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Abstract

1.

Effective pharmacological and psychotherapeutic treatments are well established for obsessive-
compulsive disorder (OCD). Serotonin reuptake inhibitors (SRIs) are first-line treatment and are
of benefit to about half of patients. Augmentation of SRI treatment with low-dose neuroleptics

is an evidence-based second-line strategy. Specialty psychotherapy is also used as both first-line
and second-line treatment and can benefit many. However, a substantial number of patients do
not respond to these treatments. New alternatives are urgently needed. This review summarizes
evidence for these established pharmacotherapeutic strategies, and for others that have been
investigated in refractory disease but are not supported by the same level of evidence. We focus on
three neurotransmitter systems in the brain: serotonin, dopamine, and glutamate. \WWe summarize
evidence from genetic, neuroimaging, animal model, and other lines of investigation that probe
these three systems in patients with OCD. We also review recent work on predictors of response
to current treatments. While many studies suggest abnormalities that may provide insight into the
pathophysiology of the disorder, most studies have been small, and non-replication of reported
findings has been common. Nevertheless, the gradual accrual of evidence for neurotransmitter
dysregulation may in time lead the way to new pharmacological strategies.

Introduction

Obsessive-compulsive disorder (OCD) affects approximately one person in 40 over the
course of a lifetime and causes significant morbidity, worldwide (Ruscio, Stein et al. 2010,
Kessler, Petukhova et al. 2012, Hollander, Doernberg et al. 2016, Torres, Fontenelle et al.
2017). Once considered rare (Rasmussen and Eisen 1990), OCD is now recognized as a
significant source of both personal suffering and public health impact (Ruscio, Stein et

al. 2010, Hollander, Doernberg et al. 2016, Boisseau, Schhwartzman et al. 2017, Torres,
Fontenelle et al. 2017) and is the focus of substantial research, as epitomized by the current
volume. Pharmacological and psychotherapeutic treatments for OCD are well established
and supported by a robust evidence base (Skapinakis, Caldwell et al. 2016). Unfortunately, a
substantial minority of patients, perhaps as many as a third, get little benefit from available
treatments. Remission of symptoms is rare in those with moderate to severe disease, even
with the best treatments we currently have to offer. There is thus an urgent need for

new insights into the causes and pathophysiology of the disorder, and new strategies for
treatment, prevention, and cure.
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This chapter provides a critical review of available pharmacological treatments for OCD.
The goal is not to present an exhaustive summary of the current literature or a practical
guide for clinicians; these have been recently provided by others (Fineberg, Reghunandanan
et al. 2015, Skapinakis, Caldwell et al. 2016, Pittenger 2017, Reid, Reghunandanan et

al. 2017). The focus on psychopharmacology should not be construed as implying that
medication treatment of OCD is all that is needed in most cases; specialized cognitive-
behavioral therapy is a first-line treatment and is often a critical component of an optimal
treatment program (Excellence 2006, Koran, Hanna et al. 2007). Here, however, the focus
is on pharmacology, and more specifically on pharmacology in adults. We review current
evidence-based treatments, and some other treatment strategies that are sometimes used
clinically in refractory disease despite a weaker evidence base. We then consider what these
strategies may be telling us about the underlying mechanisms of disease, and other lines of
evidence (genetics, neuroimaging, pharmacological challenge studies, animal models) that
may help inform our understanding of these mechanisms.

Importantly, the efficacy of a particular drug cannot by itself identify specific
pathophysiological mechanisms. Pharmacological treatment may act by reversing a core
disease-associated abnormality, as when levothyroxine supplementation replaces missing
thyroid hormone in primary hypothyroidism, or L-DOPA treatment increases dopamine
production to compensate for dopamine depletion in Parkinson’s disease. In such a case,
extrapolation from the mechanism of action of a drug to inferences about pathophysiology
is straightforward. But a medication can also treat disease by indirectly counteracting
pathophysiology through its downstream effects; for example, interferon gamma has
historically been used to cure hepatitis C by stimulating the immune system to eliminate

the virus, but this does not imply that hepatitis is caused by interferon deficiency. Finally, a
medication can compensate for disease pathophysiology without reversing it. For instance,
diuretics such as furosemide are a mainstay of treatment for congestive heart failure (CHF)
but act on the kidney, not the heart; they do not reverse heart failure but rather mitigate some
of its consequences by removing fluid, thus achieving a new, more functional equilibrium. It
would be an error to infer that, because furosemide provides clinical benefit in patients, CHF
must be, at its core, a disease of excessive fluid retention by the kidney.

Similarly, in the case of OCD, we cannot facilely conclude from the well-established
efficacy of selective serotonin reuptake inhibitors (SSRIs) (Soomro, Altman et al. 2008,
Issari, Jakubovski et al. 2016) that serotonin deficiency or dysregulation is central to the
underlying pathophysiology of the condition. Indeed, as further discussed below, evidence
from other sources (genetics, neuroimaging; see chapters “The Future of Obsessive-
Compulsive Spectrum Disorders: A Research Perspective”, “ Genetics of OCD and Related
Disorders; Searching for Shared Factors”, “ Recent Developments in the Habit Hypothesis
of OCD and Compulsive Disorders”, and “ Invasive and Non-invasive Neurostimulation for
OCD?”) provides limited support for this theory. Nevertheless, thoughtful consideration of
the pattern of medication response may provide some hints as to what is happening in the
brain in patients, or at least facilitate the framing of new hypotheses.

It is widely appreciated, but nevertheless important to state, that OCD is an extremely
heterogeneous disorder. This creates challenges both to studies of pathophysiology and
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to the development and validation of new treatments. It is clear that OCD does not

have a unitary cause. Genetic factors, which determine 40-50% of the risk (Davis, Yu et

al. 2013), are complex and not well understood (Fernandez, Leckman et al. 2018), and
developmental or environmental contributors are even more mysterious (see chapters “The
Future of Obsessive-Compulsive Spectrum Disorders: A Research Perspective”, “ On the
Development of OCD”, “Genetics of OCD and Related Disorders; Searching for Shared
Factors”, and “New Directions for Surgical Ablation Treatment of Obsessive Compulsive
Disorder”). Given this causal complexity, and presumed heterogeneity, group-level studies
may obscure important truths. For example, a recent genetic analysis identified 2 candidate
rare genetic causes of OCD and suggested the existence of as many as 400 similar rare,
large-effect mutations, each explaining a tiny fraction of cases (Cappi, Oliphant et al. 2019).
Such rare causes may be determinative in individual cases but will never be seen in a
population study (Stewart, Yu et al. 2013, Mattheisen, Samuels et al. 2015, International
Obsessive Compulsive Disorder Foundation Genetics and Studies 2018), as they explain too
little of the population variance.

This heterogeneity in turn complicates the search for new treatments, pharmacological or
otherwise. In the extreme case, a treatment might be curative in patients who carry a
particular causal mutation but completely ineffective in those who do not; such a treatment
will never show statistically significant benefit in the heterogeneous clinical populations
enrolled in large controlled treatment studies. It may be necessary to stratify studies

by underlying pathophysiology in order to reach the ultimate ‘precision medicine’ goal

of identifying the optimal treatment for each patient. Such stratification by individual
characteristics may be a realistic near-term goal in the treatment of cancer (for example)
(Friedman, Letai et al. 2015), but we are far from achieving this precision in the treatment of
OCD, or any other psychiatric syndrome.

It is possible that clinical OCD represents a final common pathway that individuals can
reach through a range of different trajectories (Pittenger, Gruner et al. 2017). Alternatively,

it may not be a unitary condition at all but rather a multidimensional spectrum (Bloch,
Landeros-Weisenberger et al. 2008, Olatunji, Ebesutani et al. 2017), or a collection of
phenomenologically overlapping pathophysiological entities that share no common core. We
must be modest in what we can expect of group-level pharmacological treatment studies;
given the heterogeneity of OCD, it is unlikely that any treatment will produce dramatic
benefit in all patients. Indeed, this prediction matches experience: SSRIs, the mainstay of the
pharmacological treatment of OCD, are of significant benefit in 40-50% of patients, but of
limited benefit in others, and none at all in a distressingly large minority.

With this context in mind — and these caveats — we turn to a review of current
pharmacological treatments, and the brain systems that they implicate.

2. Serotonin reuptake inhibitors

Efficacy of serotonin reuptake inhibitors (SRISs).

