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Abstract

Decision-making in a complex world, characterized both by predictable regularities and by 

frequent departures from the norm, requires dynamic switching between rapid habit-like, 

automatic processes and slower, more flexible evaluative processes. These strategies, formalized as 

‘model-free’ and ‘model-based’ reinforcement learning algorithms, respectively, can lead to 

divergent behavioral outcomes, requiring a mechanism to arbitrate between them in a context-

appropriate manner. Recent data suggest that individuals with obsessive-compulsive disorder 

(OCD) rely excessively on inflexible habit-like decision-making during reward-driven learning. 

We propose that inflexible reliance on habit in OCD may reflect a functional weakness in the 

mechanism for context-appropriate dynamic arbitration between model-free and model-based 

decision-making. Support for this hypothesis derives from emerging functional imaging findings. 

A deficit in arbitration in OCD may help to reconcile evidence for excessive reliance on habit in 

rewarded learning tasks with an older literature suggesting inappropriate recruitment of circuitry 

associated with model-based decision-making in unreinforced procedural learning. The 

hypothesized deficit and corresponding circuitry may be a particularly fruitful target for 

interventions, including cognitive remediation.

Introduction and hypothesis

Obsessive-compulsive disorder (OCD) is a frequently disabling condition that affects 1.3% 

of the population in any given year and 2.7% at some point during their lives (Kessler and 

others 2012; Ruscio and others 2010). It negatively affects patients’ social and vocational 

functioning, sense of emotional and physical well being, and global quality of life, 

producing substantial morbidity (Koran 2000). OCD is associated with subtle cognitive 
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deficits. It has been speculated that these deficits are associated with functional impairment 

and may contribute to symptoms (Fineberg and others 2010). In particular, many studies 

suggest problems with cognitive flexibility (Chamberlain and others 2007; Chamberlain and 

others 2008; Gu and others 2008; Remijnse and others 2006; Viswanath and others 2009). 

For example, traditional neuropsychological studies of OCD indicate neurocognitive deficits 

in attentional/ extra-dimensional set shifting (Chamberlain and others 2007), affective set 

shifting/reversal learning (Chamberlain and others 2008; Remijnse and others 2006), and 

task shifting (Gu and others 2008). Behavioral abnormalities and dysfunction of associated 

neural systems have also been demonstrated in unaffected first degree relatives of probands 

with OCD on measures of set shifting (Chamberlain and others 2007; Chamberlain and 

others 2008; Viswanath and others 2009), suggesting that cognitive inflexibility may be an 

endophenotype for the disorder.

Meta-analyses of tests of neuropsychological functioning in adults with OCD have 

demonstrated impairments in set shifting/cognitive flexibility and overall executive function, 

with medium mean effect sizes (Abramovitch and others 2013; Shin and others 2013). There 

is substantial heterogeneity in these assessments – for example, significantly larger effect 

sizes are detected for attentional set shifting deficits in OCD when using a computerized 

version of the Wisconsin Card Sorting Test (WCST) than when using the classic manual 

version (Shin and others 2013) – and different constituent processes may contribute to the 

categorical deficits identified in these meta-analyses. Nevertheless, this literature broadly 

supports the overall pattern of cognitive inflexibility in OCD.

Taken together, these results suggest that individuals with OCD have difficulty inhibiting an 

established response in the face of new contingencies, whether switching attention from one 

dimension of a stimulus to another (Chamberlain and others 2007) or suppressing or 

reversing a previously rewarded response (Chamberlain and others 2008; Remijnse and 

others 2006). This pattern of inflexibility seems to occur both in situations in which learning 

is required to establish a new behavioral pattern (Chamberlain and others 2007; Chamberlain 

and others 2008; Remijnse and others 2006) and when patients are directed to follow a new 

instruction (Gu and others 2008). Furthermore, it is present in situations involving 

reinforcement, punishment (Chamberlain and others 2007; Chamberlain and others 2008; 

Remijnse and others 2006), or no feedback at all (Gu and others 2008).

