence was obtained
in that study supporting the equivalent of Hypothesis 2. A further hy-
pothesis, Hypothesis 4, relating to the neural correlates of feedback
learning, is included in the supplemental information.

2. Methods

2.1. Participants

48 participants with obsessive compulsive disorder (OCD) were
recruited for the study, as were 50 healthy control participants. All
participants were 18–35 years of age and right-handed. Five partici-
pants were excluded due to motion (> 5 mm: 1 healthy, 4 OCD), while
three further participants were excluded due to behavioral data which
did not reflect task rules (e.g., not responding correctly to cues during
the retraining phase). Thus, the analyzed data included 46 healthy and
44 participants with OCD (see Table1).

During a screening session prior to the fMRI data acquisition ses-
sion, all participants were interviewed using the Structured Clinical
Interview for DSM-5. The following clinical variables were also ob-
tained during this session: the Yale-Brown Obsessive Compulsive Scale
(YBOCS), Hamilton Depression Scale (HAMD: Hamilton, 1960), Ha-
milton Anxiety Scale (HAMA: Hamilton, 1959), the Obsessive-Com-
pulsive Inventory-Revised (OCI-R: Foa et al., 2002) and Pathological
Obsessive Compulsive Personality Scale (POPS: Pinto, 2011) scales.
Premorbid IQ was measured using the NART scale (Blair and Spreen,
1989). Clinical and demographic information regarding participants is
displayed in Table 1 and 2. All participants signed informed consent,
with a protocol approved by the University of Pittsburgh Institutional
Review Board.

Exclusion criteria for all participants were personal/family history
(1st/2nd degree relatives) of schizophrenia/schizoaffective disorder,
other primary psychotic disorders, bipolar disorder; present posttrau-
matic stress disorder; present psychotic symptoms; personal history of
head injury, neurological, neurodevelopmental (e.g., autism), tic dis-
orders, systemic medical (metabolic, endocrine, chronic inflammatory,
vascular, autoimmune) disease from medical records and self-report, all
of which may confound interpretation of neuroimaging measures;
MMSE score < 24; premorbid IQ estimate < 85; visual disturbance
(< 20/40 corrected Snellen visual acuity); left/mixed handedness;
current, and history in the last 3 months of, alcohol and illicit substance
abuse/dependence, determined by urine screen and clinical assessment
of alcohol and substance use; current suicidal ideation, as assessed
using the Hamilton Rating Scale for Depression, contraindications to
MRI: metallic foreign objects, e.g., aneurysm clips/pacemakers, or
questionable history of metallic fragments, prone to panicking in en-
closed spaces; positive pregnancy test for females/self-reporting of
pregnancy.

Additional exclusion criteria for participants with OCD were Yale-
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Brown Obsessive Compulsive Scale (Y-BOCS) score < 16 and pre-
dominant hoarding symptoms (Van Ameringen et al., 2014). Additional
exclusion criteria for healthy control participants were personal history
of Axis I disorder, or substance abuse/dependence, family history (1st/
2nd degree relatives) of OCD, neurodevelopmental disorder, schizo-
phrenia and/or schizoaffective disorder, primary psychotic disorder,
bipolar disorder, and present PTSD.

2.2. Paradigm

The avoidance paradigm was designed to be analogous to that of

Gillan and colleagues (Gillan et al., 2015), but without the shock. A
cover story was provided to frame the requirement for avoidance.
Briefly, there were three cues (A/B/C), which represented machines
whose function might need to be maintained by responding on one of
two buttons (Fig. 1). The buttons could prevent the machines from
overheating or freezing, and allow them to run normally. Two versions
of the task were generated, employing different cues to represent the
machines adapted from those used in Chase et al. (2008) and Shohamy
et al. (2006), different response/outcome mappings, and counter-
balancing the relationship between the to-be-devalued cue (‘B’) and the
overheating/freezing outcome (see below).

Table 1
Demographic and clinical information for all included participants. Aside from count data (Gender/Task version/Successful Devaluation), means are presented with
standard deviations in parentheses. Further notes: S/W = summer or winter: the two versions of the paradigm. POPS: data missing for one control participant. Illness
duration: ‘As long as I can remember’ response categorized as 3 years of age for illness onset, given 4 was the lowest stated. Antidepressant usage as follows:
Citalopram (n = 1), Fluoxetine (n = 4), Escitalopram (n = 4), Sertraline (n = 7). Diagnosis data includes any lifetime diagnosis. Eating disorders include anorexia,
bulimia and binge eating. Co-morbid anxiety disorders include general anxiety disorder, social anxiety disorder, panic disorder, phobias and other anxiety disorders.
Other diagnoses within the OCD group included ADHD (n = 3), psychosis (n = 3), and trauma (n = 3).