Clomipramine, a tricyclic antidepressant that potently blocks serotonin reuptake (Wishart,
Feunang et al. 2018), was first identified as a potential treatment for OCD in the 1960s
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(Fernandez Cordoba and Lopez-lbor Alino 1967, Fineberg and Gale 2005). Randomized,
placebo-controlled trials began to appear in the early 1980s (Marks, Stern et al. 1980,

Insel, Murphy et al. 1983), and two definitive multi-center trials were completed at the end
of that decade, with robustly positive results (DeVeaugh-Geiss, Landau et al. 1989, Katz,
DeVeaugh-Geiss et al. 1990, Group 1991). Meta-analysis of multiple controlled studies
unambiguously demonstrates benefit from clomipramine treatment (Skapinakis, Caldwell

et al. 2016). However, clomipramine is not recommended as a first-line agent in current
treatment guidelines, because of its problematic side effect profile (Baldwin, Anderson et al.
2005, Excellence 2006, Koran, Hanna et al. 2007).

The selective serotonin reuptake inhibitors (SSRIs) — fluoxetine, fluvoxamine, sertraline,
paroxetine, citalopram, and escitalopram — are the mainstay of the pharmacotherapy of
OCD and the first-line pharmacological recommendation in all major treatment guidelines
(Baldwin, Anderson et al. 2005, Excellence 2006, Koran, Hanna et al. 2007, Fineberg,
Reghunandanan et al. 2015). They were first shown to be efficacious in the late 1980s
(Perse, Greist et al. 1987, Goodman, Price et al. 1989, Montgomery, Mcintyre et al. 1993);
efficacy has now been shown across multiple double-blind, placebo-controlled studies and is
unambiguously supported by meta-analysis (Soomro, Altman et al. 2008, Issari, Jakubovski
et al. 2016, Skapinakis, Caldwell et al. 2016). The SSRIs appear to be slightly less
efficacious than clomipramine (Skapinakis, Caldwell et al. 2016), though this has never
been demonstrated in a head-to-head comparison. Nevertheless, their favorable side effect
and safety profile makes them the first choice for pharmacological treatment in most or all
cases (Excellence 2006, Koran, Hanna et al. 2007, Fineberg, Reghunandanan et al. 2015).

The six available SSRIs have all been shown to be efficacious in the treatment of OCD.
Fluoxetine, fluvoxamine, sertraline, and paroxetine are approved by the United States Food
and Drug Agency and by parallel regulatory agencies in other countries for this indication;
escitalopram is also approved in Europe. Citalopram and escitalopram (in the United

States) are often used off-label (Excellence 2006, Koran, Hanna et al. 2007, Fineberg,
Reghunandanan et al. 2015, Reid, Reghunandanan et al. 2017). Head-to-head comparisons
between these agents are sparse and have not shown differential efficacy; meta-analysis
similarly shows no difference between them (Soomro, Altman et al. 2008, Issari, Jakubovski
et al. 2016, Skapinakis, Caldwell et al. 2016).

SSRI dosage.

Optimal SSRI response in OCD is achieved at high doses (Bloch, McGuire et al. 2010),
and doses in excess of the approved antidepressant dose range are often used. For example,
treatment guidelines suggest doses of fluoxetine of up to 120 mg/dy, fluvoxamine up to 450
mg/dy, and sertraline up to 400 mg/dy (Koran, Hanna et al. 2007, Reid, Reghunandanan et
al. 2017). The clinical importance of this guidance is clear but should not be exaggerated,;
more typical SSRI doses are of benefit to many, and the added benefit of raising them
beyond the usual range is modest, at the population level. That said, in the absence of
problematic side effects and or other contraindications, it is good practice to push to high
doses before declaring a trial a failure, lest a potentially beneficial treatment be abandoned
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prematurely. The highest doses are typically tried when more typical doses produce partial
response without problematic side effects.

A caveat to this guidance arose about a decade ago with the observation that high doses

of citalopram are sometimes associated with an increase in the QTc interval on the

EKG (FDA 2012), which could in principle lead to dangerous arrhythmias. This led to a
recommendation by the U.S. Food and Drug Administration that citalopram not be dosed
above 40 mg/dy, or above 20 mg/dy in those over 60 years old (Services 2012). Similar
concerns have been raised for escitalopram. Subsequent analyses have not revealed a clear
association between citalopram use and negative cardiac outcomes (Zivin, Pfeiffer et al.
2013, Hasnain and Vieweg 2014, Hutton, Cave et al. 2017); evidence remains equivocal.
Nevertheless, the FDA warning (and similar guidance in Canada and the United Kingdom
(Service 2011)) complicates the use of high-dose citalopram, and perhaps escitalopram, for
OCD; at the very least, medicolegal considerations must be taken into account, and EKG
monitoring is advisable. These factors have steered many prescribers away from the use of
high-dose citalopram in OCD, despite the clear evidence for efficacy (Bloch, McGuire et al.
2010, Issari, Jakubovski et al. 2016).

Duration of SSRI treatment.

Full clinical response to SSRI pharmacotherapy in OCD often takes many weeks (Soomro,
Altman et al. 2008). Treatment guidelines therefore recommend trials of 8-12 weeks before
a particular medication can be declared ineffective (Baldwin, Anderson et al. 2005, Koran,
Hanna et al. 2007). This can be a source of frustration for both prescribers and patients,

as it may entail continuation of ineffective treatment for many weeks before moving on to
an alternative strategy. There is evidence that SRI benefit begins early in treatment; in the
largest, best-powered of the early clomipramine efficacy trials benefit was seen as early as
2 weeks (DeVeaugh-Geiss, Landau et al. 1989); and a recent meta-analysis including data
from more than 3200 patients concluded that benefit begins shortly after treatment initiation
and indeed is greatest in the early weeks (Issari, Jakubovski et al. 2016) (though it takes
several weeks to accumulate to the point of being statistically detectable in clinical studies).
Partial early response may therefore be a useful indicator of the likelihood of later benefit;
indeed, one study examining this issue found that only 20% of patients who did not show
partial response at 4 weeks went on to develop a full clinical response (=35% improvement)
at 12 weeks (da Conceicao Costa, Shavitt et al. 2013). Early response may therefore be a
clinically useful indicator of the likely ultimate benefit from a particular drug trial, though
with some risk of premature termination in a fraction of patients who would ultimately
respond to a full-length trial.

Optimization of SSRI treatment.

Unfortunately, a substantial fraction of patients — close to half — do not respond to a first
SSRI trial. There are several reasonable strategies to optimize SRI response. While our
focus in this review is on pharmacotherapy, evidence-based psychotherapy should always
be considered in this context (Koran, Hanna et al. 2007, Simpson, Foa et al. 2013). If
response is partial, further escalation of SSRI dose or extension of a trial is a reasonable
strategy. Higher doses are often more effective, as noted above (Bloch, McGuire et al.
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2010, Issari, Jakubovski et al. 2016); and in some patients, full response becomes apparent
only after many months (Rasmussen, Hackett et al. 1997). Intravenous SRI treatment

has been used in a few studies as a way to rapidly achieve high doses; there is some
evidence of benefit in those who have not responded to standard dosing (Fallon, Liebowitz
et al. 1998, Pallanti, Quercioli et al. 2002, Karameh and Khani 2015), but this is not a
widely available therapeutic strategy. Switching to a second SSRI may be of benefit in
some patients, although the likelihood of response declines with subsequent trials (Reid,
Reghunandanan et al. 2017). Switching from an SSRI to clomipramine is more likely to
be of benefit, and clomipramine should therefore be considered as a second- or third-line
intervention, when initial SSRI monotherapy is ineffective (Koran, Hanna et al. 2007). Other
strategies, such as combination of two different SSRIs, or of an SSRI and clomipramineg,
have been investigated in small trials (Reid, Reghunandanan et al. 2017), but the evidence
is insufficient to support any of these as a clear next step after initial nonresponse. Such
combination regimens increase the risk of drug-drug interactions and problematic side
effects.

3. Other serotonergic agents.

The efficacy of monotherapy with serotonin reuptake inhibitors (clomipramine and SSRISs)
has motivated trials of other serotonergic strategies, especially in patients who do not
respond to an initial SSRI trial. No other agents have been definitively shown to be effective;
but most trials have been small, and the evidence for other serotonergic agents is thus best
considered equivocal, rather than negative.

Serotonin-norepinephrine dual reuptake inhibitors.

A few studies have investigated the dual reuptake inhibitor venlafaxine as monotherapy

in OCD, with mixed results. An early study reported that patients who failed initial SSRI
treatment were more likely to respond if they were switched to venlafaxine treatment

than if they were switched to an alternative SSRI (L, U et al. 2001); but a subsequent
crossover study found the opposite result (Denys, van Megen et al. 2004). More recently,
an observational study from India found a high rate of response to venlafaxine treatment

in SSRI nonresponders (Balachander, Kodancha et al. 2019). There are no published trials
of desvenlafaxine in OCD. Duloxetine treatment of OCD has been reported in a number of
case reports, and in one controlled trial that found similar response to duloxetine versus a
second SSRI after failure of response to a first SSRI trial (Mowla, Boostani et al. 2016). It is
difficult to draw firm conclusions from these small studies.