This pattern of cognitive inflexibility in OCD has been interpreted using dual learning 

systems theory (Balleine and Dickinson 1998; DawNiv and Dayan 2005; Lee, Duman and 

Pittenger 2008; Poldrack and others 2001). According to this framework, actions and 

choices may be supported by either a goal-oriented or a habitual mechanism (Balleine and 

Dickinson 1998). Recent computational literature draws a similar distinction between 

model-based and model-free strategies for action selection (Daw and others 2011; Daw and 

others 2005). Goal-oriented, model-based choice explicitly takes into account a desired 

outcome and permits flexibility, but it is slow and requires substantial computational 

resources (Daw and others, 2005). Habitual or model-free behavior is more efficient in 

familiar situations, in which past experience provides assurance that a particular course of 

action is appropriate and detailed evaluation of alternatives is superfluous (Daw and others, 

2005). Habitual behavior does not, however, allow for flexibility in the face of a changing 
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environment or changing present and future needs. Some individuals or populations may 

rely disproportionately on one system or the other (Voon and others 2014). Optimal 

performance in a complex world requires the use of both systems and the capacity to 

dynamically switch between them.

Animal studies have associated goal-directed action with activation of the medial prefrontal 

cortex and dorsomedial striatum (DMS), whereas habits have been associated with the 

sensory-motor cortices and dorsolateral striatum (DLS) (Dezfouli and Balleine 2012). 

Functional magnetic resonance imaging (fMRI) studies in humans have indicated a similar 

dissociation. Activity in the orbital frontal cortex (OFC) is associated with goal-directed 

choice (Valentin and others 2007), and both the OFC and the caudate nucleus are involved in 

encoding the causal effects of actions (Tanaka and others 2008), an important aspect of goal-

directed behavior. Goal-directed and habitual behavior can be at least partially competitive at 

the level of the striatum (Dezfouli and Balleine 2012; LeeDuman and Pittenger 2008; Yin 

and others 2005, 2006). Specifically, blocking activity in the DMS through lesions or 

pharmacological manipulations causes goal-directed behavior to become habitual, whereas 

blocking activity in the DLS renders habitual behavior goal-directed (Dezfouli and Balleine 

2012; Quinn and others 2013; Yin and others 2005, 2006).

In this framework, cognitive inflexibility in OCD might result from a deficiency in 

mechanisms underlying goal-oriented processes or an over-reliance on mechanisms 

subserving habitual processes (Gillan and Robbins, 2014). It remains unclear, however, 

which, if either, of these abnormalities is the primary problem driving behavioral 

abnormalities. Given the evidence for a competitive balance between the systems, it seems 

plausible that weaknesses in goal-oriented control may lead to an overreliance on the 

habitual control system over time; however, it seems equally possible that an initial 

proclivity to over-rely on habitual control might lead to atrophy of the goal-oriented control 

system over time.

We propose a third possibility: that a primary problem in OCD lies not in the internal 

dynamics of the goal-oriented or habit system, but in an inability to dynamically and flexibly 

switch between them in a context-appropriate manner (Figure 1). As we discuss below, this 

hypothesis may help us to explain data in the literature that are otherwise difficult to 

reconcile. More precisely identifying the core neurocognitive deficit underlying dysfunction 

across a variety of experimental paradigms may facilitate the design of cognitive treatments 

specifically tailored to remediate the underlying difficulty.

Goal-directed and habitual control of action in OCD

It has been suggested that cognitive inflexibility and an over-reliance on habit-like 

behavioral control may underlie compulsions (Gillan and Robbins, 2014). This is plausible 

whether this increased reliance derives from abnormalities in the habit (model-free) system, 

the more flexible model-based system, or the capacity to mediate between them. Abnormal 

habit-like or model-free behavioral control has been associated with abnormalities of the 

cortico-striatal system (Yin and others, 2006; Graybiel, 2008), and direct manipulation of 

corticostriatal projections has recently been shown to modulate compulsive grooming, which 
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may model aspects of the phenomenology of OCD, in animals (Ahmari and others, 2013; 

Burguière and others, 2013).

