1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Psychiatry. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Psychiatry. 2021 September ; 26(9): 4583-4604. doi:10.1038/s41380-020-01007-8.

Toward a neurocircuit-based taxonomy to guide treatment of
obsessive-compulsive disorder

Elizabeth Shephard, PhD1.2, Emily R. Stern, PhD34, Odile A. van den Heuvel, MD, PhD?>,
Daniel L.C. Costa, MD, PhD1, Marcelo C. Batistuzzo, PhD?, Priscilla B.G. Godoy, MSc1,
Antonio C. Lopes, MD, PhD1, Andre R. Brunoni, MD, PhD1, Marcelo Q. Hoexter, MD, PhD1,
Roseli G. Shavitt, MD, PhD1, Janardhan Y.C Reddy, MD, PhDS, Christine Lochner, PhD?,
Dan J. Stein, MD, PhD8, H. Blair Simpson, MD, PhD?, Euripedes C. Miguel, MD, PhD?
1Department of Psychiatry, Faculdade de Medicina, Universidade de S&o Paulo, Sdo Paulo,
Brazil.

?Institute of Psychiatry, Psychology & Neuroscience (IoPPN), King's College London, London,
UK.

3Department of Psychiatry, The New York University School of Medicine, New York, USA.
4Nathan Kline Institute for Psychiatric Research, Orangeburg, New York, USA.

5Amsterdam UMC, Vrije Universiteit Amsterdam, Department of Psychiatry, Department of
Anatomy & Neurosciences, Amsterdam Neuroscience, Amsterdam, The Netherlands.

5Department of Psychiatry OCD Clinic, National Institute of Mental Health and Neurosciences
(NIMHANS), Bangalore, India.

“SA MRC Unit on Risk & Resilience in Mental Disorders, Department of Psychiatry, Stellenbosch
University, Cape Town, South Africa.

8SA MRC Unit on Risk & Resilience in Mental Disorders, Department of Psychiatry and
Neuroscience Institute, University of Cape Town, Cape Town, South Africa.

9Center for OCD and Related Disorders, New York State Psychiatric Institute and the Department
of Psychiatry, Columbia University Irving Medical Center, New York New York.

Correspondence to: Dr Elizabeth Shephard (lizzieshephard@usp.br) and Prof. Euripedes Miguel (ecmiguel@usp.br). Postal address:
Instituto de Psiquiatria do Hospital das Clinicas da FMUSP, R. Dr. Ovidio Pires de Campos 785, Cerqueira César, S&o Paulo, SP,
05403-903, Brasil. Telephone: +55 1126617594.

Conflicts of Interests

The authors Elizabeth Shephard, Emily R. Stern, Odile A. van den Heuvel, Daniel L.C. Costa, Priscilla B.G. Godoy, Marcelo C.
Batistuzzo, Antonio C. Lopes, Marcelo Q. Hoexter, Christine Lochner, and Euripedes C. Miguel have no conflicts of interests to
declare. Roseli G. Shavitt has received consulting honoraria from Lundbeck and a travel grant from LIBBS. Andre R Brunoni

has received funding from the So Paulo Research Foundation (2017/50223-6, 2018/10861-7), the Brazilian National Council of
Scientific Development productivity support (PQ-1B) and the University of Sdo Paulo Medical School productivity support (PIPA-A),
and is the Chief Medical Advisor of Flow Neuroscience (Malmd, Sweden) and has a small equity in this company. Janardhan Reddy
Y.C. has received support from the various Government of India funding agencies for research on OCD, including the Department
of Biotechnology (DBT), Department of Science and Technology (DST), and the Indian Council of Medical Research (ICMR); he
is also currently involved in an NIMH multicenter international study on OCD. Dan J. Stein has received research grants and/or
consultancy honoraria from Lundbeck and Servier. H. Blair Simpson has received research funds for a multi-site industry sponsored
clinical trial from Biohaven Inc., royalties from Cambridge University Press and UpToDate Inc., and a stipend from the American
Medical Association for serving as an Associate Editor for JAMA Psychiatry.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shephard et al. Page 2

Abstract

An important challenge in mental health research is to translate findings from cognitive
neuroscience and neuroimaging research into effective treatments that target the neurobiological
alterations involved in psychiatric symptoms. To address this challenge, in this review we propose
a heuristic neurocircuit-based taxonomy to guide the treatment of obsessive-compulsive disorder
(OCD). We do this by integrating information from several sources. First, we provide case
vignettes in which patients with OCD describe their symptoms and discuss different clinical
profiles in the phenotypic expression of the condition. Second, we link variations in these clinical
profiles to underlying neurocircuit dysfunctions, drawing on findings from neuropsychological
and neuroimaging studies in OCD. Third, we consider behavioral, pharmacological and
neuromodulatory treatments that could target those specific neurocircuit dysfunctions. Finally,
we suggest methods of testing this neurocircuit-based taxonomy as well as important limitations to
this approach that should be considered in future research.

“Essentially all models are wrong, but some are useful”

George Box

Introduction

Mental health researchers face the conceptual challenge of developing new frameworks

to understand and classify mental disorders and translating this knowledge into effective
treatments. Current diagnostic classification systems [1-2] are effective in ensuring
communication of diagnoses among clinicians but are largely “etiologically agnostic”
when determining the biological nature of psychopathology [3]. High levels of psychiatric
comorbidity and heterogeneity, fluid symptom trajectories, cross-diagnostic overlap in
genetic and neurobiological factors, and the limited efficacy of many psychiatric treatments
restrict our understanding of the neurobiology of mental illness based on categorical
diagnoses [3-6]. An alternative approach is to exploit the new knowledge gained from
advances in neuroimaging concerning the brain circuits involved in psychiatric symptoms
to build a neurocircuit-based taxonomy for understanding and treating mental disorders.
Indeed, clusters of individuals with neural network alterations have been identified in
depression [7-8], psychotic disorders [9] and attention-deficit/hyperactivity disorder (ADHD
[10]). Distinct neurocircuit alterations could help explain the heterogeneity of mental
disorders, and targeted interventions focused on specific circuit dysfunctions could improve
treatment efficacy and guide clinical practice.

Obsessive-compulsive disorder (OCD) may be particularly amenable to this approach

since it represents one of the better investigated neurocircuit-based models [11]. OCD

has traditionally been associated with dysfunctional cortico-striatal-thalamo-cortical (CSTC)
circuits [12-13], although it is now recognized that alterations in other circuits (fronto-
limbic, fronto-parietal, cerebellar) also play a role [14]. Abnormalities in these different
neurocircuits likely interact with each other to generate the complex OCD phenotype [13-
14]. Therefore, individuals with OCD may have different degrees and patterns of alterations
in these neurocircuits, leading to the phenotypic heterogeneity. Finally, there are already
several initiatives identifying trans-diagnostic aspects of the clinical phenomenology of
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obsessive-compulsive symptoms based on their association with broader concepts, such as
compulsivity and anxiety [14-16].