Serotonin agonists and antagonists.

Buspirone is a partial agonist of the 5-HT1A receptor, with some affinity for dopamine D3
and D4 receptors. It is marketed for the treatment of generalized anxiety disorder. Controlled
data in OCD are limited, and largely negative (Koran, Hanna et al. 2007). High doses of
buspirone are advocated by some experts as an augmentation strategy for SSRI-resistant
OCD symptoms; however, this strategy has not been rigorously tested in controlled studies.
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Pindolol is both a 5-HT1A and a beta-adrenergic antagonist. Small, early controlled
studies reported some benefit from either monotherapy or augmentation of SSRI treatment
(Koran, Hanna et al. 2007). A recent meta-analysis of controlled augmentation studies
showed a trend towards symptom improvement with pindolol augmentation, but it did not
reach statistical significance (Sassano-Higgins and Pato 2015). More research is needed to
establish the therapeutic role of this agent, if any.

Mirtazapine is an alpha-2 adrenergic agonist and an antagonist of the serotonin 2A, 2C, and
3 receptors. Two controlled studies have studied its effects in OCD and suggest that it may
produce some benefit, or may accelerate the response to a concomitantly prescribed SSRI
(Pallanti, Quercioli et al. 2004, Koran, Gamel et al. 2005). Again, more work is needed
before clear conclusions can be drawn.

Ondansetron is an agonist of the 5-HT3 serotonin receptor; it is indicated for the treatment
of nausea. Five controlled studies examined its use in OCD, with some evidence of benefit
even at very low doses (Serata, Kotzalidis et al. 2015). This motivated a large, multi-site
study by Transcept Pharmaceuticals (NCT01275248). Unfortunately, this trial failed to
meet its primary efficacy endpoint (BioSpace 2012) (though it remains unpublished). The
appropriate role of ondansetron in the treatment of OCD therefore remains unclear.

4. Serotonin dysregulation in OCD.

The clear benefit of SRI treatment in OCD has motivated interest in serotonin dysregulation
as a pathophysiological contributor (Graat, Figee et al. 2017, Szechtman, Harvey et al.
2020). This has been one motivation for the many (largely inconclusive) trials of other
serotoninergic agents summarized above. Importantly, the fact that SRIs often produce
therapeutic benefit does not constitute proof that serotonin abnormalities are causally related
to OCD symptoms, as noted earlier in this article; this remains an empirical question.

Genetic findings have suggested that alleles of genes involved in serotonergic
neurotransmission, as a group, may contribute to OCD risk, though they have not yet
unambiguously identified specific alleles or genes with adequate statistical confidence
(Sinopoli, Burton et al. 2017).

The serotonin reuptake transporter.

Clomipramine and the SSRIs block the action of the serotonin reuptake transporter, also
known as 5-HTT or SERT, which is encoded by the SLC6A4 gene on chromosome 17. This
is therefore an obvious candidate actor in the pathophysiology of OCD, and it has been
intensively investigated.

Polymorphisms in the SLC6A4 gene appear to make a small contribution to OCD risk. An
intensively studied polymorphism in the promoter region of the gene influences expression
levels and has been associated with neuroticism, depression, and the response to stress or
trauma (Caspi, Sugden et al. 2003, Risch, Herrell et al. 2009, Clarke, Flint et al. 2010,
Talati, Odgerel et al. 2017). Multiple candidate gene association studies have examined
this polymorphism in OCD. Early results were mixed (Bloch, Landeros-Weisenberger et
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al. 2008); but more recent meta-analysis suggests a positive association, with an odds ratio
of approximately 1.25 (i.e. carriers of the risk allele have a 25% higher likelihood of
developing OCD than those without) (Taylor 2013). It is important to note that candidate
gene studies have a checkered history in neuropsychiatry, with most failing to replicate
(Altshuler, Daly et al. 2008). In OCD, out of well over a hundred candidate gene studies,
most have not replicated (Fernandez, Leckman et al. 2018). Such associations must therefore
be interpreted with caution. Genome-wide association studies (GWAS), which can largely
avoid the pitfalls of candidate gene studies, have not to date identified either SLC6A4 or any
other serotonin-related genes as leading candidate risk loci in OCD (International Obsessive
Compulsive Disorder Foundation Genetics and Studies 2018), but much larger studies are
needed to provide a comprehensive characterization of the genetic architecture of OCD risk.

Interestingly, the association of risk-associated polymorphisms in the promoter region with
neuroticism appears to be quantitatively similar to the association with OCD (Talati, Odgerel
et al. 2017), and the genetic correlation between neuroticism and major OCD symptom
dimensions is substantial (Bergin, Verhulst et al. 2014). Therefore, while there does seem

to be a statistically significant association between this polymorphism and OCD, it is
unclear that this is a specific effect, rather than a more general association with neuroticism
and related symptomatology (depression, anxiety, stress reactivity). Comparison with other
psychiatric diagnoses does suggest some specificity to the association with OCD (Taylor
2016), but this analysis is limited by the specific discrete disorders examined; neuroticism
was not included.

A parallel set of molecular brain imaging studies has examined 5-HTT protein in the

brain. Importantly, while genetic associations provide prima facie evidence for a causal
contribution of the implicated alleles in the development of disease, establishing the
association of brain imaging findings with pathophysiology is a more complex undertaking:
receptor abnormalities could be the cause of symptoms, but they could as easily be a
consequence of either symptoms or treatment, a compensation, or an epiphenomenon that
correlates with disease without contributing to it. Early studies with the positron emission
tomography (PET) ligand 11C-McN 5652 and the single photon emission computerized
tomography (SPECT) ligand 1231-8-CIT produced equivocal results, suggesting either
elevated (Pogarell, Hamann et al. 2003) or unchanged 5-HTT levels (Simpson, Lombardo et
al. 2003) relative to healthy controls (Nikolaus, Muller et al. 2016).

5-HTT is expressed at high levels in platelets, and studies examining receptor levels/binding
here have been more consistent, with most showing reduced 5-HTT ligand binding in
patients (Bastani, Arora et al. 1991, Marazziti, Hollander et al. 1992, Weizman, Mandel et
al. 1992, Marazziti, Rossi et al. 1996, Sallee, Richman et al. 1996, Marazziti, Pfanner et al.
1997, Marazziti, Dell’Osso et al. 1999, Delorme, Chabane et al. 2004), and some showing
correlation of this reduced binding with symptom severity (Marazziti, Pfanner et al. 1997)
or relationships with treatment outcome (Marazziti, Pfanner et al. 1997, Delorme, Chabane
et al. 2004). The challenge here is, of course, to understand the relationship between these
peripheral measures and what is happening in the brain. The status of brain 5-HTT in OCD
remains unclear.
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Serotonin 2A receptor.

The serotonin 2A receptor (5-HT2A), encoded by the H7TR2A gene, is a primarily
postsynaptic, G,q-coupled metabotropic receptor. Like 5-HTT it has been intensively
studied in candidate gene association studies in OCD. Meta-analysis suggests an association
with two linked alleles, rs6311 in the promotor region and rs6313 in the 5’ coding region
(Taylor 2013, Taylor 2016). As noted above, candidate gene associations must be interpreted
with caution; HTRZA has not emerged as a candidate from genome-wide association studies
to date (Fernandez, Leckman et al. 2018).

5-HT2A has also been studied using PET imaging. An early study, using the tracer
18F_altanserine, reported increased receptor availability in the caudate nucleus, bilaterally
(Adams, Hansen et al. 2005). Of note, 5-HT2A levels are low in the basal ganglia, and
between-group differences in this structure can thus be difficult to detect. In contrast,

a smaller study with the tracer 11C-MDL reported reduced receptor availability across
multiple cortical regions; tracer binding in the caudate and putamen was not reported
(Perani, Garibotto et al. 2008). Finally, a somewhat larger, methodologically rigorous 2011
study, also using 11C-MDL, reported no differences between patients with OCD and controls
in any brain region (Simpson, Slifstein et al. 2011). Exploratory analyses in the latter two
studies reported correlations between tracer binding in the orbitofrontal cortex and different
measures of disease (symptom severity in one case(Perani, Garibotto et al. 2008), earlier age
of onset in the other (Simpson, Slifstein et al. 2011)). This heterogeneity of results, with one
study reporting increased binding, one decreased binding, and one no change, leaves little
clarity regarding the status of 5-HT2A receptors in adults with OCD.