Individuals with OCD have disrupted goal-directed action control in a positively-reinforced 

instrumental paradigm (Gillan and others 2011). While patients are comparable to controls 

at learning stimulus-response-outcome relationships under positive reinforcement, they are 

less likely to modify their behavior when specific outcomes have been devalued – that is, 

they rely on a stimulus-driven habit, independent of outcome. Moreover, despite being 

comparable to controls at using external positive feedback to guide instrumental choice 

during learning, patients with OCD demonstrate weaker explicit knowledge of the causal 

relationship between actions and outcomes. In a similar paradigm using negative 

reinforcement, while patients with OCD are comparable to controls at inhibiting 

unnecessary behavioral responses early in training, they show greater avoidance habits than 

controls following overtraining (Gillan and others 2014). Specifically, OCD patients are less 

likely to adjust their behavior when negative reinforcement is devalued and avoidance is no 

longer necessary.

Other paradigms have been used to probe implicit learned behaviors in OCD. While the 

work of Gillan and others (2011, 2014) suggests over-reliance on habit and weak goal-

directed control in OCD, earlier studies of procedural learning in OCD show, in contrast, an 

anomalous recruitment of goal-directed systems during implicit learning tasks that are 

generally striatum-dependent in healthy individuals (Deckersbach and others 2002; Joel and 

others 2005; Rauch and others 1997; Rauch and others 2007). In a serial reaction time (SRT) 

task, for example, patients with OCD show aberrant recruitment of medial temporal lobe and 

orbitofrontal circuits more typically associated with explicit or goal-directed learning, yet 

they perform the task adequately (Rauch and others 1997; Rauch and others 2007). This 

suggests inappropriate recruitment of the goal-directed system, even though it may be less 

well suited to the task. When this circuitry is otherwise recruited by simultaneous 

performance of an explicit memory task, a subtle behavioral deficit emerges in OCD patients 

(Deckersbach and others 2002). Similarly, in an implicit learning task in which explicit 

processing actually impairs acquisition, OCD patients are impaired, compared to both 

controls and patients with major depressive disorder (Joel and others 2005).

Thus, findings in a variety of implicit learning paradigms (Deckersbach and others 2002; 

Joel and others 2005; Rauch and others 1997; Rauch and others 2007) contrast with the 

findings of Gillan and others in instrumental habit learning (Gillan and others 2014; Gillan 

and others 2011; Voon and others 2014): the former indicate an over-reliance on the explicit, 

goal-directed system, whereas the latter suggest weaknesses in the goal-directed system and 

an over-reliance on habit. One possible explanation for this discrepancy is that the two 

categories of task are tapping into fundamentally distinct underlying constructs. However, 

implicit learning tasks such as the SRT have much in common with habit learning. Both 

implicit learning and habit learning tasks entail behavior that becomes increasingly 

automatic and stereotyped with practice, as subjects eschew detailed evaluation of 

alternatives. Both become so routine that subjects carry them out without conscious effort 

(hence, ‘implicit’). Thus, both stand in contrast to goal-oriented control, which is generally 

an explicit process accompanied by awareness of the decisions being contemplated and 
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executed. Finally, both recruit the cortico-basal ganglia circuitry, particularly the 

sensorimotor cortex and the dorsal striatum (especially the dorsolateral striatum/putamen).

If these two categories of task do tap fundamentally similar underlying capacities, then the 

idea that habit-like learning is enhanced in OCD, or that goal-directed learning is 

fundamentally deficient, does not suffice to explain the observed results. Some other 

explanation is needed.

Arbitration between model-free and model-based systems

To reiterate: some studies indicate an over-reliance on the explicit, goal-directed system 

(Deckersbach and others 2002; Joel and others 2005; Rauch and others 1997; Rauch and 

others 2007) in OCD, while other research suggest weaknesses in the goal-directed system 

and an over-reliance on habit (Gillan and others 2014; Gillan and others 2011; Voon and 

others 2014). If these implicit learning tasks and habit learning are in fact tapping the same 

or similar capacities and mechanisms (we will use the term ‘model-free’ to encompass 

both), then we must conclude that model-free learning dominates over model-based 

strategies only in some contexts, not in general.