Healthy Controls OCD Statistic

Gender (M/F) 16/30 16/28 χ2 < 1
Age 23.63 (4.11) 23.60 (4.39) T < 1
Educational Level 5.96 (1.38) 5.84 (1.40) T < 1
NART 112.32 (6.36) 110.79 (7.076) T(88) = 1.078, p = 0.28
Task Version (S/W) 23/23 22/22 χ2 = 0
YBOCS 0.11 (0.74) 20.64 (3.29) T(47.14) = 40.80, p < 0.001
HAMD 1.26 (1.12) 9.98 (5.29) T(46.71) = 10.70, p < 0.001
HAMA 0.96 (1.17) 10.89 (6.45) T(45.72) = 10.055, p < 0.001
OCI 3.20 (4.51) 28.75 (12.90) T(52.93) = 12.44, p < 0.001
POPS 102.80 (32.061) 175.16 (40.058) T(87) = 9.42, p < 0.001
Illness Duration (years) 13.80 (7.37) –
Devaluation (Y/N) 34/12 31/13 χ2 < 1
Within scanner motion (framewise displacement) 0.25 (0.089) 0.28 (0.11) T(88) = 1.23, p = 0.22
Antidepressant medication (Y/N) 0/46 16/28 –
Major Depressive Disorder (Y/N) 0/46 24/20 –
Anxiety disorders (Y/N) 0/46 30/14 –
Eating Disorder (Y/N) 0/46 8/36 –

Table 2
Table describing clinical, demographic and behavioral data for groups, dichotomized by devaluation performance (DV/nDV = devaluer/non-devaluer) and group
(OCD/HC). Means are reported, with SDs in parentheses, for all participants. Statistics for the behavioral data (accuracy) are presented in the main text. For the F
statistic’s degrees of freedom, all F’s F(1,86), except for POPS due to one missing data point. D = main effect of devaluation; C = main effect of cohort (OCD/HC);
D*C = interaction effect. % cor = percent correct.