Atypical antipsychotics are antagonists of the 5-HT2A (in addition to their blockade of
dopamine D2 receptors), and it is possible that benefit from augmentation with agents

such as aripiprazole relates to this binding. We return to the use of atypical antipsychotics

in OCD treatment below, when discussing dopamine dysregulation in OCD. 5-HT2A is

also targeted by psychedelic drugs such as LSD and psilocybin; they are potent agonists
(Johnson, Hendricks et al. 2019), and this binding appears to be critical for their profound
subjective effects (Kraehenmann, Pokorny et al. 2017, Preller, Herdener et al. 2017). Interest
in psychedelic agents as potential therapeutics has been rekindled in recent years, and
research in this area is accelerating (Reiff, Richman et al. 2020). A single small uncontrolled
study suggests that psilocybin can have lasting benefits in some patients with OCD (Moreno,
Wiegand et al. 2006); controlled studies are underway (NCT03300947; NCT03356483).

Serotonin 1A receptor.

The serotonin 1A receptor (5-HT1A), encoded by the H7TR1A gene, is a Gi-coupled
somatodendritic autoreceptor on both serotonergic neurons, where it mediates negative
feedback in the locus coeruleus, and on other neurons throughout the brain. Desensitization
of 5-HT1A receptors is thought to be an important event in the response to SSRIs (El
Mansari and Blier 2005). 5-HT1A receptors have not been extensively studied in OCD. No
genetic studies have implicated polymorphisms in H7R1A as increasing risk, and no PET
studies have examined the expression of the receptor.
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5-HT1A is the primary target of buspirone. As noted above, buspirone is sometimes used as
a tertiary pharmacological agent in OCD, although controlled data supporting this strategy
are lacking (Koran, Hanna et al. 2007).

Serotonin 1B/1D receptor.

The 1B/1D receptor, encoded by the H7R1B gene, is a G4i-coupled receptor that is
primarily localized to axon terminals, both on serotonergic neurons themselves (where it can
also contribute to negative feedback regulation of transmitter release) and on other neuronal
types (Sari 2004). Some candidate gene association studies have implicated H7R1Bin OCD
risk, but these have not been consistently replicated and are not supported by meta-analysis
(Taylor 2013).

An older literature examined the impact of 5-HT1B/1D agonists on OCD symptoms.
Agonists such as sumatriptan have been reported to worsen either symptoms of OCD or
neurochemical abnormalities in several studies (Koran, Pallanti et al. 2001, Gross-Isseroff,
Cohen et al. 2004, Zohar, Kennedy et al. 2004), though not in all (Pian, Westenberg et al.
1998, Boshuisen and den Boer 2000). In rodents, agonists of the 5-HT1B receptor impair
prepulse inhibition (PPI) and increase anxiety and perseverative behavior, all of which have
been argued to reflect aspects of an OCD-like response (Shanahan, Holick Pierz et al. 2009,
Woehrle, Klenotich et al. 2013).

A single PET imaging study has examined 5-HT1B binding in unmedicated patients with
OCD, using the tracer 11C-P943. There was no difference in binding between 12 adults
with OCD and 12 matched healthy controls (Pittenger, Adams et al. 2016). Motivated by
the ability of 5-HT1B agonists to impair PPI in animals (Shanahan, Holick Pierz et al.
2009), the authors examined the relationship between 11C-P943 binding and PPI in patients
and controls, and an interesting pattern emerged: there was no correlation between PPI

and 11C-P943 binding in cortical regions in controls, but a strong positive correlation in
individuals with OCD. In subcortical structures the pattern was quite different: a positive
correlation between PPI and 11C-P943 binding in controls was lost in OCD, and even
reversed in some structures (pallidum, thalamus) (Pittenger, Adams et al. 2016). This result
requires replication, and its import is unclear, but it suggests a subtle reorientation of the
serotonergic system in OCD that may not be apparent in simple between-group analyses.

Serotonin-3 receptors.

The 5-HT3 receptor is unique among serotonin receptors in that it is a heteropentameric
ligand-gated ion channel, rather than a metabotropic G-protein-coupled receptor. Interest

in this receptor in OCD derives from treatment studies using 5-HT3 agonists such as
ondansetron. As reviewed above, initial studies with these agents were promising, but a
large double-blind, placebo controlled study (NCT01275248) did not hit its primary efficacy
endpoint (BioSpace 2012). There are five 5-HT3 genes, two of which (H7TR3A and HTR3B)
are expressed at significant levels in the brain. No genetic studies to date have implicated
these genes as risk alleles in OCD.

Interestingly, ondansetron reduces activity in cortical circuitries involved in interoception
and sensorimotor processing, suggesting potential utility in the treatment of OCD symptoms
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associated with disgust and/or sensory hypersensitivity (Stern, Shahab et al. 2019). A
controlled study to test this possibility is underway (NCT03239210).

Serotonin levels in OCD?

Some of the findings reviewed above have been interpreted as suggesting that levels of
serotonin itself are dysregulated in individuals with OCD. Unfortunately, serotonin in and
around synapses is not accessible to experimental measurement in humans using currently
available technologies, and so arguments for dysregulated serotonin levels are necessarily
indirect.

The simplest explanation of the efficacy of SRI medications is that serotonin is low in OCD,
and SRI treatment, by blocking serotonin reuptake, normalizes it. Consistent with this idea,
the 5-HTT promoter allele associated with OCD risk — the L, allele (Taylor 2013) — is more
efficiently transcribed and thus can produce more 5-HTT protein in the brain (Heinz, Jones
et al. 2000). This increased protein leads to more efficient reuptake of serotonin, at least

in lymphoblasts (Lesch, Bengel et al. 1996), suggesting that £, allele carriers may have
reduced basal serotonin levels.

Studies in animals with a 5-HT neurotoxin have shown that orbitofrontal serotonin depletion
can produce cognitive inflexibility (Clarke, Dalley et al. 2004). Brain serotonin can be
acutely reduced in humans using tryptophan depletion, a dietary manipulation. If low

brain serotonin contributes directly to symptomatology, then tryptophan depletion should
exacerbate symptoms. The literature using this technique is small, and mixed. Early studies
found no effect on core OCD symptoms after tryptophan depletion in SRI-treated patients,
though depression and/or subjective distress were worsened in most studies (Barr, Goodman
et al. 1994, Smeraldi, Diaferia et al. 1996, Berney, Sookman et al. 2006, Kulz, Meinzer et
al. 2007). In contrast, a recent small controlled study found tryptophan depletion to acutely
worsen some OCD symptoms, increasing interfering thoughts and decreasing perceived
control over them (Hood, Broyd et al. 2017).

Brain 5-HT levels can be indirectly measured by quantifying the serotonin metabolite
5-hydroxyindoleacetic acid (5-HIAA) in cerebrospinal fluid (CSF). An old literature took
this approach; again, results are mixed. One early study found reduced 5-HIAA in a group of
obsessional patients (Insel, Mueller et al. 1985). However, other studies have not identified
any 5-HIAA abnormalities in patients, though there may be an association between pre-
treatment CSF 5-HIAA levels and response to SRI treatment (Baumgarten and Grozdanovic
1998).

Neurotransmitter levels can be inferred from PET imaging, with caveats. PET measures

the specific binding of radiolabeled ligand to its molecular target. When a ligand binds to
the same site on a neurotransmitter receptor as the transmitter itself, radioligand binding
reflects a combination of the amount of receptor present, its affinity for the ligand (which
can be modulated by molecular changes such as covalent posttranslational modifications or
allosteric interactions), and competition with endogenous neurotransmitter. With appropriate
experimental design it is possible to isolate the contribution of competition with endogenous
neurotransmitter, and thus to make inferences about relative neurotransmitter levels
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between experimental groups. This strategy has been extensively used in measurements

of endogenous dopamineg, as further discussed below (Denys, de Vries et al. 2013). However,
comparable methods are not as well established to measure serotonin levels, and so, while
some authors have made claims about endogenous serotonin concentrations from PET
signal, any such inferences remain tentative. Furthermore, as reviewed above, the PET
literature on both the serotonin transporter and serotonin receptors in OCD is quite mixed,
with no clear consensus as to dysregulation of any individual serotonin-related protein.

In sum, the literature attempting to directly or inferentially measure serotonin levels in OCD
is quite mixed, and firm conclusions are difficult to draw. The robust therapeutic response
to SRI medications is the clearest finding in the treatment literature on OCD (Soomro,
Altman et al. 2008, Issari, Jakubovski et al. 2016), and characterization of endogenous
serotonin levels and dynamics therefore remains a compelling goal. Unfortunately, such
characterization is limited by available technology; brain serotonin cannot be directly
assayed in humans, except in rare circumstances. This is an important area for future
research.