Considering learning systems in isolation may be too simplistic. The effects of brain 

pathology on learning or decision-making can depend critically on interactions between 

learning systems. For example, in a navigational learning paradigm in mice, disruption of 

the dorsal striatum both impairs striatum-dependent cue-driven learning and accelerates 

hippocampus-dependent spatial learning; this has been interpreted as evidence of 

competition between goal-directed and habit-based systems (Lee and others 2008). Similar 

evidence for competition between striatum-dependent and DLPFC-dependent learning has 

been shown in fMRI studies in humans (Doll and others 2014; Poldrack and others 2001; 

Simon and Daw 2011).

These observations highlight the brain’s capacity to arbitrate, in real time, between model-

free and model-based decision-making (Figure 1). We speculate that dysfunction in this 

ability to select and utilize the optimal mechanism for the task at hand, and in the ability to 

dynamically and flexibly switch control as circumstances require, may account for many of 

the behavioral problems with cognitive flexibility that are seen in OCD. A neural system that 

is associated with such real-time arbitration would thus be a candidate locus of pathology 

and a potential target for therapy.

Lee and others (2014) recently identified neural substrates associated with the arbitration 

between goal-directed and habitual control during reinforced learning. They used functional 

magnetic resonance imaging (fMRI) during a sequential decision-making task, in which 

outcomes are partly under the control of the subject but also partly random. They tested and 

validated a hybrid computational model consisting of goal directed (or model-based) and 

habitual (or model-free) learning processes, and characterized the neural substrates 

underlying these processes. Their decision-making task included both specific-goal trials 

that encourage a more goal-directed strategy and flexible-goal trials that encourage habitual 
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control, as well as both high and low levels of uncertainty in state-action-state transition 

probabilities, which should elicit habitual and goal-directed control, respectively.

Their analysis implicated three frontal regions in arbitration under reinforcement. Activity in 

anterior regions of the inferior lateral prefrontal cortex (ilPFC) bilaterally (MNI coordinates 

of peak voxels: −54, +38, +3 and +48, +35, −2) correlated with both model-based and 

model-free reliability signals. Activity in these two regions and in an additional region of the 

right frontopolar cortex (FPC) (MNI coordinate of peak voxel: +15, +56, +25) correlated 

best with whichever system had the maximum reliability, or made the better predictions, on 

a trial-by-trial basis. Additionally, activity in a region of the anterior cingulate cortex (ACC) 

(MNI coordinate of peak voxel: +3, +32, +10) correlated with the difference in reliability 

between the goal-oriented and habitual control systems, suggesting that this part of the ACC 

may be involved in comparing the predictive values of the two systems (Lee and others 

2014).

Next, in a psychophysiological interaction (PPI) analysis, Lee and others found that model 

choice probability (the extent to which the goal-directed/model-based system controls 

behavior) modulates the effective connectivity of these arbitrator regions with regions 

associated with the habitual control of behavior. Specifically, when the modeled ‘arbitrator’ 

favored the goal-directed system, there was a significant negative coupling between the 

arbitrator regions (ilPFC and FPC) and the putamen, one of the main regions activated by the 

habitual control or system. Somewhat unexpectedly, no such relationship was found between 

the arbitrator regions and the neural substrates of the goal-directed system. This suggests 

that, in this reinforced task, the arbitrator predominantly works by gating the habitual control 

(model-free) system, which may be the brain’s default strategy. Goal-directed decision 

making under these circumstances may require arbitrator regions to actively inhibit habitual 

control (Lee and others 2014).