In this review, we expand on previous models of the neurocircuitry involved in OCD
[12-13, 16] to propose a heuristic neurocircuit-based taxonomy which could be used to
guide the treatment of the disorder in future. We do so by firstly providing case vignettes

in which patients describe their symptoms, covering much of the phenotypic expression

of OCD. Second, we present hypothetical associations between the phenomenology of
OCD symptoms and underlying neurocircuit dysfunctions, drawing on findings from
neuropsychological and neuroimaging studies in OCD. Third, we consider treatments

that could target those specific neurocircuit dysfunctions to improve therapeutic response.
Fourth, we suggest ways in which this neurocircuit-based taxonomy could be tested in
future research to support or refute our hypothesized links between aspects of clinical
phenomenology, specific neurocircuit alterations and treatment methods. Finally, we discuss
limitations to the neurocircuit-based approach, in particular the challenge involved in
attempting to map different clinical profiles that overlap in individual patients, onto discrete
neurocircuits, which are interconnected and affect each other.

OCD and implicated neurocircuits

OCD has a lifetime prevalence of 1-3% worldwide [17]. The disease course is often chronic
[18] and associated with significant functional impairments, financial costs and increased
mortality [19-20]. OCD is characterized by compulsions (repetitive, ritualized behaviors

or mental acts) that are often performed in response to obsessions (recurrent, intrusive,
unwanted, distressing, time-consuming thoughts) that generate fear and anxiety (with or
without autonomic symptoms) or doubts/uncertainty. At the same time, there is phenotypic
heterogeneity. For example, the content of obsessions and expression of compulsions can
vary dramatically between individuals, ranging from concerns about contamination or harm
to preoccupation with symmetry or taboo thoughts [21]. In addition, some patients do not
have obsessions but perform their rituals to relieve or achieve specific tactile, visual or
auditory sensations, a sense of completeness or a just-right feeling (i.e., sensory phenomena
[22]). Repetitive behaviors originally undertaken to neutralize obsessions may, over time,
become habits that are elicited by stimuli rather than by intrusive thoughts [23]. Some
patients carry out compulsive behaviors because they feel rewarding and almost pleasurable,
rather than to elicit a sense of relief [24]. Finally, higher-order cognitive alterations, such

as executive dysfunction, may trigger or perpetuate compulsive behaviors for some patients
[25].

Attempts to subtype OCD into phenotypes based on clinical factors that vary across
individuals, including age-at-onset, symptom dimension, degree of insight into the
rationality of symptoms, comorbid psychiatric conditions, course of illness and response to
treatment, have been conducted [22, 26-31]. However, it remains unclear how these different
phenotypic subtypes are associated with specific pathophysiological mechanisms or their
usefulness in guiding treatment selection [21]. Therefore, in this review we take a different
approach to characterizing OCD phenotypes and identifying treatment targets. Specifically,
we link variations in the clinical presentation of the disorder (Table 1) to neurocognitive
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dysfunctions in five neurocircuits that have previously been implicated in OCD (Figure 1,
Table 2) [12-14, 16, 32] and discuss how treatments that more specifically target these
circuits (Table 3) might benefit patients. Only a few previous attempts have been made to
relate alterations in these circuits to particular clinical profiles and treatment approaches
[e.g. 11, 33-34]. To our knowledge, no published work has incorporated patients’ subjective
reports of their experiences of symptoms or considered specific treatment strategies directed
at a range of clinical profiles and neurocircuit alterations. It is important to note that in the
following sections we present a simplified account of the functions of the five neurocircuits
for the purposes of synthesizing a vast literature and providing coherent and testable
hypotheses of links between specific clinical profiles and neurobiological alterations in each
neurocircuit. However, we emphasize in advance that the functions of these neurocircuits
are considerably more complex and not limited to the neurocognitive alterations we describe
here. Likewise, the neurocircuits are highly interactive and not as segregated as they may
appear in the following sections. We highlight some of these complexities as we discuss
each circuit and consider them in more depth in the Limitations section at the end of the
article.

Fronto-limbic circuit

Fronto-limbic dysfunctions in OCD

The fronto-limbic circuit includes subcortical and cortical brain regions involved in
generating (amygdala) and evaluating (ventromedial prefrontal cortex, vmPFC) emotional
responses (Figure 2) [16, 35] amongst other functions. The circuit also connects to cortical
regions involved in top-down behavioral control, including dorsolateral and dorsomedial
prefrontal (dIPFC/dmPFC) regions of the dorsal cognitive circuit (Figure 1), for emotion
regulation [16, 35]. Dysfunctional activity in the fronto-limbic circuit during emotional
processing is a robust finding in OCD [36]. Below, we consider evidence for two specific
neurocognitive alterations associated with fronto-limbic dysfunction that may be particularly
relevant to OCD.

First, dysregulated fear, i.e. excessive and/or poorly controlled fear responses mediated by
fronto-limbic circuitry, has been proposed as a key mechanism in OCD [37] (Table 2 gives
a full explanation of neurocognitive functions and their associated neurocircuits, as well
as examples of experimental tasks and instruments that have been used to measure these
functions). Clinically, some patients report that their symptoms are triggered or maintained
by feelings of fear. For example, in Case vignette 1 (Table 1), what seemed to trigger or
perpetuate the patient’s obsessive belief that she was pregnant was the physiological fear
response to the thought that she cou/d'be pregnant (/ must be pregnant, or | wouldn’t

be feeling like this). Thus, in some patients, dysregulated fear responses to intrusive
thoughts mediated by fronto-limbic circuitry could be the starting point that turns ordinary
thoughts into obsessions. In support, previous studies investigating the content of patients’
descriptions of their OCD symptoms have revealed that physiological changes associated
with fear and anxiety, such as a racing heart, play a key role in triggering a variety of
obsessions and compulsions [38]. Difficulties with top-down cognitive appraisal, such as
interpreting one’s own thoughts and feelings as evidence that an unlikely event occurred,
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likely also play a role in perpetuating obsessive symptoms. Consistent with these clinical
observations, neuroimaging studies have reported increased amygdala activity, reduced
dorsal prefrontal activity and reduced prefrontal-amygdala functional connectivity during the
provocation and cognitive reappraisal of stimuli that provoke OCD symptoms and increase
physiological arousal [36, 39]. Together, these findings suggest that hyperactive limbic fear
responses and insufficient recruitment of dorsal prefrontal top-down control are involved in
the production and/or maintenance of fear in the context of OCD triggers. There is also
evidence that individuals with OCD have difficulty extinguishing learned fear responses [37,
40-42], likely due to impaired “safety-signaling” functions of the vmPFC [40], which may
further contribute to the maintenance of fear-related OCD symptoms.