HC DV HC nDV OCD DV OCD nDV Statistics

Sex (M/F) 11/23 5/7 12/19 4/9 χ2 < 1
Age at Scan 23.92 (4.018) 22.78 (4.44) 21.91 (3.00) 27.61 (4.64) D*C F = 14.14, p < 0.001
Level of Education 6.21 (1.30) 5.25 (1.42) 5.71 (1.35) 6.15 (1.52) D*C F = 4.75, p = 0.032
Predicted Full IQ 112.13 (6.086) 107.00 (8.51) 113.56 (6.12) 109.38 (6.16) D F = 9.34, p = 0.003
HRSD17 Total Score 1.12 (1.038) 1.67 (1.30) 10.39 (5.59) 9.00 (4.55) C F = 86.18, p < 0.001
HAMA Total 0.82 (1.086) 1.33 (1.37) 11.10 (6.82) 10.38 (5.68) C F = 78.50, p < 0.001
YBOCS Total 0.15 (0.86) 0.00 (0.00) 21.03 (3.46) 19.69 (2.72) C F = 1351.81, p < 0.001
OCTCDQ Harm Avoidance Total Score 1.79 (3.13) 6.67 (7.062) 21.32 (8.91) 22.92 (6.69) C F = 130.94, p < 0.001D F = 4.28, p = 0.041
OCTCDQ Incompleteness Total Score 3.47 (3.89) 6.58 (6.61) 21.74 (9.67) 18.85 (10.015) C F = 72.39, p < 0.001
OCIR Total 2.59 (3.82) 4.92 (5.90) 27.74 (12.29) 31.15 (12.075) C F = 129.34, p < 0.001
POPS Total 104.27 (30.87) 98.75 (36.25) 178.10 (39.61) 168.15 (41.87) C F = 69.22, p < 0.001
Difficulty with Change 18.30 (6.61) 17.67 (7.88) 34.77 (8.35) 30.23 (8.40) C F = 64.073, p < 0.001
Emotional Overcontrol 16.67 (6.30) 14.33 (5.18) 24.68 (8.62) 22.08 (10.029) C F = 18.93, p < 0.001
Rigidity 28.79 (10.21) 27.67 (13.72) 45.23 (14.41) 44.69 (13.034) C F = 31.24, p < 0.001
Maladaptive Perfectionism 24.39 (8.78) 23.17 (7.31) 46.68 (12.15) 45.00 (11.94) C F = 80.74, p < 0.001
Reluctance to Delegate 17.79 (6.70) 17.42 (7.20) 30.58 (9.60) 29.54 (9.43) C F = 40.54, p < 0.001
Framewise displacement 0.25 (0.098) 0.25 (0.062) 0.27 (0.12) 0.30 (0.075) F’s < 1
OCD Illness Duration (years) – – 11.11 (5.91) 20.22 (6.61) T(42) = 4.51, p < 0.001
Overtraining AB (% cor) 0.92 (0.096) 0.86 (0.13) 0.93 (0.077) 0.77 (0.20) –
Overtraining C (% cor) 0.98 (0.032) 0.92 (0.15) 0.97 (0.057) 0.94 (0.079) –
Retraining AB (% cor) 0.99 (0.017) 0.96 (0.072) 0.99 (0.033) 0.97 (0.054) –
Retraining C (% cor) 1.00 (0) 0.99 (0.024) 1.00 (0) 0.99 (0.023) –
Devaluation A (% cor) 0.99 (0.018) 0.95 (0.094) 1.00 (0.017) 0.99 (0.018) –
Devaluation errors B (% cor) 0.98 (0.060) 0.063 (0.13) 0.98 (0.048) 0.048 (0.13) –
Devaluation errors C (% cor) 0.98 (0.10) 0.98 (0.041) 0.94 (0.23) 0.99 (0.034) –
Retraining phase RT (AB) 659.88 (144.35) 704.98 (180.55) 697.98 (299.26) 840.53 (526.091) n.s.
Devaluation phase RT (A) 519.59 (104.28) 630.40 (187.54) 590.74 (261.28) 751.10 (440.86) D F = 5.56, p = 0.021
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The paradigm had four phases (see Fig. 1). First, there was an ob-
servational phase, in which participants passively observed outcome
feedback for each cue: one machine cue ‘overheating’ (cue A or B, de-
pending on the version), one machine cue ‘freezing’ (cue B or A, re-
spectively, depending on the version), and the final machine cue
functioning normally (cue C). Overheating was reflected by the cue
turning red, a bubbling sound occurring and text above reading ‘engine
overheats!’; freezing was reflected by the machine turning blue, a
crackling sound, and text stating ‘pipes freeze!’; normal function was
reflected by the cue staying the same color (grey) and the engine pur-
ring into life, with text above reading ‘machine starts!’. No additional
reward was provided for the machine working correctly - the mal-
functioning of the machines was designed to be more salient than their
normal working function. The observation phase included 3 trials of
each cue. Cues were displayed for 3000 ms each, before the outcome
(i.e. change of color, sound and text) was presented. Outcome feedback
lasted 1000 ms; a fixation cross before the machine cue lasted 500 ms
and a jittered inter-trial interval between 500 and 1500 ms.

After the observational phase, participants were instructed to try
responding on one of two buttons per trial to prevent the malfunction
outcome from occurring on each trial, and to keep the machines run-
ning. They were not instructed which of the buttons would prevent the
malfunction for each stimulus, nor which stimulus did not need a re-
sponse. Thus, they learned the correct response via trial and error. They
were also informed that there was a nominal cost to responding, which
was reflected by a ‘$$$’ sign straight after a button was pressed. The
cost clarified that the overall task objective was to prevent the machines
from malfunctioning, but that responding should not be performed
unless necessary to keep the machine running. If participants selected
the correct button for the overheating/freezing cues (A/B), the machine
would function normally; if they picked the wrong button or did not

respond, it would malfunction as before. This relationship was de-
terministic: responding correctly always prevented the malfunction
from occurring. Participants performed 8 blocks of trials (overtraining),
with each block including 6 trials of each cue (A/B/C). The trial
structure was the same as the observational phase, with the response
needing to be made within the 3000 ms cue presentation duration.

Participants were then transferred to the scanner. After structural
and resting state scans, participants performed the task while neuroi-
maging data were collected. This included a block of reacquisition of
the avoidance task (‘retraining phase’: 12 trials per cue). Next, parti-
cipants received instructions stating that there was a season change
(summer or winter, depending on which version of the task participants
performed). In the winter version, participants did not need to respond
to stop the relevant machine overheating (cue B), but would need to
stop the freezing machine from doing so (cue A); and vice versa for the
summer version (with A being the cue for which it was still necessary to
respond, and B for which it was not still necessary). After the instruc-
tion presentation, participants performed 24 trials on each cue. The
trial structure was the same as previous phases, although feedback was
omitted at this stage, and the cue disappeared if a response was made.