These studies are broadly consistent with findings in rodents, although mapping between 

subregions of the prefrontal cortex in rodents and humans is imprecise. In mice and rats, 

extended operant training can render a behavior habitual; this depends on the function of the 

dorsolateral striatum, roughly analogous to the primate putamen (Yin and others 2005, 2006; 

Quinn and others 2013). Modulation of this circuitry by the infralimbic cortex leads animals 

to switch between goal-directed and habit-like behavioral modes (Hitchcott and others 2007; 

Smith and Graybiel 2013), suggesting that this prefrontal region may serve as a substrate for 

arbitration between the two systems.

Abnormal arbitration in OCD?

We suggest that in individuals with OCD performing reinforced learning tasks, a deficient 

arbitration system leads to an impaired ability to dynamically modulate the habit-driven 

system, which is a default computational process, at least in reinforced tasks. Comparison of 

neural abnormalities in OCD with those associated with the function of the arbitrator system 

(Lee and others 2014) supports this possibility, as further elaborated below. This hypothesis 

is consistent with observations that OCD patients appear to be both deficient in goal-
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oriented control and over-reliant on habitual processes in a reinforced stimulus-response task 

(Gillan and others 2011; 2014).

Such a deficit could in theory explain both over-reliance on habit-like learning in some tasks 

and over-reliance on goal-directed processes in others. In the absence of a fully functional 

arbitrator, subjects may be ‘stuck’ in the model-free mode in reinforced tasks such as those 

explored by Gillan and others (2011, 2014) and by Lee and others (2014), unable to 

efficiently switch to a model-based decision-making strategy even when it would be better 

suited to the task at hand. Over time, over-reliance on circuitry subserving model-free 

decision making and impaired recruitment of circuitry involved in model-based processing 

might lead to plastic changes in both systems.

Aberrant recruitment of medial temporal lobe structures normally associated with model-

based learning during the implicit SRT task may represent a different type of inefficient 

arbitration between parallel systems. The habit learning tasks (Gillan and others 2011, 2014; 

Voon and others 2014) and the task used by Lee and others to characterize the arbitrator are 

reinforced on a trial-by-trial basis. The SRT task (Deckersbach and others 2002; Rauch and 

others 1997, 2007) is fundamentally different, in that it is not explicitly reinforced. More 

theoretical and experimental work is needed to clarify dynamic interactions between model-

free and model-based systems in the absence of differential reinforcement. Irrespective of 

these details, an inability to dynamically and flexibly switch between systems in a context-

appropriate manner in OCD is seen across these distinct literatures.

Recent neuroimaging analyses are consistent with a dysfunction of the substrates of the 

arbitration system in individuals with OCD. We used a data-driven global brain connectivity 

(GBC) analysis of resting-state fMRI data to identify areas of abnormal functional 

connectivity in the brains of individuals with OCD (Anticevic and others 2014). Such GBC 

analyses do not require the a priori specification of a seed against which to compute 

functional connectivity and thus provide an unbiased examination of brain functional 

architecture. This analysis identified a cluster of voxels within the anterior portion of left 

ilPFC, overlapping with the region identified by Lee and others (see Figure 2), in which 

GBC is reduced in OCD patients relative to matched healthy controls. This region (MNI 

coordinate of peak voxel: −49, +44, −9; cluster size: 2187mm3) was identified independently 

in both a whole-brain GBC analysis and a prefrontal cortex (PFC)-restricted analysis, adding 

convergent evidence for this effect.

A more traditional seed-based functional connectivity study in OCD patients (Harrison and 

others 2009) also found abnormalities in this region. These authors computed voxelwise 

statistical parametric maps of functional connectivity with 4 striatal regions of interest, 

defined a priori. The dorsal putamen had reduced functional connectivity with bilateral 

ilPFC in patients with OCD compared to controls (MNI coordinates of peak voxels in OCD 

pts: −38, +24, +10 and +49, +28, +1). The putamen, one of the main regions activated by the 

habitual control or model free system, is a particularly relevant seed in the current context, 

as it was identified as being regulated by the arbitrator regions (Lee and others 2014).
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Taken together, these results suggest reduced functional connectivity in the anterior ilPFC in 

OCD, with related dysfunction of the ability of this region to regulate habit-related circuitry 

centered in the putamen. While the ilPFC has not been a major focus of study in OCD, it 

does exhibit reduced grey matter volume in medication-free OCD patients compared to 

healthy controls in an MRI study using whole-brain voxel-based morphometry (VBM) (MNI 

coordinate of peak voxel: −50, +20, +16; cluster size: 132 voxels) (van den Heuvel and 

others 2009).