Second, intolerance of uncertainty (IU, Table 2) may also be involved in the OCD
phenotype. 1U is the tendency to perceive and interpret uncertain situations as negative or
threatening; it is associated with reduced ability to cope and impulsive or avoidant responses
to uncertainty, and an excessive need to establish certainty [43]. Many patients with OCD
report IU when describing their symptoms. For example, the patient in Case vignette 2
(Table 1) reports being afraid of uncertainty, which drives a need for control related to his
somatic obsessions. Studies investigating the content of patients’ experiences of symptoms
have also identified that “a need for certainty” is a key theme involved in reassurance-
seeking symptoms of OCD [44] and other studies have shown that that higher IU trait
scores predict more severe OCD symptoms [43, 45]. Importantly, neuroimaging studies
have reported atypically increased vmPFC and amygdala activity during the anticipation
of uncertain threat [46] and during uncertainty in decision-making [47] in OCD patients,
suggestive of fronto-limbic hyper-responsivity to uncertainty in OCD. Interestingly, 1U
has been shown to predict impaired fear extinction in non-psychiatric volunteers [48],
suggesting these fronto-limbic dysfunctions may be related to one another.

It should be noted that these regions of the fronto-limbic circuit involved in dysregulated
fear and 1U also form networks with structures of the other five neurocircuits to participate
in other neurocognitive functions. For example, the amygdala and vmPFC are also involved
in reward processing along with regions of the ventral affective circuit [49]. Since altered
reward processing is also implicated in OCD (discussed further in the Ventral Affective
Circuit section, below), it will be important for future research to investigate how fear and
uncertainty-related functional alterations in the fronto-limbic circuit affect reward processing
mechanisms in the ventral affective circuit. The interactive nature of these circuits should
also be kept in mind when considering neurocircuit-specific treatment strategies for the
fronto-limbic circuit, discussed next.

Treatments targeting fronto-limbic dysfunctions in OCD

Several treatments for OCD may target fronto-limbic dysfunction (summarized in Table
3). For example, cognitive behavioral therapy (CBT) is an evidence-based form of
psychotherapy for OCD that typically includes exposure and response prevention (ERP)
with different formats varying in the degree of and procedures for training in cognitive
reappraisal [50]. ERP seems to be mediated, at least in part, by modulation of amygdala-
vmPFC connectivity, while cognitive reappraisal appears to dampen fronto-limbic activity
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via the engagement of top-down dorsal prefrontal regions [35-36, 39, 51]. CBT may
therefore target fronto-limbic dysfunction directly via ERP or indirectly via cognitive
reappraisal. Neuroimaging studies indicate that better CBT response in OCD is predicted
by hyperactive fronto-limbic responses to OCD-provoking stimuli and weaker amygdala-
prefrontal functional connectivity [52-53]. These findings lead to the hypothesis that
patients who show fronto-limbic dysfunction associated with dysregulated fear may benefit
most from CBT. Although not explicitly addressed in treatment, CBT/ERP has been shown
to reduce IU in OCD and reductions in IU occurred prior to, or concurrent with, reductions
in OCD symptoms [54-55].

Concerning pharmacological therapies, there is evidence that selective serotonin reuptake
inhibitors (SSRIs), the first-line pharmacological treatment for OCD [13], reduce fronto-
limbic responses to threatening stimuli in non-psychiatric volunteers [56, but see 57] and are
associated with lower limbic response during emotion processing and symptom provocation
in OCD [36]. Further, stronger functional connectivity between the serotonergic raphe nuclei
and temporal and limbic regions including the amygdala predicts better response to SSRIs in
OCD [58]. Thus, SSRIs may improve OCD symptoms in part by reducing excessive limbic
activity. SSRIs can also reduce U [59], though the mechanism underlying this improvement
has not been studied.

Neuromodulation techniques (Table 3) may offer a more direct method of targeting
fronto-limbic dysfunction. A sham-controlled study with OCD patients showed that high-
frequency repetitive transcranial magnetic stimulation (rTMS) of the left dIPFC reduced
both fear distress ratings and neural activity in the amygdala and other visual emation
processing areas and altered functional connectivity between the amygdala and dmPFC
during a fear/OCD provocation task [60]. Another sham-controlled study in patients with
generalized anxiety disorder showed that low-frequency (inhibitory) rTMS of the right
dIPFC normalized atypical dIPFC-amygdala functional connectivity that was induced by
uncertainty during a gambling task designed to elicit IU [61]. The finding that both high
[60] and low [61] frequency rTMS resulted in improved fronto-limbic circuit function may
seem contradictory since these protocols are hypothesized to have opposite effects on neural
plasticity (see Table 3). Yet, this is consistent with findings from a recent systematic review
and meta-analysis [62] of 18 randomized controlled trials (RCTs) evaluating the efficacy

of rTMS for OCD, which showed that low-frequency and high-frequency rTMS were both
superior to sham in improving OCD symptoms. Finally, a recently published, large (n=99)
multicenter randomized clinical trial showed that deep TMS targeting mPFC and the anterior
cingulate cortex, associated with individualized symptom provocation, was superior to sham
in improving OCD symptoms [63].

Another series of studies has reported that fMRI-based neurofeedback targeted at
orbitofrontal regions in which activity was correlated with contamination anxiety in
individuals without psychiatric diagnoses but with high trait scores of contamination
obsessions and washing compulsions resulted in significantly reduced connectivity between
the orbitofrontal regions and other limbic areas, including the amygdala, as well

as significantly increased connectivity in prefrontal regions associated with emotion
regulation, including right lateral PFC [64]. Importantly, self-report anxiety ratings
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while viewing contamination-provoking stimuli were also significantly reduced several
days following fMRI-neurofeedback [64]. Furthermore, this fMRI-neurofeedback protocol
resulted in a 20% decrease in OCD symptom severity in a small sample (n=5) of

patients with contamination-related OCD [65]. Although not tested in patients with

OCD, fMRI-neurofeedback targeting regulation of amygdala activity was effective in
reducing amygdala activity and increasing amygdala-vmPFC functional connectivity in
non-psychiatric participants [66]. Further investigation of non-invasive neuromodulatory
interventions targeting fronto-limbic circuitry is warranted in OCD.

Studies with treatment-resistant OCD patients indicate that invasive neuromodulation
techniques, such as deep brain stimulation (DBS), may improve fronto-limbic circuit
function. For instance, one study examining DBS of the ventral anterior limb of the internal
capsule (ALIC) in refractory OCD patients reported improvements in OCD symptoms

and co-occurring depression and anxiety as well as changes in functional connectivity
between the amygdala and vmPFC [67]. Other work has indicated that the bed nucleus

of the stria terminalis (BNST), a center of integration for limbic information that is
implicated in processing uncertain threat [68], is a potentially efficacious target for

OCD symptom improvements [69]. However, other research on DBS in OCD (and other
psychiatric disorders) has highlighted that the efficacy of DBS in reducing symptoms may
depend less on the gray or white matter stimulation target and more on the white matter
networks affected by the stimulation [70-71] (Table 3). Indeed, a recent analysis examining
tractography correlates of OCD symptom improvement following DBS targeted at different
stimulation sites, including the ALIC, indicated that successful reduction of symptoms was
associated with connectivity of all stimulation sites to a common fiber bundle [70]. Thus, an
important step for future research is to identify the optimal white matter networks associated
with different cortical neurocircuit dysfunctions.