5. Dopaminergic agents in the treatment of OCD.

While SRI antidepressants are the mainstay and the universally endorsed first-line
pharmacological treatment for OCD, nonresponse and limited response are distressingly
common. There is thus a clear clinical need for second-line treatments and augmentation
strategies. Pharmacologically, much attention has focused on modulators of dopaminergic
neurotransmission. Clinically it is of course always important to consider expert cognitive
behavioral therapy, either as an augmentation strategy or as a stand-alone treatment; but our
focus here remains on pharmacological strategies.

D2 antagonist monotherapy.

Neuroleptics — dopamine D2 antagonists — have been investigated for the treatment of OCD.
While the total number of studies is not large, the consensus in the field is that neuroleptic
monotherapy is ineffective (Koran, Hanna et al. 2007). A study in the 1950s, before modern
diagnostic criteria were developed, examined chlorpromazine in 75 patients with obsessive-
compulsive symptoms and reported at least some benefit in nearly half (Trethowan and Scott
1955); but the lack of modern diagnostic criteria and of quantitative measures of symptom
change complicates extrapolation from these early results to modern clinical practice. Case
reports of typical and atypical neuroleptic monotherapy have been mixed (Hussain and
Ahad 1970, O’Regan 1970, Rivers-Bulkeley and Hollender 1982, Chiou, Lin et al. 2015).
An open-label study in the 1990s examined clozapine monotherapy and found significant
side effects but no benefit (McDougle, Barr et al. 1995). A more recent open label study
examined aripiprazole monotherapy and found some patients to benefit; side effects were
again a problem (Connor, Payne et al. 2005). Small sample size and open label design limit
the interpretability of these studies. More rigorous examination of neuroleptic monotherapy
would be valuable; however, the limited evidence for benefit, both in the published literature
and in the experience of expert clinicians, provides little motivation for such studies.
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In fact, neuroleptic monotherapy can sometimes induce or exacerbate OCD symptoms
(Grillault Laroche and Gaillard 2016, Poyurovsky 2017). This is particularly clear in the
case of clozapine (Lykouras, Alevizos et al. 2003, Schirmbeck and Zink 2012, Grillault
Laroche and Gaillard 2016) but may also be true of other atypical/second-generation
neuroleptics, perhaps because of their antagonism of the 5-HT2A receptor (Schirmbeck and
Zink 2013, Poyurovsky 2017). There is some evidence that specific genetic polymorphisms
may contribute to this susceptibility (Cai, Zhang et al. 2013), though this finding is based
on a candidate gene approach, which is historically problematic, and has yet to be replicated
(Schirmbeck, Nieratschker et al. 2012).

D2 antagonist augmentation.

In contrast, addition of neuroleptics to stable SRI treatment — that is, pharmacological
augmentation — has been shown to be of benefit in a number of studies. Early work focused
on the typical neuroleptics haloperidol and pimozide, as well as risperidone, with generally
positive results (Bloch, Landeros-Weisenberger et al. 2006). Meta-analysis of this early work
confirmed overall benefit, with one positive study for haloperidol augmentation and three
concordant controlled studies for risperidone (Bloch, Landeros-Weisenberger et al. 2006,
Skapinakis, Papatheodorou et al. 2007). More recent work has largely examined atypical/
second-generation neuroleptics. A 2014 meta-analysis of controlled studies of atypical
neuroleptic augmentation found evidence for benefit from aripiprazole and risperidone, but
not from olanzapine or quetiapine (Veale, Miles et al. 2014). A 2015 meta-analysis including
all studies to date, of both typical and atypical neuroleptics, reached similar conclusions,
with good evidence for benefit from augmentation with haloperidol, risperidone, and
aripiprazole (Dold, Aigner et al. 2015). Based on this work, augmentation with these agents
is included as a second-tier pharmacological intervention in all current treatment guidelines
(Baldwin, Anderson et al. 2005, Koran, Hanna et al. 2007). The doses used are typically
low; evidence for benefit from higher doses is quite limited. Restricting neuroleptic doses to
the low end of the usual range can help mitigate the side effects of these agents, for which
tolerability is often a limiting factor (Koran, Hanna et al. 2007).

It is important to note that this literature is not uniform, and only a minority of patients
respond to neuroleptic augmentation. Indeed, a recent controlled trial of risperidone versus
CBT for adults with OCD who had an inadequate response to SRI monotherapy found no
benefit from risperidone augmentation, in contrast to clear benefit from CBT (Simpson,
Foa et al. 2013). It is clinically advisable to monitor closely over the course of a trial of
limited duration (4-6 weeks), and to discontinue the trial if there is not clear benefit of
improvement.

What underlies this heterogeneity of response? As in all such cases, our understanding

is limited. An early study suggested that OCD patients with current or historical tic
comorbidity have a higher rate of response to augmentation with the typical/first-generation
neuroleptic haloperidol.(McDougle, Goodman et al. 1994) This benefit was borne out by
later meta-analysis.(Bloch, Landeros-Weisenberger et al. 2006) In contrast, meta-analysis
of more recent studies of atypical/second-generation neuroleptics found no evidence for
particular benefit in patients with comorbid tics (although a majority of the studies reviewed
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did not stratify by tic comorbidity and thus this sub-analysis was of limited power) (\Veale,
Miles et al. 2014). One possible explanation is that the high D2 affinity of haloperidol
makes it particularly efficacious in patients with tic comorbidity; low-dose haloperidol is

a well-established monotherapy for tic disorders (Bloch 2008). It is also possible that the
5-HT2A antagonism that characterizes atypical/second-generation neuroleptics makes them
less effective than the typical agents in the treatment of OCD patients with comorbid tics.
A meta-regression analysis found benefit of antipsychotics to be related to their D2R/D3R
affinity and not to their 5-HT2A affinity, supporting the former explanation (Ducasse, Boyer
et al. 2014). More study is needed to place these speculations on a firmer foundation; based
on current data, it may be appropriate to turn to the typical agents in patients with comorbid
tics and to the atypical agents (specifically, aripiprazole) in those without this comorbidity.

Patients with OCD who have severe disease, limited insight, and/or bizarre obsessions can
be both diagnostically and therapeutically quite challenging (Hamblin, Park et al. 2017,
Poyurovsky 2017). It is intuitive to turn more quickly to neuroleptic augmentation in this
context, in an effort to simultaneously target OCD and psychotic symptomatology. While
this approach is clinically reasonable, it is important to recognize that it rests on a rather thin
empirical basis. Most controlled studies have not stratified patients by schizotypy or level
of insight. One that did, an early study of risperidone augmentation, did not find a higher
rate of response in patients with OCD and comorbid schizotypy (McDougle, Epperson et al.
2000). One study found insight to predict poorer response to pharmacotherapy (Catapano,
Sperandeo et al. 2001), but another found no relationship (Eisen, Rasmussen et al. 2001).
Studies of body dysmorphic disorder (BDD), an OCD-related disorder that is similarly
responsive to high-dose SSRI pharmacotherapy but in which impaired insight to the point
of delusionality is much more common, provides a useful parallel. BDD patients with
delusional levels of insight responded just as well as those with better insight to fluoxetine
monotherapy in a placebo-controlled trial (Phillips, Albertini et al. 2002). The utility of
neuroleptic augmentation in OCD with poor insight remains unclear.

Other dopaminergic agents.

Only small studies have examined other agents that target the brain’s dopamine system,

and in no case is the evidence base sufficient for such agents to be considered standard-of-
care. One small controlled study found benefit from both dextroamphetamine and caffeine
in OCD, suggesting a potential role for stimulants in some patients (Koran, Aboujaoude

et al. 2009). A recent larger controlled trial of fluvoxamine plus either extended-release
methylphenidate or placebo found a higher response rate in the methylphenidate group
(Zheng, Jia et al. 2019). However, both methylphenidate (Kouris 1998, Serby 2003, Woolley
and Heyman 2003, Jhanda, Singla et al. 2016) and methamphetamine (lyo, Sekine et al.
1999) have been reported to worsen OCD symptoms, so caution is warranted.

An open-label study of bupropion, which blocks both dopamine and norepinephrine
reuptake, found no net benefit in OCD; some patients improved over 8 weeks of treatment,
but others worsened (Vulink, Denys et al. 2005).

Interestingly, SSRIs at high doses can increase brain dopamine (Koch, Perry et al. 2002).
Given that high SSRI doses are more efficacious in the treatment of OCD than typical
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antidepressant doses (Soomro, Altman et al. 2008), it is plausible that dopamine reuptake
blockade could contribute to therapeutic benefit (Graat, Figee et al. 2017). This speculation
has yet to be rigorously tested.