In order to better understand the functional architecture of anterior ilPFC, we computed 

brain-wide voxel-wise functional connectivity with the region in the anterior portion of left 

ilPFC in which we found GBC reduced in OCD patients relative to matched healthy controls 

(Anticevic and others 2014), and which Lee and others found to be associated with 

arbitration. Figure 3A shows the results of this functional connectivity analysis in 96 healthy 

control subjects. We compared our data to the 7 network parcellation of the cerebral cortex 

conducted by Yeo and others (2011) (see Figure 3B). As is qualitatively depicted in the 

figures, components of the cluster within ilPFC appear to be part of both the frontoparietal 

control and default-mode networks. The left ilPFC area seems to be functionally coupled 

with aspects of both systems (see Figure 3A). The frontoparietal control system is 

hypothesized to support cognitive control and decision making processes such as 

simultaneous consideration of multiple interdependent contingencies (Vincent and others 

2008), and may also be involved in adjudicating between potentially competing inner 

(default-mode network) versus outer directed processes (Vincent and others 2008).

As noted above, a region of the right frontopolar cortex (FPC) also correlated with the 

arbitration signal in the study of Lee and others. This region is slightly superior to 

Brodmann area (BA) 10 (within BA 9) and closest to what has been described as lateral 

frontal pole (FPl) in parcellation studies of the FPC (Liu and others 2013). This region is 

closely associated with the immediate adjacent parts of the dorsolateral prefrontal cortex 

(DLPFC) and is implicated in performance of executive processing tasks under high 

cognitive load (Liu and others 2013). While a role for this particular cluster within FPC in 

OCD pathology is presently unknown, nearby regions within BA 10 have decreased grey 

matter volume in OCD patients compared to controls (van den Heuvel and others 2009), 

decreased GBC (Anticevic and others 2014), and decreased activation in patients with OCD 

and their unaffected close relatives compared to controls during reversal learning 

(Chamberlain and others 2008). Additionally, increased functional connectivity of a nearby 

region of BA 10 in OCD patients has been associated with a reduction in subclinical OCD 

symptoms after fMRI neurofeedback training, using activity in BA 10 as the neurofeedback 

signal (Scheinost and others 2014).

A region of the anterior cingulate cortex (ACC) (MNI coordinate of peak voxel: +3, +32, 

+10) is additionally implicated in computing the difference in reliability between the goal-

oriented and habitual control systems (Lee and others 2014). Such a role for the ACC is 

consistent with widely held theories of ACC function, which propose that the ACC monitors 

conflicts in information processing (Botvinick and others 2004; Ridderinkhof and others 

2004) and evaluates action outcomes (Lee and others 2012; Matsumoto and others 2003; 

Rushworth and others 2004). The ACC has been proposed to allocate cognitive control 
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based on the expected payoff from a controlled process, the amount of control necessary to 

achieve the payoff, and the cost in terms of cognitive effort (Shenhav and others 2013).

Abnormalities of the ACC have been consistently demonstrated in OCD. These include 

reductions in gray matter (Radua and Mataix-Cols 2009; Rotge and others 2009), 

hyperactivity at rest (Maia and others 2008), increased activation during symptom 

provocation (Maia and others 2008), and increased activation during conflict monitoring 

(Del Casale and others 2011). More recent studies have characterized abnormalities in OCD 

patients in ACC functional connectivity (Cheng and others 2013; Cocchi and others 2012; 

Fitzgerald and others 2011; Gruner and others 2014; Hou and others 2012; Posner and 

others 2013; Yang and others 2010) and integrity of the associated white matter of the 

cingulum bundle (Cannistraro and others 2007; Gruner and others 2012; Koch and others 

2014; Szeszko and others 2005).