Sensorimotor circuit

Sensorimotor dysfunctions in OCD

The sensorimotor circuit includes cortical and subcortical regions involved in the generation
and control of motor behaviors and integration of sensory information (Figure 3) [16, 72].
Although perhaps the most well-known examples of OCD symptoms involve fear of harmful
events with compulsions that resemble reactions to potential threat, a significant proportion
of patients (60-70%) also experience sensory phenomena (SP) consisting of aversive or
uncomfortable sensations or perceptions that drive repetitive behaviors (Table 2) [73-76].
SP are prevalent in patients with ordering, arranging, counting and repeating compulsions,
which are frequently performed until the patient achieves the sensation or perception that
things are “just right” (“not-just-right” experiences) [73, 75] or “complete” [77]. These
phenomena additionally manifest as tactile sensations of feeling dirty that drive washing and
cleaning compulsions, rather than fear of illness or disease [73, 75]. For instance, the patient
in Case vignette 3 reports a tactile sensation of having dirty hands, which prompts excessive
hand washing (Table 1). Similarly, content analyses have revealed a key theme in the content
of contamination obsessions to be sensations of feeling dirty under the skin, which lead to
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washing rituals [78]. SP are also prevalent in Tourette syndrome (TS) [22, 73], in which they
manifest as premonitory urges or “sensory tics” [79] in a specific body part prior to a tic.

In terms of the neural mechanisms contributing to SP, an analogy has been drawn between
“urges-for-action” (Table 2), which may be similar to urges leading to repetitive behaviors
in OCD and TS [80-81]. Neuroimaging studies report activation in the insula, parietal
somatosensory regions and motor/premotor regions to be involved in the build-up and
suppression of urges-for-action [80-82], with a common region of mid-posterior insula and
cingulate motor area (CMA) active during urges-for-action in non-psychiatric participants
and the urge to tic in TS [81, see also 83-84]. A recent study examining the urge to blink

in OCD found that patients exhibited increased activity in mid and anterior insula and CMA
during eyeblink suppression [85], supporting the notion that the urges-for-action network is
also dysfunctional in OCD.

Two neuroimaging studies [86—87] have directly examined the neural correlates of SP in
OCD. Subira and colleagues [86] reported larger gray matter volumes in a sensorimotor
area encompassing postcentral gyrus, the posterior extent of precentral gyrus and paracentral
lobule in individuals with OCD and SP (OCD+SP) compared to those with OCD without
SP (OCD-SP) and non-psychiatric controls. OCD+SP (but not OCD-SP) had larger volumes
of posterior putamen, pallidum, and thalamus than controls. Sensorimotor volume increases
were not correlated with SP severity, but group differences remained after controlling for
medication and comorbid conditions, including TS. Brown et al. [87] examined neural
activity while OCD patients viewed “body-focused” videos (described in Table 2) designed
to elicit activation in sensorimotor circuitry. Greater SP severity was correlated with greater
activity in mid-posterior insula and, at a lower statistical threshold, bilateral postcentral
gyri, orbitofrontal cortex (OFC), and lateral PFC. Activation in these areas remained
correlated with SP severity after controlling for medication status, comorbidity and overall
OC symptom severity, suggesting that these effects were specific to SP.

Another function relevant to OCD that relies on efficient function of the sensorimotor circuit
is habit formation. Habits are rigid, largely non-conscious and automatic behaviors that

are performed regardless of motivation and outcome (Table 2) [12]. The formation and
execution of habits is mediated by motor portions of the sensorimotor circuit (putamen

and premotor/motor cortex) [88-89]. In OCD, it has been proposed that compulsions may
reflect maladaptive sensorimotor circuit-mediated habitual behaviors that, over time, become
decoupled from the initial obsessive thoughts [12, 90]. Consistent with this hypothesis, some
patients report habit-like compulsive behaviors. The patient in Case vignette 4 (Table 1), for
example, reports a checking ritual that was initially associated with obsessive beliefs about
harm. With multiple repetitions over time, her obsessive worries became less important and
her checking compulsions became more automatic and were performed to relieve feelings

of incompleteness. This subjective feeling could be the result of changes in the stimulus-
response associations produced by the excessive repetitions involving the checking behavior.
Thus, over the years, increased sensorimotor circuit activity involved in habit-formation may
have played a role in the transition from goal-directed (in this case, repetitive behaviors
performed to relieve specific fears/worries) to habitual behaviors (here, repetitive behaviors
to relieve feelings of incompleteness). In support of this hypothesis, studies examining the
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content of compulsions have reported that patients rate some of their compulsions as highly
habit-like, i.e. they are felt to be automatic behaviors that are performed largely without
conscious awareness, they have a long history of repetition over the patient’s life, and they
form part of the patient’s daily routines [24]. Moreover, longer duration of illness predicted
higher habit-ratings, in line with the idea that habit-like compulsions develop slowly over
time [24]. Similarly, content analyses have revealed that some patients initially perform
compulsions to elicit a sense of relief and that even though their compulsive rituals lose

the ability to provide relief over time, the patients continue to perform the behaviors [38].
Further support for this hypothesis comes from experimental studies, which report excessive
habit formation and/or an over-reliance on habitual behavior at the expense of flexible
goal-directed behavior on experimental tasks in OCD [90-91], as well as in other disorders
characterized by compulsive behavior including TS [92-93].

It is important to note that while sensory phenomena and habit formation are linked to
similar circuitry, there is no direct evidence linking these features of OCD to each other
(i.e. no studies have reported that the transition from goal-directed to habitual behavior

is more common in patients with prominent sensory phenomena than those with fears or
negative thoughts). Indeed, despite the overlap in somatosensory and motor cortex, there
are some distinctions between the neurocircuitry, with sensory phenomena additionally
associated with the insula and habit formation involving subcortical in addition to cortical
sensorimotor areas. The link between sensory phenomena and habit formation has yet to be
fully elucidated in the literature; neuroimaging studies examining each process individually
suggest that they exhibit both overlapping and distinct circuitry and behavioral features. It
should also be highlighted that regions involved in these sensorimotor circuit alterations also
play important roles in the neurocognitive functions of other neurocircuits. The insula, for
example, participates in emotional processing with the amygdala and other fronto-limbic
structures and, like those regions, also shows hyperactivity during emotional processing

in OCD [36]. In addition, the sensorimotor circuit functions considered here also engage
regions and functions of the other neurocircuits. For instance, in its early stages, habit-
formation relies on dopaminergic reward signaling in the ventral affective circuit [94].