2.3. Neuroimaging data acquisition parameters

Functional neuroimaging data were collected using a multiband
sequence, of 400 images per participant (TR = 1500 ms; TE = 31 ms;
flip angle = 55°; multiband factor 4; Bandwidth = 1594 Hz/Px;
FoV = 220 mm; 60 slices; slice thickness 2 mm/voxel size 2 mm3).
Distortions were corrected using a fieldmap (TR = 554; TEs = 4.38/
6.84 ms; flip angle = 60°; FoV = 220 mm; 60 slices; slice thickness
2 mm/voxel size 2 mm3). Structural MRI data were collected using an
MPRAGE sequence (TR = 1520 ms; TE = 3.17 ms; TI = 800;

Fig. 1. Figure describing task structure, with the four phases of the task. Within the observational and training phases, participants learn to avoid two potentially
negative outcomes (machines overheating or freezing) associated with two cues (A/B). A third cue (C) does not signal a negative outcome and no response is needed.
Durations of the cue and outcome phases are presented, as are the number of trials for each session per cue. Following successful acquisition of the paradigm, a
devaluation instruction is then presented: the instruction describes a season change, which means that one machine does not overheat (winter: V2) or one machine
does not freeze (summer: V1), depending on the version of the task the participant is given. During the devaluation phase itself, participants are then required to
respond or withhold responses to each of the three cues (A/B/C) in light of these new task requirements, during a 3000 ms window. No feedback is provided during
this stage.
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FoV = 258 mm; 176 slices; slice thickness 1 mm/voxel size 1 mm3).

2.4. fMRI preprocessing

Neuroimaging data preprocessing was performed with Nipype
(Gorgolewski et al., 2011). Preprocessing included realignment, cor-
egistration of structural and functional data, segmentation of the ana-
tomical scan, distortion correction using fieldmaps (missing for 1 par-
ticipant), normalization of the functional imaging data to MNI space
using the DARTEL method, despiking and data smoothing using SUSAN
(6 mm kernel).

2.5. fMRI subject-level model

A first level model was constructed using SPM8 including the fol-
lowing components. ‘Valued cues’ included the A/B cues during the
retraining phase, and A after devaluation (i.e. cues for which it was
necessary to respond). These were modeled to be as long as the asso-
ciated reaction time for each event. ‘Feedback’ events were the positive
feedback following all cues during the retraining phase (unless an error
had been made). These were modeled to be 1000 ms long. ‘Devalued
cues’ were the B cues, following devaluation. These were modeled to be
3000 ms, unless a response was made – in which case they were
modeled to be as long as the reaction time. ‘Control cues’ were the C
cues, both during retraining after devaluation. These were modeled to
be 3000 ms, unless a response was made. ‘Errors’ were incorrect re-
sponses to the valued cues during the retraining phase, and also to the
valued cue on the devaluation phase. These were modeled to be as long
as the entire trial. A second first level model was constructed to test
hypotheses H3 (see below), in which neural responses to valued cues
were modelled separately for the retraining phase and devaluation
phase.

Analysis focused on model components which had been convolved
with the canonical hemodynamic response function (HRF). Temporal
and dispersion derivatives were included for each of these factors, as
were 6 motion parameters and three noise components obtained using
the CompCor method (Behzadi et al., 2007). A 60-second high pass
filter was also included.

2.6. fMRI group level model and hypothesis testing

To test our main hypotheses, we focused our analysis on three main

contrasts: devalued versus control cues during the devaluation phase
(H2); valued versus control cues during the devaluation phase alone,
valued versus control cues during the retraining phase alone, and across
both phases (H3); feedback events alone (i.e. versus implicit baseline).

All analyses were performed with an ANOVA model, including
group (healthy/OCD) and devaluation performance (devaluer/non-de-
valuer) as between-subjects factors. All analyses employed a family
wise error rate (FWE), peak-level correction of p < 0.05, but across
different search spaces depending on the hypothesis. For H2, we used a
combined frontal lobe and subthalamic nucleus region of interest (ROI)
defined by the WFU Pick atlas (Maldjian et al., 2003). For H3, we fo-
cused on the medial OFC region identified by Gillan and colleagues
(Gillan et al., 2015), using an 8 mm sphere around the coordinates (6,
23, −11). Post-hoc t-tests were performed to evaluate significant F
tests. Post-hoc tests of the interaction term employed the [1,−1,−1,1]
structure for each of the four subgroups (healthy/non-devaluer;
healthy/devaluer; OCD/non-devaluer; OCD/devaluer), and its inverse,
to probe a significant interaction. All between-subjects neuroimaging
analyses included age, gender, years of education, motion (framewise
displacement) and task version as covariates of no interest.