The region of the ACC implicated in arbitration (Lee and others 2014) is on the border 

between what have been traditionally defined as dorsal “cognitive” and rostral/ventral 

“emotional” ACC (Bush and others 2000). Functional abnormalities of both the dorsal 

(Huyser and others 2010; Koch and others 2012) and rostral/ventral regions (Fitzgerald and 

others 2005; Huyser and others 2011; Yucel and others 2007) of the ACC have been 

identified in OCD. Recent meta-analytic research suggests a functionally integrated view of 

the ACC (Shackman and others 2011). In fact, studies of negative affect, pain, and cognitive 

control consistently activate an overlapping region within the rostral portion of dorsal ACC, 

known as the anterior midcingulate cortex (aMCC), which appears to be sensitive to 

certainty about actions and outcomes (Shackman and others 2011). This region has been 

proposed to play a role in engaging control processes in the face of uncertainty (Behrens and 

others 2007; Shackman and others 2011). This portion of the ACC is the neurosurgical target 

for cingulotomy (Rauch and others 2000), a treatment option for patients with severe 

treatment-refractory OCD (Dougherty and others 2002). It has been shown to exhibit 

abnormal functional coupling to the ventral striatum, including ventral putamen and ventral 

head of the caudate, in OCD patients anticipating punishment (Beucke and others 2012).

This conjunction of neuroimaging findings suggests that abnormalities within the ACC may 

also contribute to the cognitive inflexibility observed in OCD patients. The implicated region 

of aMCC may synthesize information, including differential reinforcement of alternative 

decision-making strategies, into a biasing signal (Shackman and others 2011). Disruption of 

this signal would impair efficient arbitration and might contribute to functional deficits of 

the arbitration signal in the ilPFC and FPC.

Delineation of the mechanisms and substrates of arbitration between model-free and model-

based behavioral control is a new area of research (Lee and others, 2014), and no studies 

have directly addressed these matters in subjects with OCD. Examination of the specific 

brain areas identified as involved in the mechanisms of arbitration may provide correlative 

evidence in favor of our hypothesis (c.f. Figure 2). A more direct test will require the use of 

sophisticated behavioral tasks such as that used by Lee and others (2014) to directly examine 

the capacities for real-time arbitration between action strategies, and their neural correlates, 

in patients. The strongest support for our hypothesis would be if weak arbitration could be 
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shown to correlate directly with measures of compulsions, or of symptomatology more 

generally.

Conclusion and implications for treatment

Behavioral and neural system dysfunction on measures of set shifting in both probands with 

OCD and unaffected first degree relatives (Chamberlain and others 2007; Chamberlain and 

others 2008; Viswanath and others 2009) has led to the idea that a general propensity toward 

rigid, inflexible behavior is a cognitive endophenotype for the disorder. We propose that 

cognitive inflexibility in OCD may be best understood as reflecting a deficit in the 

mechanisms of arbitration between habitual control (model-free reinforcement learning) and 

goal-oriented control (model-based reinforcement learning). Habitual control is likely to be 

the brain’s default computational regime, at least in the context of reinforced learning (Lee 

and others 2014), with deviations from habitual behavior and the initiation of goal-directed 

processes requiring the recruitment of additional regions involved in cognitive control. A 

deficit in arbitration between these systems might lead to changes in the overall 

configuration of the systems over time in patients with OCD.

Recent findings regarding the neural substrates underlying this ability to dynamically and 

flexibly switch between habitual and goal-oriented control systems implicate the anterior 

ilPFC, FPC, and ACC (Lee and others 2014), brain regions that are functionally abnormal in 

OCD patients. We highlight evidence of reduced functional connectivity of anterior ilPFC in 

OCD patients, both globally and specifically with the dorsal putamen (Anticevic and others 

2014; Harrison and others 2009), which suggests an impairment of its regulation of circuits 

associated with model-free control of behavior. We underscore abnormalities in OCD 

patients of aMCC, a region of the ACC particularly implicated in monitoring the degree of 

uncertainty involved in an instrumental action or behavioral outcome and subsequently 

signal other brain regions to implement goal-directed control (Shackman and others 2011).