Treatments targeting sensorimotor dysfunction in OCD

Sensory phenomena, although highly distressing [95], associated with increased obsessive-
compulsive and tic severity [73, 75, 95] and reduced quality of life [95], are infrequently
considered as outcomes in treatment trials [96]. However, a recent study reported reductions
in not-just-right experiences alongside reduced contamination obsessions in OCD patients
following ERP [97]. Furthermore, habit-reversal training (Table 3), an effective behavioral
therapy for tic symptoms used in TS, targets sensory phenomena and has been shown

to reduce premonitory urges as well as tic symptom severity in adults with TS [98-99].
Habit-reversal therapy works by breaking tic “habits” by training patients to recognize

the sensory urges that precede tics and to perform a less obtrusive and more voluntary
behavior in place of the tic. A neuroimaging study reported significantly reduced activity
in the putamen following habit-reversal training in patients with TS, suggesting that this
form of therapy works (at least in part) by normalizing atypically increased sensorimotor
circuit activity associated with excessive habit formation [100]. Habit-reversal therapy is
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similar to the response prevention aspect of ERP (Table 3) in that both aim to break the
association between sensation(s) (sensory phenomena/obsessions/feelings of fear/anxiety)
and repetitive, compulsive behaviors (compulsions/tics) [101]. However, the awareness
training component of habit-reversal therapy may be particularly helpful for OCD patients

in whom symptoms have become habit-like; for these patients, additional training may be
needed to recognize the sensations that precede their habit-like compulsions. Consistent
with this suggestion, habit-reversal training was reported to be effective in reducing OCD
symptom severity in a patient with treatment-refractory OCD [102]. Further work testing the
efficacy of including awareness training as an additional component of ERP in OCD patients
with these types of compulsive symptoms will be important in future research.

The first-line pharmacological therapy for OCD (SSRIs) has been shown to decrease resting-
state activity of the anterior insula in depression [103], suggesting that this form of treatment
could be modulating circuitry related to SP. Single high doses of ondansetron, a 5-HT3
receptor antagonist FDA approved for severe nausea and vomiting [104], reduce activation
in the insula, precentral and postcentral gyri, and cingulate cortex [105]. Interestingly,
several smaller pilot trials showed that repeated dosing of ondansetron over multiple weeks
reduced overall symptom severity in OCD [106-107] and TS [108], with potential utility

as an augmentation strategy in SSRI-resistant OCD [106]. However, a larger Phase 2

trial using adjunctive very low dose ondansetron in 168 OCD patients failed to find a
significant Y-BOCS reduction at the end of 12 weeks [109]. These discrepant findings might
indicate that the low dose in the Phase 2 trial was not sufficient to engage relevant neural
circuitry; alternatively, perhaps ondansetron is effective only for sensory phenomena, but
their prevalence was not reported in this or prior trials. Addressing this issue, a double-blind
placebo-controlled mechanistic trial testing the effects of repeated high-dose ondansetron on
SP and neural circuitry is currently underway in OCD (NCT03239210).

Non-invasive neuromodulation approaches (Table 3) can also be used to target SP circuitry.
Open-label studies have shown efficacy in reducing OCD and tic symptom severity using
low frequency (inhibitory) rTMS to the SMA [110-111 but see 112], though these studies
did not examine effects on SP specifically. Based on findings from rTMS and DBS

studies in OCD, Senco et al. [113] proposed using tDCS with the cathode over pre-SMA
and anode over an extra-cephalic region, a montage that has shown some efficacy in
reducing OCD symptom severity [114]. One limitation of standard rTMS approaches

is their relatively low depth, which corresponds to targeting mostly cortical structures.

To overcome this issue, novel rTMS coils (H-coils) have been designed [115], which
generate deeper electromagnetic fields at the same motor threshold intensity [116]. A study
in non-psychiatric volunteers showed that H-coil TMS targeting the insula significantly
modulated metabolic activity in connection regions, including the sensorimotor striatum
[117]. Interestingly, the insula is associated with addiction behavior and clinical trials have
shown that H-coil TMS of the insula in substance use disorders alleviated symptoms [118].
Taken together, these findings suggest that H-coil TMS can modulate the insula and might
therefore be useful in improving SP in OCD.
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Ventral cognitive circuit

Ventral cognitive dysfunctions in OCD

The ventral cognitive circuit includes prefrontal and striatal regions involved in self-
regulatory behaviors (Figure 4) [16]. One ventral cognitive function that has been proposed
as fundamentally involved in OCD is response inhibition, which is the ability to withhold
inappropriate behaviors. Response inhibition is mediated in part by the inferior frontal
gyrus (IFG) and the subthalamic nucleus (STN) (Table 2) [16, 119], although other regions
beyond the ventral cognitive circuit, such as the inferior parietal lobule and insula, are also
involved [120]. The persistence of maladaptive, repetitive thoughts and behaviors in OCD,
despite awareness that these are excessive, unreasonable and have negative consequences,

is suggestive of impairment inhibition. Such deficits might explain (partly at least) both the
expression of obsessions and the consequent compulsive behaviors. For instance, the patient
in Case vignette 4 (Table 1) describes an excessive checking ritual that she feels driven to
perform (despite consciously knowing it is excessive) before leaving the office at the end

of the work day, which is tied to her obsessive belief that something bad might happen

(an electrical short circuit might cause a fire). Impairments in inhibition may, in part, have
underpinned the expression of this obsessive-compulsive ritual at this point; specifically, the
patient was unable to prevent herself from performing the checking rituals (failed response
inhibition to repetitive behaviors). In support, content analyses have indicated that the
ability to ignore obsessive thoughts and withhold associated compulsive behaviors (i.e. use
inhibition effectively) is a key theme in patients’ experiences of symptoms [38].

Consistent with these clinical observations, meta-analyses have reported consistent
impairments in response inhibition performance [121] and neuroimaging studies have
reported reduced IFG and/or caudate activity during response inhibition [122-123] in OCD.
Still, not all studies report impairments in response inhibition in individuals with OCD
[124-126]. A meta-analysis comparing neuropsychological performance between OCD
patients with predominant washing versus checking symptoms reported significantly better
response inhibition in washers than checkers [127], suggesting that the presence of response
inhibition deficits may depend on the dimension of obsessive-compulsive symptoms.

It should be noted that the regions of the ventral cognitive circuit also interact with the

other neurocircuits and play a role in their functions. For instance, the STN is involved in
the control of emotional and motivational behaviors via its connections with fronto-limbic
and ventral affective circuits, respectively [128]. The IFG participates along with regions of
the dorsal cognitive circuit to form a network that mediates working memory [129]. Thus,
targeting the ventral cognitive circuit for response inhibition impairments in OCD, discussed
next, is likely to affect the function of other neurocircuits.

Treatments targeting ventral cognitive dysfunction in OCD

Support for the utility of targeting neural circuitry underlying response inhibition in
treatment for OCD was recently provided by Rappel and colleagues [130]. Recordings of
oscillatory theta activity, a robust neurophysiological marker of inhibitory control processes
[131], were taken from electrodes implanted in the STN for DBS treatment in patients with
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treatment-refractory OCD. STN theta oscillations were found to be smaller during failed
inhibition trials of a Go/Nogo task and during OCD-symptom provocation prior to DBS
stimulation. This pattern is consistent with the literature reporting that theta oscillations
increase during successful response inhibition and decrease during inhibitory failures [131]
and suggests that similar response inhibition failures were involved in the experience of
OCD symptoms during provocation. Fluctuations in OCD symptom severity measured over
1-year post-DBS-activation were accompanied by and correlated with alterations in the
level of theta oscillations; decreases in symptom severity co-occurred with increases in
theta oscillations and vice versa [130]. This finding suggests that better function in neural
mechanisms implicated in response inhibition are involved in OCD symptom improvement
in (some) treatment-refractory patients. Furthermore, this study indicates that stimulation
of the STN is an effective treatment approach for some individuals with OCD. Another
recent study also indicated that ventral cognitive circuit function can be improved by
ventral capsular/ventral striatal (VC/VS) DBS targeting the ALIC [132]. Widge et al. [132]
found that stimulation at this target resulted in significantly greater theta oscillations in
prefrontal regions, including the IFG, during an inhibition task in patients with OCD and/or
depression. These findings are consistent with recent connectomic analyses suggesting that
a specific white matter network connecting frontal regions to the STN was associated

with clinical response in ALIC, STN and other DBS techniques [70]. Future work should
consider whether this form of treatment is mainly effective for those patients with response
inhibition deficits.