2.7. Behavioral analysis

The key behavioral measure was the number of (erroneous) re-
sponses made during devalued cue presentation. In Table 2, this is re-
presented as a ‘percent correct’ measure: the number of correct non-
responses out of 24 trials. As this measure was strongly bimodal (see
Fig. 2), a dichotomized measure of ‘devaluer’ and ‘non-devaluer’ was
generated for analysis. Other retraining phase measures, including
number of correct responses on the valued cues, and non-responses on
the control cues, were also examined to ensure adequate acquisition of
the task rules and contingencies. Both of these analyses were conducted
using Chi-squared tests. In addition, we examined performance during
the overtraining phase, by computing mean accuracy across all of the 3
cues (A/B/C). These data were arcsin transformed before analysis. An
analysis of variance (ANOVA) was performed to examine the effect of
group (OCD/HC), while relationships with devaluation performance
were conducted using t-tests.

Exploratory analyses were conducted on any significant neuroima-
ging findings relating to our hypotheses to examine the potential impact
on findings of: demographic variables; primary OCD symptom severity
(YBOCS/OCI/POPS/age of onset/illness duration); medication, co-

Fig. 2. Figure describing relationships between illness duration and devaluation performance. A) Increasing commission errors on the devalued cue related to OCD
illness duration. The distribution of HC group data is displayed via open circles at an illness duration of 0. B) Difference in the mean illness duration between
devaluers and non-devaluers, within the OCD group. Error bars reflect standard deviation.
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morbid depression and anxiety symptoms (HAMD/HAMA). All corre-
lational analysis employed Spearman’s rho (ρ), or logistic regression for
multivariate prediction of devaluation status.

3. Results

3.1. Behavioral data

3.1.1. Overtraining performance
Overtraining phase performance was evaluated by finding the mean

of the proportion of correct responses on the cues associated in an
avoidance response (i.e. A and B) and the proportion of correct non-
responses for C. Three participants did not complete overtraining due to
computer errors, and three further participants achieved < 60% per-
formance accuracy on one or more of the cues (3 healthy/3 OCD).
These six individuals were not included in the analysis of overtraining
data: in the remaining participants (n = 84), no main effect of group
(HC/OCD) was seen (F(1,78) = 1.14, p = 0.29), nor group by cue
interaction (F < 1). Overtraining performance was related to IQ
(ρ = 0.37, p = 0.001, n = 84). Descriptive statistics for all 90 parti-
cipants are reported in Table 2.

3.1.2. Retraining performance
All included participants showed good performance on the within-

scanner retraining phase, making few errors on retraining performance
(A/B commission errors: 1 participant made 6, all remaining made < 5;
C commission errors all < 2: see Table 2). Thus, all included partici-
pants aligned their responses with the basic requirements of the para-
digm at the retraining phase.

3.1.3. Devaluation phase performance: Hypothesis 1
All included participants continued to response correctly on cue A

during the devaluation phase (1 participant made 8 errors, all others
made < 3). Three participants started responding on C after devalua-
tion (> 13 out of 24 responses), despite showing low rates of re-
sponding on C during the retraining phase. The remaining participants
continued to withhold responding on C (all remaining participants < 4
commission errors: see Table 2).

In terms of the key devaluation phase, responding on cue B was
strongly bimodal (see Fig. 2). Individuals categorized as ‘devaluers’
responded < 7 out of 24 times to the devalued cue, whereas ‘non-de-
valuers’ responded > 12 out of 24 times (no participants responded
between 7 and 12 times). It should be noted that binomial theorem
indicates that 18 or more correct responses out of 24 is associated with
a low probability (1.1%) if responding is random (i.e. probability of
response and non-response are both 50%), so all individuals within the
devaluer group reveal evidence of a specific preference against re-
sponding for the devalued cue. Thus, non-devaluers either show a
preference for the devalued cue, or are responding around chance.
Using this categorization, the ratio of those who did and did not show
devaluation within each group was very similar (χ2 < 1, p = 0.71: see
Table 2).

Devaluers with OCD were younger than non-devaluers with OCD (t
(42) = 4.85, p < 0.001), but no such difference was seen in healthy
participants (t < 1: see also Table 2/Fig. 2). We hypothesized that this
might be related to duration of OCD illness, and therefore performed a
post hoc analysis by splitting the groups into healthy participants, par-
ticipants with OCD with a relatively short (< 14 years) or long illness
duration (> 13 years). There was a significant illness duration group by
devaluation interaction (χ2 = 13.84, p < 0.001). Only one of the 22
short illness duration participants did not devalue, whereas 12 of the 22
long illness duration participants did not devalue. The long and short
illness duration groups did not differ on clinical metrics (all T’s < 1) or
antidepressant medication use (χ2 < 1).