A focus on the neural mechanisms of arbitration has the potential to inform treatment. The 

gold standard for cognitive behavioral treatment (CBT) of OCD is the technique of exposure 

with response prevention (ERP). ERP involves exposing an individual to his or her fear (the 

obsessive thought and/or the environmental cues that trigger it), while preventing the 

individual from engaging in the compulsive behavior that he or she typically performs to 

reduce anxiety. ERP has traditionally been thought to work by way of the habituation that 

takes place when a patient is exposed to the anxiety provoking cue for an extended period of 

time (while refraining from compulsive behaviors to bring the anxiety down) and the 

extinction learning that takes place as the person sees that the imagined feared consequence 

does not occur. An alternative way to understand the efficacy of ERP, which is not mutually 

exclusive, is that it assists patients in breaking compulsions (i.e. maladaptive habits, or 

model-free behavior) and using new, more adaptive (goal-directed, model-based) behaviors. 

Dual learning systems theory suggests that refraining from a compulsive act (an existing 

habit) requires utilizing the parallel model based/ goal directed system; the perspective 

developed by Lee and others (2014) and above suggests that this switch necessarily depends 

on the arbitration system (see Figure 1). An important mechanism of change in the ERP 

process, in addition to extinction, may thus be exercising this arbitration system. ERP 
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accomplishes this outcome by confronting a patient’s specific OCD symptoms, requiring 

them to tolerate anxiety-eliciting situations as they learn to shift between neural systems and 

exercise executive control in the face of the distressing cue. The patient is, thus, required to 

shift between neural systems, a mechanism which we hypothesize may be a locus of 

pathology of these individuals, while in a highly anxious state.

An alternative therapeutic approach would be to strengthen the mechanism of shifting 

between neural systems in the absence of symptom provocation. Cognitive remediation 

therapy (CRT) (Keshavan and others 2014) may be useful in this context as an adjunct or 

precursor to CBT. CRT is a type of rehabilitation treatment designed to harness plasticity 

and improve neurocognitive abilities. Contemporary models of cognitive remediation 

propose that repeated cognitive exercises improve neurocognitive function by modifying the 

activity level of brain systems that have been performing aberrantly (Bell and others 2001; 

Wexler and others 2000). CRT designed to gradually strengthen ability to flexibly switch 

between habitual and goal-oriented control system, independent of the symptom provocation 

that is inherent to ERP, may thus have therapeutic potential and merit further development.
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Figure 1. 
A schematic representation of the arbitration between model-free and model-based learning 

during reinforced learning, as suggested by Lee et al (Lee and others 2014).
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Figure 2. 
Clusters where OCD patients showed significantly decreased whole-brain GBC connectivity 

relative to healthy controls. This pattern was centered on inferior lateral prefrontal cortex 

(ilPFC), left middle frontal gyrus, and precentral gyrus. From Anticevic and others 2014.
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Figure 3. 
(A) We examined the pattern of functional connectivity in a sample of healthy adults (N=96) 

from the left ilPFC region implicated in OCD [Anticevic and others 2014]. This area is 

functionally connected both to the frontal control network and to elements of the default-

mode network, such as the lateral temporal lobe. In contrast, the ilPFC seed exhibits 

negative functional connectivity with primary sensory cortices. (B) We juxtaposed the IFG 

region with a published functional parcelation of the cortex [Yeo and others 2011]. The IFG 

region identified in our OCD study [Anticevic and others 2014], outlined here in black, 

overlaps with elements of both the fronto-parietal control system (orange) and the default-

mode network (red). This functional area may be uniquely positioned to merge computations 

across these large-scale networks.
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