In terms of non-invasive neuromodulatory treatments, fMRI-based neurofeedback training
to increase activity in the IFG during response inhibition has been successful in ADHD
[133-134]. Post-training, adolescents with ADHD showed reduced symptom severity as
well as increased IFG activity and stronger IFG-striatal functional connectivity during a
(non-trained) response inhibition task and neural activity changes were correlated with
symptom improvements [133-134]. A similar approach may be helpful for OCD patients
with response inhibition impairments.

Ventral affective circuit

Ventral affective dysfunctions in OCD

The ventral affective circuit includes the OFC, the ventral striatum (particularly the nucleus
accumbens, NAcc) and the thalamus (Figure 5) [16, 135] and is involved in reward-related
processes. One process relevant for OCD is reward responsiveness, which refers to the
ability to anticipate, represent and respond to rewards (Table 2) and is largely mediated

by dopaminergic signaling within the ventral affective circuit. In OCD, compulsions are
suggested to function either as rewards or as a means to avoid punishments because they
successfully (if maladaptively) diminish some of the anxiety associated with obsessions
[136-137]. Reduced sensitivity to rewards and/or exaggerated anticipation of punishments
have been proposed to underpin these reward responsiveness alterations [136-137] and can
be observed in the clinical phenotype of OCD. For instance, the patient in Case vignette

5 (Table 1) describes a preference for staying at home rather than trying new things; his
sensitivity to the potential rewards of trying new things appears to be blunted or at least
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overshadowed by exaggerated anticipation of potential punishment (feeling bad). Similarly,
previous studies have reported clinically significant levels of anhedonia, conceptualized as
the inability to experience pleasure and reduced sensitivity to rewards, in OCD patients,
which predicted OCD symptom severity independently of depression symptoms [138-139].
Previous work has also indicated that a proportion of patients with OCD report feelings of
reward and positive affect following the completion of compulsive behaviors [24, 38].

In support of these clinical observations, altered function of the ventral affective circuit has
been reported in OCD and linked to OCD symptoms. For instance, increased functional
connectivity between the NAcc and other reward circuit regions, including the OFC,

during rest has been reported in OCD and this increased connectivity correlated with

OCD symptom severity [140-141]. Similarly, studies examining neural activity during
experimental paradigms that engage the reward circuit (see Table 2) have reported altered
functional connectivity between the NAcc and/or OFC and other reward-related regions
during the anticipation of reward and punishment in OCD [141-142]. Several studies have
also reported underactivation of the NAcc and OFC during anticipation of reward (but

not during anticipation of punishment) and during reward-based decision-making [136, 143—
145] as well as poorer performance on reward-based decision-making and reward-learning
tasks [146-147]. Impaired generalization of reward but not punishment has also been found
in OCD [148]. These findings support the proposal that individuals with OCD have lowered
sensitivity to rewards. Yet, findings from other studies support the view that individuals with
OCD show enhanced sensitivity to, or an aversion of, punishment, as indicated by increased
learning from punishment on reward learning tasks [149], less risky decision-making on
gambling tasks [150] and greater reward-circuit activity during anticipation and/or receipt
of punishment but not reward [137, 151-152]. Altered dopaminergic signals during reward
learning have also been reported in OCD [153].

It is important to highlight that the NAcc plays a crucial role in the functions of several

of the other neurocircuits. In particular, dopaminergic reward signals from the NAcc are
integrated with activity in the sensorimotor circuit to facilitate the learning of associations
between stimuli and responses in the early stages of habit-learning [94]. The NAcc also
participates in processing and control of negative emotion along with fronto-limbic regions
[154]. Further, regions from other neurocircuits participate in the reward functions of the
ventral affective circuit, including the amygdala and vmPFC from the fronto-limbic circuit
[49] and the STN from the ventral cognitive circuit [128]. The anterior cingulate cortex
(ACC), which participates in emotional processing functions of the fronto-limbic circuit
[36], is also critically involved in processing reward signals relayed from the NAcc [135]
and has been found to be hyperactive during reward tasks in OCD [155].

Treatments targeting ventral affective dysfunction in OCD

Several treatment options may target reward mechanisms in OCD (Table 3). First, patients
on SSRIs have been found to perform better on reward-learning tasks than patients
off-SSRIs [156], indicating that these medications may be beneficial for improving
reward-related alterations in OCD. This is consistent with increasing recognition of the
importance of serotonin signaling in reward function [157]. Dopamine-acting drugs such as
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methylphenidate (Table 3) are effective in normalizing atypical reward-related performance
and neural activity in ADHD [158] and may be an effective augmentative strategy for
some OCD treatment resistant patients [155]. A recent study similarly reported altered
neural activity in the reward-circuit during a reward-learning task in OCD following acute
administrations of the dopamine-regulating drugs pramipexole and amisulpride [155].

Neuromodulation of the NAcc with DBS has been shown to significantly improve
symptoms, reduce aberrant NAcc activity and restore altered fronto-striatal connectivity

in treatment-resistant OCD [159]. Based on this finding, the authors [159] suggested that,
for some patients, dysregulated reward circuit activity interferes with the functioning of
other (i.e. fronto-striatal) circuits, and contributes to OCD symptoms, and that this can be
effectively reversed with neuromodulation. While originally developed for reward alterations
in depression, DBS targeting the medial forebrain bundle (white matter tracts connecting
regions of the reward system including the NAcc) also improves symptoms in treatment-
resistant OCD [160]. The approach of these studies targeting white matter fiber bundles is in
line with recent findings showing the importance of targeting white matter networks rather
than discrete cortical targets [70-71].

In terms of non-invasive neuromodulatory treatments, fMRI-based neurofeedback has
successfully been used in non-psychiatric samples to train individuals to increase NAcc
activity, which also elicited feelings of positive arousal [161]. Future research testing
whether fMRI-based neurofeedback training of the NAcc could benefit OCD patients who
show altered reward-related functions will be an important direction in the search for novel
OCD treatment targets.