Illness duration was strongly correlated with age in the OCD group
(ρ = 0.62, p < 0.001), making it difficult to rule out age per se as a

determinant of devaluation performance. The lack of an age effect in
the HC group implies however that OCD illness duration is a critical
factor determining devaluation performance. Devaluers of both groups
showed a higher IQ than non-devaluers (see below/Table 2). In a lo-
gistic regression analysis including age of onset, illness duration and IQ,
duration (Wald = 8.83, p = 0.003) was a better predictor of deva-
luation performance than age of onset (Wald = 3.28, p = 0.070).

3.1.4. Relationships among task performance metrics, and with other
individual differences measures

Across all participants, overtraining phase performance
(T(82) = 3.54, p = 0.001: not including the 6 low overtraining per-
formers) and IQ (T(88) = 3.012, p = 0.003) were lower in individuals
who did not devalue compared to those who did, with generally similar
patterns of findings across both groups (T’s = 1.61–2.55). However, the
severity of OCD symptoms or secondary comorbidities such as anxiety
or depression did not differ between participants with OCD who did not
devalue compared to those who did (all T’s < 1.1). In OCD partici-
pants, age of illness onset (ρ = 0.33, p = 0.035) and illness duration
(ρ = −0.39, p = 0.013) were related to overtraining phase perfor-
mance.

Remarkably, given the very low error rates of retraining phase
performance (see Table 2), individuals who made one or more errors on
the retraining phase (AB trials) were significantly more likely to be non-
devaluers than individuals who made no errors (χ2 = 7.42, p = 0.006).

3.2. Neuroimaging data

3.2.1. Devalued vs control during devaluation: Hypothesis 2
A 2×2 ANOVA model revealed a main effect of group (OCD/

healthy: xyz = 2, 20, 56; F = 28.53, p_FWE = 0.008) as well as a
group*devaluer interaction (xyz = 2, 20, 56, F = 29.03,
p_FWE = 0.007) in the premotor cortex. An additional peak associated
with the interaction was seen in the motor cortex (xyz = −2, −18, 70,
F = 23.28, p_FWE = 0.046). Post hoc interaction tests (see supplement)
were implemented reflecting crossover interactions: these confirmed
the presence of a significant interaction in premotor cortex (xyz = 2,
20, 56; T = 5.39, p_FWE = 0.003) and motor cortex (xyz = −2, −18,
70, T = 4.82, p_FWE = 0.024), as well as the left inferior frontal gyrus
(xyz = −52, 12, 26; T = 4.69, p_FWE = 0.037). The pattern of this
interaction (Fig. 3) was as follows: healthy participants and participants
with OCD who devalued showed similar activity, but participants with
OCD who did not devalue showed lower activation relative to deva-
luers, while healthy participants who did not devalue showed higher
activation relative to devaluers. Significant interaction terms with an
opposite pattern were not observed. Post hoc comparison of all healthy
participants and OCD yielded significant differences in the premotor
cortex (healthy > OCD: xyz = 2, 20, 56, T = 5.34, p_FWE = 0.004)
and motor cortex (healthy > OCD: xyz = −2, −18, 72, T = 4.69,
p_FWE = 0.036).

A main effect of devaluer group (non-devaluers > devaluers) was
observed in the cingulate cortex, left motor cortex and frontal oper-
culum (Table 3). These activations reflected greater activity in the non-
devaluer group compared to the devaluer group, and were consistent
with expected neural correlates of higher motor output for devalued
cues in non-devaluers.

A post-hoc analysis of the premotor and left IFG activations revealed
no significant relationships with antidepressant medications. In addi-
tion, no significant relationships were observed with symptoms of de-
pression or anxiety in the whole sample, or HC/OCD separately (all
p’s > 0.05).

3.2.2. Further post-hoc tests for Hypothesis 2
In contrast to the tests reported in the main part of the manuscript,

none of the pairwise tests between OCD and healthy within the deva-
luer and non-devaluer groups were significant within the frontal lobe
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for the devalued versus control cue contrast. However, within the de-
valuer group alone, OCD showed greater activity within the left inferior
frontal gyrus than healthy controls (xyz = −48, 6, 26: T = 3.38,
p = 0.001 uncorrected). In the non-devaluer group alone, healthy
controls showed greater activity in the left inferior frontal gyrus com-
pared to OCD (xyz = −50, 12, 26: T = 4.30, p < 0.001 uncorrected),
and also the premotor cortex (xyz = 2, 20, 56: T = 5.47,
p_FWE = 0.002) and motor cortex (xyz = −2, −18, 70: T = 4.85,
p_FWE = 0.021).