7. Dopamine dysregulation in OCD.

As in the case of serotonin, the efficacy of dopaminergic drugs — specifically,
pharmacological augmentation with D2 antagonists — has motivated interest in the dopamine
system in the brain of individuals with OCD. The evidence for dopamine dysregulation is
much clearer for Tourette syndrome (TS) and other tic disorders,(Williams, Bloch et al.
2013) which are often comorbid with OCD, and in tic-related OCD.(Pittenger 2017) In OCD
without tics, evidence for DA dysregulation is ambiguous.

Animal studies.

Genetics.

Much of the evidence for a relationship between dopamine dysregulation and OCD-like
phenomenology comes from animal models. The construction, evaluation, and interpretation
of animal models of potential relevance to understanding the pathophysiology of tics and
OCD is a complicated and sometimes vexing topic (Pittenger 2014, Bortolato and Pittenger
2017, Pittenger, Dulawa et al. 2017), which is treated in detail in chapter “Animal Models
for OCD Research”. With that caveat, a range of dopamine agonists, precursors, reuptake
blockers, and releasers — amphetamine; L-DOPA; bromocriptine; apomorphine — can lead to
repetitive, stereotypic behaviors, which have been argued to be of relevance to the symptoms
of OCD (Szechtman, Sulis et al. 1998, Denys, Zohar et al. 2004, Graat, Figee et al. 2017,
Szechtman, Harvey et al. 2020). However, dopaminergic agonists can also ameliorate such
behaviors in some contexts. For example, repetitive checking behaviors are induced by

the dopamine D2/D3 agonist quinpirole (Szechtman, Sulis et al. 1998); but dopamine
agonists can ameliorate apparently similar behaviors that occur naturally in some species
(Vandebroek and Odberg 1997, Korff, Stein et al. 2008). It is of course possible that some
repetitive behaviors in animals recapitulate the mechanisms underlying OCD in humans, and
others do not. Such interpretative ambiguities, combined with the underlying complexity of
the dopamine system — which comprises multiple circuits, receptors, and functional roles —
make it difficult to draw any clear conclusions from this animal literature as to what role
dopamine dysregulation may have in the development or maintenance of obsessions and
compulsions in humans.

As noted elsewhere (see chapter “Genetics of OCD and Related Disorders; Searching for
Shared Factors™), the genetics of OCD are not mature; early candidate gene association
studies have largely failed to replicate, and GWAS studies are not yet of sufficient

size to yield large convincing, statistically robust findings (Fernandez, Leckman et al.
2018). However, two findings of relevance to dopamine from candidate gene studies have
been sufficiently well replicated as to merit discussion. Interestingly, both show sexually
dimorphic effects, with evidence for a genetic contribution to OCD risk in males but not in
females.

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pittenger

Page 16

Catechol O-methyltransferase (COMT) metabolizes dopamine and other catecholamines,
especially in the prefrontal cortex. A well characterized common polymorphism, rs4680
(\VVal158Met), has been studied extensively in OCD. The Met allele, which is associated
with lower enzymatic activity and thus presumably with higher levels of dopamine, is
over-represented in males with OCD (Taylor 2013). Monoamine oxidase A (MAO-A) is the
primary enzyme that metabolizes dopamine in the basal ganglia. At a well characterized
polymorphism, EcoRV (also called c1460C>T), the T allele appears to be over-represented
in males (Taylor 2013). This allele is associated with lower enzymatic activity; again,
therefore, carriers are predicted to have higher basal dopamine levels.

Several other alleles of dopamine-related genes examined in the same meta-analysis of
candidate gene association studies showed suggestive relationships with OCD that failed

to reach statistical significance; these include the dopamine transporter gene DA71 and

the dopamine receptor gene DRD3 (Taylor 2013). All of these associations — including

the reported male-specific associations with COMT and MAOA polymorphisms — must

be interpreted with great caution; non-replications of these findings continue to appear
(Sampaio, Hounie et al. 2015). The field awaits better-powered studies to provide a
comprehensive picture of the genetic architecture of OCD (Fernandez, Leckman et al. 2018).

Receptor imaging studies.

Dopamine binds to 5 distinct receptors, which fall into two classes: D1-like receptors (D1R
and D5R) and D2-like receptors (D2R, D3R, and D4R). SPECT and PET imaging have
been used to visualize these receptors. As in the case of serotonin receptors, reviewed above,
studies to date have been small and findings somewhat variable, and it is difficult to draw
specific conclusions with confidence.

Two studies using SPECT imaging reported elevation of the dopamine transporter in the
striatum in OCD (Kim, Koo et al. 2003, van der Wee, Stevens et al. 2004); however, a third
study reported reduced levels of the transporter (Hesse, Muller et al. 2005). The dopamine
D1R receptor has been imaged using PET in two small studies of unmedicated patients

with OCD, with evidence for reduced binding in the striatum and the anterior cingulate
cortex (Olver, O’Keefe et al. 2009, Olver, O’Keefe et al. 2010). A single study examined
dopamine metabolism using the PET tracer 18F-DOPA, which labels dopaminergic vesicles,
in five patients compared to six controls; increases in 18F-DOPA uptake were seen in several
cortical structures, though most were only at trend level (Hsieh, Lue et al. 2014).

More studies have examined the D2R family of receptors in OCD, and in tic disorders. An
early SPECT study using the tracer iodobenzamide indicated lower D2 receptors in the left
caudate (Denys, van der Wee et al. 2004), although a subsequent study found this effect only
in patients with comorbid social anxiety disorder (Schneier, Martinez et al. 2008). A pair of
PET imaging studies with the D2R/D3R antagonist 11C-raclopride similarly found reduced
D2/D3 binding in the caudate-putamen (Perani, Garibotto et al. 2008, Denys, de Vries et al.
2013), making this the best replicated evidence for a dopaminergic abnormality in OCD.
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Dopamine levels.

7.

Several of the findings reviewed above could be consistent with alterations in basal
dopamine levels. As with serotonin, the most direct way to assay dopamine levels is to
examine dopamine and its metabolites in cerebrospinal fluid, serum, or urine of patients with
OCD. Here the literature is sparse and inconclusive. An early study found homovanillic acid
(HVA), a primary metabolite of dopamine, to be no different in the CSF of patients with
OCD than in controls, though it was elevated in Tourette syndrome (Leckman, Goodman et
al. 1995). A study in patients with normal pressure hydrocephalus found both elevated HVA
and elevated obsessive-compulsive symptoms, but the two were not obviously correlated
with one another (Markianos, Lafazanos et al. 2009). In small studies, HVA is reduced

after treatment of patients with OCD with clomipramine (Altemus, Swedo et al. 1994) or
risperidone (Yoshimura, Kaneko et al. 2006). It is difficult to draw any overall conclusions
from this heterogeneous literature.

The alleles of COMT and MAO-A that are associated with increased OCD risk, in males,
have lower metabolic activity and are therefore consistent with elevated dopamine levels.
And the reduced D1R and D2R receptor binding seen in several PET studies, summarized
above, may suggest increased basal dopamine levels, and thus greater competition between
dopamine and the PET tracers.

A classic way of measuring dopamine is through PET imaging before and after challenge
with amphetamine. By releasing large amounts of dopamine, amphetamine floods the
receptors with transmitter, displacing the radioligand and thus reducing PET signal.
Modeling of this reduced PET signal in a within-subject design allows inferences about
baseline dopamine levels. A single study has used this approach in patients with OCD,
compared to a group with Tourette syndrome, using the D2/D3 antagonist tracer raclopride.
Baseline raclopride binding in the caudate-putamen was reduced in both OCD and TS; it
was unchanged after amphetamine challenge. TS symptoms worsened after amphetamine
challenge and correlated with changes in raclopride signal (and thus presumably with
dopamine release) in the ventral striatum; no such relationships were seen in OCD
(Denys, de Vries et al. 2013). This study thus provides clearer support for dopaminergic
pathophysiology in TS than OCD. This is however a single, small study; further work is
needed to permit clear conclusions.

In summary, the evidence for dysregulated dopamine, dopamine homeostasis, or dopamine
receptors in the pathophysiology of OCD is equivocal. It may be that dopamine
dysregulation contributes to disease in some patients but not in others. Indeed, given the
clearer evidence for striatal dopamine abnormalities in tic disorders (Williams, Bloch et al.
2013), it may be that OCD with comorbid tics is characterized by dopaminergic pathology,
while OCD without tics is not. However, this remains speculative; better powered studies
that are more able to discriminate plausible pathophysiological subtypes are needed.

Glutamate modulators in the treatment of refractory OCD.