Dorsal cognitive circuit

Dorsal cognitive dysfunctions in OCD

The dorsal cognitive circuit (Figure 6) underpins executive functions required for effective
goal-directed behavior, including planning, working memory and top-down control of
emotional, motivational and sensorimotor processes [16] (Table 2). These dorsal cognitive
regions connect to inferior parietal regions, forming the frontoparietal network [162-163],
which is discussed further in the Limitations section below. Given the central and generic
nature of the functions of this circuit, we do not propose particular dorsal cognitive
dysfunctions to be related to specific OCD symptom profiles (no vignettes were included).
Instead, dysfunction in this circuit may contribute to impairments in OCD in a more general
manner. For instance, working memory and planning appear to be impaired in OCD [121,
164] and, even when patients do not present behavioral deficits, they can show altered brain
activity, including underactive dIPFC and weaker dIPFC-striatal functional connectivity
[165-166]. Experimental studies have reported impaired memory functions to correlate with
OCD symptom dimensions, including pathological doubt [166] and compulsive checking
[167]. It is possible that these executive dysfunctions exacerbate obsessive-compulsive
symptoms. Indeed, studies examining the content of patients” symptom experiences have
suggested that difficulties with attention and memory play a key role in aggravating

OCD symptoms; for example, some patients report that failures of these functions during
compulsive rituals prevent them achieving a sense of completeness and/or they lead to the
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patient having to engage in further repetitions of the ritual [38]. As discussed in relation to
the fronto-limbic circuit, difficulties recruiting dorsal prefrontal regions for efficient emotion
regulation has been reported during cognitive reappraisal of OCD-provoking stimuli in
OCD [39, 60] and may contribute to the persistence of fear-related obsessive-compulsive
symptoms. Treatments targeted at dorsal cognitive circuitry may therefore help with top-
down control of the emotional response to symptoms in OCD.

Treatments targeting dorsal-cognitive dysfunction in OCD

The cognitive reappraisal component of CBT (Table 3) trains patients to change their
thoughts and emotional responses to OCD symptoms and is known to engage dorsal
prefrontal regions [35-36, 39, 51]. Cognitive reappraisal is therefore likely to be useful

for patients presenting with emotion regulation deficits mediated by dorsal cognitive
circuitry. Cognitive training programs for OCD targeting executive functions including
organizational strategies and planning (see Table 3) have been tried in a small number

of studies [168-171]. The programs were found to improve the executive functions targeted
[168—171] and, in three studies, OCD symptoms [169-171]. Preliminary findings suggest
that methylphenidate augmentation may be beneficial in treatment-resistant OCD [172].
Further, some patients with OCD who report their symptoms to be exacerbated by executive
function problems also note that their symptoms have improved during treatment with
methylphenidate [38]. Methylphenidate increases central dopamine and norepinephrine
activity, which improves executive and attentional functioning and emotion regulation
[173], in addition to influencing reward mechanisms as reported above. However, there

are some case reports that methylphenidate can worsen OCD symptoms [174] and for some
patients antipsychotic medications that reduce dopamine levels are effective [175] (Table
3). These findings are in line with other research indicating that optimal dopamine levels
for executive functions follow an inverted U-shaped curve and depend on the individual’s
baseline levels [176]. Non-invasive neuromodulatory approaches (rTMS, tDCS) stimulating
dorsal cognitive regions including the dIPFC and pre-SMA show efficacy in reducing OCD
symptoms [62, 177-179] even in treatment-resistant cases [178-179]. It should be noted,
however, that the pre-SMA target is likely to affect activity in several circuits (sensorimotor,
ventral cognitive) and not the dorsal cognitive circuit alone.

Testing the neurocircuit-based taxonomy to guide OCD treatment

The circuit-based approach to OCD presented here is speculative at this point but provides
hypotheses to be tested in future research. For instance, the following strategies could be
employed based on the neurocircuits involved: a) increase dorsal PFC recruitment to down-
regulate fronto-limbic activity to improve fear/anxiety regulation, and modulate amygdala
and vmPFC function directly to restore typical emotional responses; b) reduce atypically
increased sensorimotor circuit activity to ameliorate sensory phenomena and excessive habit
formation; c) increase IFG activity to improve inhibitory control of compulsive and habitual
behaviors; d) regulate NAcc activity to achieve typical responsiveness to rewards; and e)
restore typical dorsal PFC function to re-establish effective executive functioning.
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These hypotheses could be tested in a number of ways. Re-analysis of existing datasets from
treatment trials in OCD (pooled across individual studies, if necessary) that have included
neuroimaging and/or neurocognitive measures could be conducted to examine whether the
different neurocognitive dysfunctions and neurocircuit alterations discussed here predict
better or worse response to our suggested neurocircuit-specific treatment options (e.g. do
patients with fronto-limbic and ventral affective circuit dysfunctions respond better to SSRIs
than those without?). For new studies, an important step will be to confirm the presence of
the clinical profiles we propose. This could be achieved by content analyses of interviews

in which patients describe their symptoms to confirm that dysregulated fear-like emotions,
difficulties coping with uncertainty, sensory phenomena, a transition from obsession-driven
compulsions to ritualistic habit-like behaviors, reward alterations and executive dysfunctions
are valid themes under which patients can be grouped. Next, patients could be stratified
based on their clinical profiles (e.g. sensory phenomena, dysregulated fear, excessive habit-
formation), performance on neurocognitive tasks and underlying neural activity patterns

in different neurocircuits and randomized to different treatment methods (e.g. dIPFC or pre-
SMA tDCS/rTMS, amygdala fMRI-based neurofeedback, habit-reversal training) to assess
whether treatments tailored to specific neurocircuits are more effective.

Limitations

In this paper we report dysfunctions in distinct neurocircuits, which we propose may
underlie different clinical profiles in OCD. Yet, the complex phenomenology of the
condition likely reflects widespread abnormalities across multiple brain regions and
circuits encompassing a variety of emotional, cognitive, and behavioral domains, like

most psychiatric disorders [5, 7]. A single mechanism is therefore unlikely to explain

such a heterogeneous disorder, and the different clinical profiles of OCD we present here
will overlap, interact, and co-occur in individual patients. Likewise, CSTC circuits are
interconnected rather than fully segregated and activity (or dysfunction) in one circuit

will affect the integrity of the others [13]. Moreover, OCD symptoms wax and wane

and change in type over the lifespan. Consequently, a patient may have different circuit
abnormalities at different stages of development. Such developmental variations have not
been captured in previous neuroimaging studies, which have mostly been cross-sectional
rather than longitudinal. The stage and chronicity of disease and effects of past and current
treatments on brain neuroplasticity have also not been adequately addressed in neuroimaging
work [16].