3.2.3. Valued vs control during devaluation, retraining, and across both
phases: Hypothesis 3

Using ANOVA, no significant main effects of group (healthy/OCD),
devaluer status, nor interactions were observed using any contrasts.
However, using planned T-tests, the medial orbitofrontal cortex
(xyz = 8, 26, −6, T = 3.49, p_FWE = 0.009) showed a group dif-
ference (healthy > OCD) in the retraining phase consistent with pre-
vious work (Gillan et al., 2015). Across all participants, no significant
relationships were found between these regions’ activity and clinical
variables. In addition, non-devaluers showed higher activity than de-
valuers in medial OFC to valued cues during the devaluation phase
(xyz = 10, 26, −16; T = 3.13, p_FWE = 0.022) and across both phases
(xyz = 10, 22, −16; T = 2.92, p_FWE = 0.036).

4. Discussion

In the present study, we examined the neural correlates of habitual
avoidance behavior in participants with OCD and healthy participants.
We used a novel avoidance devaluation task involving rule-based rather
than shock avoidance, which was otherwise similar to a previous design
(Gillan et al., 2015). We tested four hypotheses regarding the beha-
vioral and neural basis of persistent avoidance in OCD. Our primary
hypothesis was not directly confirmed: similar performance was ob-
served across both groups during the devaluation phase of the task.
However, within participants with OCD, a post hoc analysis revealed
that participants with a longer illness duration/earlier illness onset
showed relatively poorer performance during the devaluation phase.
There were no significant relationships with OCD symptom severity or
medication, further suggesting that illness duration rather than illness
severity is related to responding to devalued cues. In the OCD group,
age and illness duration were strongly correlated, and thus both mea-
sures predicted devaluation performance in the OCD group. The lack of
an age effect in the healthy group implies that OCD illness duration is
probably the relevant factor influencing devaluation performance. This
is largely consistent with prior work: previous studies of Gillan and
colleagues (2015, 2014, 2011) recruited older participants (mean age:
~37–43) than were tested in the present study. A study of adolescents
with OCD obtained evidence of impairment of goal-directed behavior
(Gottwald et al., 2018), although this was primarily through a slips of
action test and differential outcome learning. Thus, across the present
study and prior work, the age of the participants, and the duration of
OCD illness, may be an important determinant of devaluation perfor-
mance, and might explain discrepancies across studies. Specifically, the
devaluation test may be relatively insensitive to goal-directed deficits
seen in earlier stages of the illness, compared to other tests of cue-
outcome learning, but these deficits may become more severe and ap-
parent across different metrics later in the illness. It should be noted
that the association of devaluation performance with illness duration

Fig. 3. Figure showing regions showing significant group by devaluation interaction effects on the devalued cue versus control cue contrast (thresholded at
p < 0.0005 uncorrected, k = 10, no masking used for display purposes). The inserts display the pattern of findings in regions of interest: premotor cortex and left
inferior frontal gyrus for non-devaluers (non-DV) and devaluers (DV), healthy (light grey) and OCD (dark grey). Error bars reflect standard deviation.

Table 3
Coordinates of the main effect of Devaluer/Non-Devaluer on devalued versus
control cues.

Region MNI coordinates (x y z) F p_FWE

Left Postcentral Gyrus −48–24 50 54.15 P < 0.001
Left Precentral Gyrus −36–14 54 49.92
Left Postcentral Gyrus −42–22 44 48.37
Anterior/Mid Cingulate Cortex −8 0 52 24.05 P = 0.036
Left Insula (Frontal Operculum) −40 20 6 23.20 P = 0.048
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was not predicted, and emerged via post hoc follow-up analysis of a
demographic confound (age). Thus, further studies are necessary to
confirm its importance, but, regardless of this observation, illness
duration remains a potential account of discrepancies between studies
given the substantial age differences between the present study and
prior studies of Gillan and colleagues.

Recent evidence has suggested that predicted learning impairments
in compulsivity are not seen across all patients with OCD, but are
specifically related to a dimension of compulsivity which is enriched in
OCD (Gillan et al., 2019). Our findings might be consistent with this
proposal, if symptoms of compulsivity are also greater in high illness
duration individuals and/or individual who show goal-directed deficits.
Indeed, the OCTCDQ harm avoidance and OCI-R scales showed a small
numerical tendency to be higher in individuals (both HC and OCD) who
did not devalue, which may represent preliminary support for such a
proposal. Overall, if OCD symptoms do change with illness duration,
this may have treatment implications, including necessitating regular
monitoring, and tailored interventions depending on the time since
symptom onset.

Participants with OCD who did not devalue successfully showed
significantly reduced activity compared to other groups in several re-
gions, including premotor cortex and left inferior frontal gyrus.
Although previous work has suggested that these regions are important
for cognitive and response inhibition (Aron et al., 2007; Hung et al.,
2018; Picton et al., 2007), a decoding analysis of the activated clusters
regions did not provide strong evidence supporting the inhibition hy-
pothesis, perhaps due to the left hemispheric focus of the IFG activa-
tion. Instead, stronger relationships were observed with language and
general cognitive processes including reasoning, attention and working
memory. Thus, our findings do not strongly support the inhibition hy-
pothesis, and could reflect an altered representation and implementa-
tion of explicit rule-based decision making (Ashby and Maddox, 2005)
across OCD and HC.