The evidence-based algorithm for the pharmacological treatment of OCD is distressingly
limited: only the SRIs (clomipramine and the selective serotonin reuptake inhibitors)
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and augmentation thereof with certain neuroleptics are supported by sufficiently robust
evidence to be considered the clear standard of care. Symptoms that are refractory to
these interventions are unfortunately common. Investigational use of other agents, either
as monotherapy or (more often) as augmentation of SRI treatment, therefore represents
an important area of research. Some of these studies have been summarized above in the
discussions of serotonin and dopamine-centered mechanisms.

Much recent work has focused on the hypothesis that glutamate imbalance contributes

to OCD, and that glutamate modulators may have therapeutic utility in treatment of
otherwise refractory disease (Pittenger, Krystal et al. 2006, Pittenger, Bloch et al. 2011,
Pittenger 2015, Marinova, Chuang et al. 2017). It is important to note that these two

claims are not equivalent: glutamate modulators may be of therapeutic benefit even if
glutamate dysregulation is not central to pathophysiology; and glutamate abnormalities
might contribute causally to the development of OCD and yet glutamate modulators not

be therapeutically effective. In this section we briefly summarize recent work on glutamate
modulators; this material has been recently reviewed in more detail, with more specific
clinical guidance, elsewhere (Pittenger 2015, Marinova, Chuang et al. 2017, Pittenger 2017).

The most studied glutamate modulator for the treatment of refractory OCD is the NMDA
receptor antagonist memantine. Memantine is a low-affinity open-pore blocker with a rapid
off-rate; these characteristics may explain why its effects differ from those of a higher-
affinity blocker, ketamine, which is further discussed below.

Early uncontrolled studies in both adults and children suggested that some OCD sufferers
benefit from memantine augmentation (Aboujaoude, Barry et al. 2009, Feusner, Kerwin et
al. 2009, Hezel, Beattie et al. 2009, Stewart, Jenike et al. 2010). More recently, a series

of placebo-controlled trials has suggested a large benefit, with a response rate of 81%

in memantine-treated patients (Ghaleiha, Entezari et al. 2013, Haghighi, Jahangard et al.
2013, Sahraian, Jahromi et al. 2017, Modarresi, Sayyah et al. 2018). These studies have
recently been summarized in a systematic review and meta-analysis, suggesting substantial
benefit from memantine treatment in adults with OCD (Modarresi, Chaibakhsh et al. 2019).
However, this conclusion has been questioned on methodological grounds (Andrade 2019).
The four placebo-controlled trials of memantine are individually small and were performed
in the same geographic area, in Iran. They produced effects larger than those seen in open-
label studies performed elsewhere, with response rates in individual studies of up to 100%,
raising questions about their generalizability. Given these concerns, memantine cannot be
considered to be an established treatment for OCD at this point; larger studies, from a wider
geographical range and with optimally rigorous methodology, are needed (Andrade 2019).

Riluzole is a glutamate modulator developed for the treatment of amyotrophic lateral
sclerosis. It has several mechanisms; at physiologically realistic concentrations, the two
most significant appear to be a reduction in synaptic glutamate release and an enhancement
of glial reuptake of perisynaptic glutamate (Pittenger, Coric et al. 2008). An open label trial
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(Coric, Taskiran et al. 2005), a retrospective case series (Pittenger, Kelmendi et al. 2008),
and two small controlled studies (Pittenger, Bloch et al. 2015, Emamzadehfard, Kamaloo

et al. 2016) suggest some benefit in adults, though only one of the controlled studies

reached its primary efficacy endpoint (Emamzadehfard, Kamaloo et al. 2016), and both were
small and had methodological limitations. A controlled study in pediatric OCD showed no
evidence of benefit (Grant, Joseph et al. 2014). As in the case of memantine, more and
higher-quality studies are needed before any firm recommendations can be made as to the
use of riluzole in OCD refractory to other pharmacological treatments.

Recently, a riluzole prodrug, troriluzole, has been developed and tested for several
indications. A large, multi-site controlled study of troriluzole augmentation in SRI-refractory
OCD (NCT03299166) recently showed promising evidence of benefit, though it did not hit
its primary efficacy endpoint.(Pharmaceuticals)

The dissociative anesthetic drug ketamine has garnered much recent interest due to the
observation that it can produce a rapid-onset, lasting antidepressant effect, sometimes after
a single dose (Berman, Cappiello et al. 2000, Zarate, Singh et al. 2006, Krystal, Abdallah
et al. 2019). In OCD, the literature is sparse and the benefit is less clear. A first open-label
trial in treatment-refractory patients found a clear improvement in depressive symptoms
but no clinically significant change in OCD symptoms after a single dose of ketamine
(Bloch, Wasylink et al. 2012). However, a controlled trial in less ill patients (no significant
comorbidities, no other medication) found benefit in many, lasting over a week (Rodriguez,
Kegeles et al. 2011, Rodriguez, Kegeles et al. 2013). Ongoing work has consisted mostly
of case studies, investigating the combination of ketamine with other interventions such as
memantine (Rodriguez, Levinson et al. 2016) or CBT (Rodriguez, Wheaton et al. 2016,
Adams, Bloch et al. 2017). Clinical experience suggests that repeated ketamine treatments
may be helpful in a minority of treatment-refractory OCD patients (Sharma, Thamby et

al. 2020); but repeated dosing has not been systematically studied in OCD. Again, large
controlled studies are needed to more clearly establish the role of ketamine treatment, if any,
in a comprehensive OCD treatment algorithm.

Other glutamatergic agents.

A number of other agents that can modulate brain glutamate have been investigated in

the treatment of refractory OCD (Pittenger 2015, Marinova, Chuang et al. 2017). These
include the anti-epileptic drugs topiramate (Berlin, Koran et al. 2011, Afshar, Akuchekian
et al. 2014, Sahraian, Bigdeli et al. 2014) and lamotrigine (Kumar and Khanna 2000, Uzun
2010, Bruno, Mico et al. 2012, Arrojo-Romero, Tajes Alonso et al. 2013, Hussain, Dar

et al. 2015, Khalkhali, Aram et al. 2016, Naguy, Alamiri et al. 2016), the nutraceuticals
N-acetylcysteine (Lafleur, Pittenger et al. 2006, Afshar, Roohafza et al. 2012, Yazici and
Percinel 2015, Paydary, Akamaloo et al. 2016, Costa, Diniz et al. 2017, Ghanizadeh,
Mohammadi et al. 2017) and sarcosine (Wu, Tang et al. 2011), and the amino acid glycine
(Greenberg, Benedict et al. 2009). Of these, N-acetylcysteine is perhaps the most promising;
its efficacy is supported by a recent meta-analysis (Gadallah, Ebada et al. 2020) (see chapter
“Inflammation, Obsessive-Compulsive Disorder, and Related Disorders” for a description
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of the anti-inflammatory effects of N-acetylcysteine in relation to OCD). In the other
cases there are some promising studies but others that are equivocal, and there have been
no large, placebo-controlled studies of sufficient quality to produce definitive treatment
recommendations.

An interesting agent in this category is D-cycloserine (DCS), a partial agonist of the glycine
site on the NMDA receptor. DCS has been found in animal studies to potentiate NMDA-
dependent plasticity and NMDA-dependent extinction learning (Richardson, Ledgerwood
et al. 2004, Kaplan and Moore 2011). This has motivated investigations of whether DCS
pretreatment can potentiate the response to extinction-based psychotherapies in OCD, and
in other disorders in which dysregulated anxiety is prominent. This is a complex literature,
and beyond our scope to review in detail here (see chapter “Innovations in the Delivery

of Exposure and Response Prevention for Obsessive-Compulsive Disorder” for a review of
the use of DCS to augment CBT for OCD). Recent meta-analyses suggested no significant
benefit (Burkner, Bittner et al. 2017) or only subtle benefits (Mataix-Cols, Fernandez de

la Cruz et al. 2017) from DCS augmentation of CBT in OCD. However, studies have
differed enormously in the dose of DCS and, critically, in the temporal relationship of DCS
dosage with CBT. In appropriately selected patients and with optimal dosing, DCS may

be of some clinical benefit; but studies to date do not allow clear specification of which
patients these might be, or of the optimal dosage and timing to produce clinical benefit.

For these reasons, despite the theoretical attractiveness of the concept of pharmacologically
augmenting effective behavioral treatments, DCS has not entered widespread clinical use.

8. Glutamate dysregulation in the pathophysiology of OCD.

Several lines of evidence suggest that glutamate dysregulation may contribute to the
pathophysiology of OCD. None of these is definitive — as in the case of serotonin and
dopamine contributions to pathophysiology, reviewed above, studies are mixed and our
understanding remains woefully incomplete. Nevertheless, a brief review of this literature
helps to frame potentially fruitful future avenues for intervention development. More
detailed descriptions of the glutamate system and how it may be perturbed in patients with
OCD can be found elsewhere (Ting and Feng 2008, Pittenger, Bloch et al. 2011, Karthik,
Sharma et al. 2020).