Furthermore, although CSTC circuits have been most extensively studied and related to

the neurobiology of OCD, other structures also appear to be relevant. For example, recent
work highlights the importance of dysfunction in connectional “hub” regions in a range

of disorders [180-183]. “Hubs” are regions characterized by particularly dense connections
with other brain regions and as such are crucial for the efficient function of neurocircuits
[184]. Hub regions include, among others, the inferior parietal lobule, which is strongly
connected with frontal and subcortical regions and critically involved in mediating attention,
particularly attentional bias towards disease-relevant stimuli (such as threatening images),
and may represent a key transdiagnostic region of dysfunction and a treatment target

for OCD and anxiety disorders [180-181]. Indeed, a large multisite consortium study
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(ENIGMA, [185]) revealed thinner inferior parietal cortex in OCD patients compared to
non-psychiatric volunteers [186]. Other hub regions include the cingulum, anterior insula,
anterior cingulate cortex (ACC) and dorsal striatum [182-184], which are involved in
several of the circuits discussed here. These hub regions appear to be involved in many
self-regulatory control functions, including cognitive reappraisal and extinction of learned
fear, and as such may be key targets in different forms of interventions for OCD and other
disorders [182, 184]. Finally, the fronto-parietal network, strongly connected to the dorsal
and ventral cognitive circuits, is also likely to be important in OCD [14, 162-163, 187]. This
network is involved in coordinating attention, cognitive control and working memory [162—
163, 188] and has been implicated in other disorders including depression and schizophrenia
[7, 189]. These considerations are important since many previous neuroimaging studies

in OCD have used seed-based analysis of fronto-striatal circuits, despite the potential for
abnormalities in other regions [187].

Regarding non-invasive neuromodulatory strategies, although they represent an interesting
approach to explore and modulate circuits, it should be underscored that the current montage
of some techniques such as tDCS and rTMS has low spatial focality and several circuits

are likely to be modulated. Moreover, tDCS and rTMS still present large inter- and intra-
individual variability in response [190]. Concerning DBS, although this intervention is more
focal, it is also costly and used only in refractory, severe cases that likely involve several
neurocircuits or a very severe disruption in a specific circuit. Furthermore, in this review we
focused mainly on the gray or white matter target of DBS in suggesting neurocircuit-specific
treatment strategies, but recent evidence suggests that the white matter network to which
each target connects may be more important and that several discrete DBS targets may
converge on a single network to improve OCD symptoms [70-71, 132].

Finally, given the multiple mechanisms underlying psychiatric symptoms and the many
considerations relevant to treatment decisions (which require a complex assessment of a
range of factors, including understanding the function of symptoms, their social context,
the risks versus benefits of treatment and patient access and preferences for treatment), a
neurocircuit approach as we propose here may not be any simpler or more scientifically
tractable than DSM defined disorders or other constructs. For example, SSRIs, whose effects
impact on several of these circuits, at high doses are a remarkably useful intervention

in OCD across different phenotypes and easier for a clinician to remember than having

to target several different putative clinical profiles of the condition [191]. There is also

the issue of how to identify clinical profiles and underlying neurocircuit alterations in
individual patients, which would require the development of validated assessment protocols
with established sensitivity and specificity.

Concluding remarks

We present a heuristic model of how to integrate and transform information generated by
the vast array of recent neuroscience studies into guided principles toward treatment of
OCD patients. Although a neurocircuit-based taxonomy for OCD is still in its nascent stage,
knowledge accumulated in the last few decades regarding different neurocognitive functions
relevant to OCD and their underlying neural mechanisms can provide insights into possible
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disease mechanisms and potential novel neurocircuit-based treatment targets. Given that the
current diagnostic approach [1-2] of defining mental disorders by groups of symptoms does
not demonstrate robust and reliable circuitry abnormalities across individuals diagnosed with
the same disorder, treatments targeting specific circuits open the possibility of addressing
their underlying symptomatology rather than the disorder as a whole [192]. If specific
alterations in circuits governing functions like fear, subjective sensory experiences, habitual
behaviors, response inhibition, reward and executive function define particular clinical
profiles of OCD, then therapies targeting specific circuits and corresponding clinical profiles
could be developed. Since OCD phenotypes involve overlapping circuits, we speculate that
successful treatment of OCD will necessitate addressing multiple circuits, according to the
clinical profile. Given that some of these clinical profiles are seen in other disorders (e.g.,
sensory phenomena in tic disorders), once specific circuit-based treatment approaches are
better established they could also be used to treat these clinical profiles across diagnoses
rather than within a single categorical diagnosis [192].
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Figure 1. Fivecircuitsinvolved in OCD
according to van den Heuvel et al. (2016) [16]. The fronto-limbic circuit (red) includes

the amygdala and ventromedial prefrontal cortex (vmPFC) and is involved in producing
emotional responses, such as fear and anxiety. The sensorimotor circuit (green) includes
the supplementary motor area (SMA), putamen and thalamus and is involved in producing
and controlling motor behavior and the integration of sensory information. The ventral
cognitive circuit (yellow) includes the inferior frontal gyrus (IFG), ventrolateral prefrontal
cortex (VIPFC), ventral caudate and thalamus and is involved in self-regulatory behavioral
control. The ventral affective circuit (purple) includes the orbitofrontal cortex, nucleus
accumbens (NAcc) and thalamus and is involved in processing and responding to reward.
The dorsal cognitive circuit (blue) includes the dorsolateral prefrontal cortex (dIPFC),
dorsomedial prefrontal cortex (dmPFC), dorsal caudate and thalamus and is involved in
executive functions (e.g. working memory, planning) and emotion regulation.

Mol Psychiatry. Author manuscript; available in PMC 2022 March 01.



1duosnue Joyiny

Shephard et al. Page 31

Ventromedial
Prefrontal
Cortex

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Ventral Orbitofrontal Cortex
Ventral Part of Medial Frontal Gyrus

Ventral Anterior Cingulate Cortex

Amygdala

Figure 2. The fronto-limbic circuit
includes the amygdala and ventromedial prefrontal cortex (vmPFC, consisting of ventral

orbitofrontal cortex, ventral anterior cingulate cortex and the ventral part of medial frontal
gyrus). These regions are structurally and functionally connected with each other to form
a network that generates emotional responses (amygdala and NAcc) and evaluates whether
those responses are appropriate or require regulation (vmPFC). The fronto-limbic circuit
is connected with the hippocampus and regions from other circuits that are involved in
top-down behavioral control, including the dorsolateral prefrontal cortex (dIPFC) from the
dorsal cognitive circuit, and can recruit these regions to dampen fronto-limbic activity
thereby facilitating emotional regulation.
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Figure 3. The sensorimotor circuit
includes cortical and subcortical regions involved in the generation and control of motor

behaviours (primary motor cortex - precentral gyrus, supplementary motor area, putamen,
globus pallidus and thalamus) and the integration of sensory information (postcentral gyri,
secondary somatosensory cortex, insula).
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Figure 4. Theventral cognitive circuit
includes prefrontal (inferior frontal gyrus, ventrolateral prefrontal cortex) and subcortical

regions (ventral caudate and thalamus) involved in self-regulatory functions. The inferior
frontal gyrus (IFG), particularly in the right hemisphere, and ventral caudate together
act as a “braking system”, which implements response inhibition, the ability to withhold
inappropriate responses.
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Figure 5. Theventral affective circuit
includes the orbitofrontal cortex (OFC), ventral striatum (particularly the nucleus

accumbens, NAcc) and the thalamus. This circuit is crucially involved in reward functions
which are largely mediated by dopaminergic signaling.
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Figure 6. The dorsal cognitive circuit
involves the pre-supplementary motor area (pre-SMA), dorsolateral PFC (dIPFC),

dorsomedial PFC (dmPFC), dorsal caudate and thalamus and handles executive functions
such as working memory and planning/organization and emotion regulation.
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