Neural activity to devalued cues in these regions showed a pattern
that might correspond to the classical inverted-U function (Cools and
D'Esposito, 2011), insofar as optimal performance (i.e. successful de-
valuation) was generally associated with intermediate levels of activity
in OCD and healthy participants. A meta-analysis of Norman and col-
leagues (2016) of volumetric and inhibition-related alterations in OCD
identified differences in both of these regions (left IFG, premotor
cortex). These regions were shown to have reduced grey matter in OCD
compared to controls, and a mixed pattern of decreased and increased
inhibition-related activation. A further mega-analysis by Norman and
colleagues (2019) identified heightened activation in the premotor
cortex during error processing and inhibitory control, which was ac-
companied by performance deficits (RT/error rate). Together, these
findings suggest that the premotor cortex may be relatively inefficient
in OCD and susceptible to both over- and under-activation, perhaps due
to reduced grey matter integrity. Efforts to intervene in this region’s
function in OCD have demonstrated some therapeutic benefit (Berlim
et al., 2013), and our findings are broadly consistent with this strategy.

Another hypothesis was tested in which impaired encoding of va-
lued cues would be related to a reduced devaluation in participants
with OCD. Gillan and colleagues (2015) demonstrated a cross-over in-
teraction in regions of medial orbitofrontal cortex relating to over-
training. Our findings were consistent with Gillan et al.’s findings, in-
sofar as activity to valued cues during retraining in medial orbitofrontal
cortex was lower in participants with OCD relative to healthy partici-
pants. Gillan et al. observed a similar difference towards the end of their
overtraining procedure. In our data, however, and contrary to Hy-
pothesis 3, non-devaluers showed greater activity in this region coupled
to valued cues during the devaluation phase compared with devaluers.
Together, our findings, and those of Gillan et al. (2015), do not support
a simple relationship between orbitofrontal activity and goal directed
behavior, but are consistent with the proposal that alterations in medial
orbitofrontal cortex value encoding characterize OCD.

A limitation of our study was that some participants were medi-
cated, although none of our main behavioral or neural findings were
associated with psychotropic medication in participants with OCD.
Illness duration was the only measure of continuous clinical symptoms
that was clearly associated with neural or behavioral measures, in-
dependent of group (healthy/OCD)-related confounding. Future studies
might aim to replicate our findings in independent samples to establish
the extent to which goal-directed avoidance learning might reflect
clinical differences between early and late onset OCD (Taylor, 2011).
Our data suggests that the key factor is the duration of experiencing
OCD symptoms, rather than the time of their onset, so a design would
be needed which could orthogonalize illness duration from age of onset.
In addition, our study lacked a specific self-report measure of com-
pulsivity symptoms (Chamberlain and Grant, 2018), which might have
helped interpret individual differences more specifically.

In terms of limitations of the paradigm, previous work suggests the
importance of reinforcer magnitude for habit formation (Nelson and
Killcross, 2006; Nordquist et al., 2007), and this was an obvious dif-
ference between our paradigm and that employed by Gillan et al.
(2015) which might benefit from further investigation. Another lim-
itation is that the devaluer and non-devaluer groups were confounded
with respect to motor responses on the devalued versus control con-
trast. This was reflected in a differential pattern of motor cortex acti-
vations, which was consistent with what would be expected from such a
confound (i.e. heightened left motor cortex activation in the non-de-
valuer group). We do not believe that this confound affected group
comparisons or group-related interactions effects, however, due to the
balancing of non-devaluers across both groups, but further work can
examine this point in more detail. Further limitations of the paradigm
are discussed in the supplement.

In summary, we show that reduced devaluation in the context of an
avoidance paradigm is associated with longer illness duration in OCD,
and alterations in activation within premotor and inferior frontal re-
gions coupled to devalued cues. We also observed reduced medial or-
bitofrontal cortex activation in OCD compared to HC coupled to valued
cues, consistent with previous work. Our findings also highlight in-
creased feedback-related responses in the caudate associated with re-
duced devaluation, and reveal a potential pathway by which an im-
pairment of goal-directed learning might be manifest in learning
performance and feedback-related neural activity. Overall, our findings
demonstrate how conceptual replications can provide complementary
information which may yield further insights into the nature of the
relationship between habitual behavior and compulsivity in OCD.
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