It is important to recognize in framing this discussion the ways that the function and
organization of glutamatergic neurotransmission in the mammalian brain differs from the
serotonin and dopamine systems. Serotonin and dopamine are modulatory neurotransmitters.
In both cases, a relatively small number of neurons located in a specific brain area (the
dorsal raphe nuclei for serotonin; the substantia nigra/ventral tegmental area for dopamine)
project widely throughout the brain and modulate the function of other circuitries. It is
reasonable to think of these modulatory transmitters as being involved in a small set of
discrete processes. It is thus coherent, though doubtless a huge simplification, to think of
excess or deficiency of these transmitters as a cause of disease or as an important aspect of
pathophysiology.
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Glutamate, in contrast, is the primary excitatory neurotransmitter in the mammalian brain.
It is used as a neurotransmitter by over half of the neurons and in every structure and
circuit in the central nervous system, and thus it is involved in virtually everything the
brain does. A global excess or deficiency in glutamate would be likely to have dramatic,
widespread effects. Conversely, pathological activity of virtually any circuit in the brain
could be reflected in a local disruption of glutamate levels.

Glutamate-related genes in OCD.

Much attention has focused on the possible role of polymorphisms in glutamate-related
genes as determinants of OCD risk (see chapters “ The Future of Obsessive-Compulsive
Spectrum Disorders: A Research Perspective”, “ Genetics of OCD and Related Disorders;
Searching for Shared Factors”, and “ Invasive and Non-invasive Neurostimulation for OCD”
for a more detailed review). An early focus was the glutamate transporter EAAT3, encoded
by the SLC1A1 gene (Escobar, Wendland et al. 2019). The SLC1A1 region was initially
identified as an OCD risk locus in two linkage studies (Hanna, Veenstra-VanderWeele et

al. 2002, Willour, Yao Shugart et al. 2004); reports of several different polymorphisms

in the gene itself in patients OCD accumulated over the next several years (Escobar,
Wendland et al. 2019). The fact that SLC1A1 arose as a risk gene from genome-wide
linkage studies, rather than a specific a priori hypothesis about pathophysiology, makes
these association studies somewhat more compelling than most studies of serotonergic and
glutamatergic genes (Taylor 2013, Taylor 2016). OCD-associated alleles have been reported
to modulate SLC1A1 expression levels (Wendland, Moya et al. 2009). However, distinct
alleles have been identified in different studies, weakening the statistical association of any
one allele with OCD; perhaps as a result, the association is not supported by meta-analysis
(Stewart, Mayerfeld et al. 2013). Furthermore, SLC1A1 has not emerged as a risk locus in
more recent genome-wide association studies (Stewart, Mayerfeld et al. 2013, International
Obsessive Compulsive Disorder Foundation Genetics and Studies 2018). The association is
thus equivocal; SLC1A1 alleles may contribute to risk in some cases and some contexts, but
more work is needed to confirm the role of this gene and to clarify the details of its role.

As noted above, the two GWAS studies completed in OCD to date have not identified

any disease-associated loci that reached genome-wide statistical significance (Stewart, Yu et
al. 2013, Mattheisen, Samuels et al. 2015, International Obsessive Compulsive Disorder
Foundation Genetics and Studies 2018). However, examination of loci that approach
significance allows some tentative conclusions about the genetic structure of OCD risk,
even if individual risk alleles remain elusive. Glutamate-related genes are strikingly over-
represented amongst these borderline-significant alleles. One of the strongest associations
is with the GR/DZ2 gene, an orphan receptor with significant homology to ionotropic
glutamatergic receptors. A slightly less strong association is with GR/KZ, a subunit of

the kainate receptor class of ionotropic glutamate receptors. Finally, the DL GAPI gene,
which is involved in the structural organization of the postsynaptic glutamate receptors and
associated proteins, may be associated with OCD risk (International Obsessive Compulsive
Disorder Foundation Genetics and Studies 2018).
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Again, none of these alleles have reached genome-wide statistical significance, and thus
more data are needed before any of these associations can be considered definitive.
Nevertheless, the prominent representation of glutamate-related genes amongst probable
risk alleles is striking. Since genetic contributors to pathophysiology are necessarily causes,
at the level of a single organism, these associations — if replicated — constitute suggestive
evidence that glutamate dysregulation may contribute to OCD pathophysiology, in at least
some cases.

Glutamate receptors and related proteins in OCD.

No PET or SPECT imaging studies of glutamate receptors in OCD have been reported. This
is in contrast to the literature on dopamine and serotonin reviewed above.

A recent post-mortem study, on the other hand, focused on glutamate receptors and other
glutamate-related transcripts in the orbitofrontal cortex and basal ganglia (also see chapter
n) (Piantadosi, Chamberlain et al. 2019). RNA for the gene DLGARPI and the related

gene DLGAPZ, also involved in the organization of the glutamatergic synapse, were both
reduced in orbitofrontal cortex. So was SLC1A1. The total number of subjects in this study
remains low (8 OCD, 8 controls), and more work is needed to confirm and extend these
findings, but the preliminary work is supportive of a role for glutamate dysregulation in the
pathophysiology of OCD, especially in the orbitofrontal cortex.

CSF and brain glutamate levels.

Two studies, from a single group, have examined glutamate levels in spinal fluid in
unmedicated adults with OCD. Both found CSF glutamate to be elevated in a subset of
patients (Chakrabarty, Bhattacharyya et al. 2005, Bhattacharyya, Khanna et al. 2009). This
is a striking finding. Because glutamate is involved in so many circuits and processes, and
because excess glutamate is toxic to neurons, glutamate homeostasis is tightly regulated.
Spillover of enough glutamate to be detectable in lumbosacral CSF suggests a significant
disruption of these homeostatic mechanisms. However, this elevation is seen in only a
minority of OCD patients; most have CSF glutamate levels indistinguishable from healthy
controls. It remains to be established whether those with elevated glutamate represent a
subset with distinct pathophysiology.

Brain glutamate levels in patients with OCD have been measured using magnetic resonance
spectroscopy (MRS), which takes advantage of the fact that the electromagnetic environment
of protons in the glutamate molecule creates a unique magnetic resonance signature.
(Brennan, Rauch et al. 2013) Most studies measure a composite of glutamate and the related
amino acid glutamine, which are difficult to disambiguate in the MRS signal using standard
techniques. Importantly, MRS measures total tissue glutamate, including intracellular and
metabolic pools. This differs from other techniques, such as CSF sampling and inferences
from PET imaging, which measure extracellular pools of transmitter.

Early MRS studies suggested that children with OCD have elevated glutamate/glutamine
levels in the striatum (Rosenberg, MacMaster et al. 2000), and reduced glutamate/glutamine
in the anterior cingulate cortex (Rosenberg, Mirza et al. 2004) (for a review of MRS

studies in OCD please see chapter “Magnetic Resonance Spectroscopy (MRS) and Positron
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Emission Tomography (PET) Imaging in Obsessive-Compulsive Disorder”). Caudate
glutamate/glutamine levels normalized after pharmacotherapy with paroxetine (Rosenberg,
MacMaster et al. 2000). These findings spurred great interest and a large number of follow-
up MRS studies in both children and adults — indeed, these early studies were largely
responsible for kindling interest in glutamate dysregulation as a potential pathophysiological
mechanism in OCD (Rosenberg, MacMillan et al. 2001). However, subsequent findings have
been equivocal, with many more negative studies than positive ones (Brennan, Rauch et al.
2013). It remains unclear whether this is because glutamate dysregulation observable by
MRS is unique to pediatric OCD (most subsequent studies have been in adults), is seen in
only a subset of patients, is sensitively dependent on technical variables that differ between
studies, or was a false positive in the early work.

One recent study has combined MRS measures of brain glutamate with prediction of
treatment response, with intriguing early results (O’Neill, Piacentini et al. 2017). O’neill
and colleagues found MRS-measured glutamate in the pregenual anterior cingulate cortex to
decline after cognitive behavioral therapy in children with OCD. On the other hand, baseline
glutamate in the ventral posterior cingulate cortex predicted treatment response (O’Neill,
Piacentini et al. 2017). If this latter finding proves to be robust, such a baseline predictor of
response may help stratify patients and select individualized treatment protocols, moving us
towards precision medicine in psychiatry — a topic to which we return below.

Animal studies.

A number of animal studies of the circuitry thought to be perturbed in OCD have implicated
glutamatergic mechanisms. We review this work only briefly; it has been summarized in
more detail elsewhere (see chapter “Animal Models for the Study of OCD”) (Pittenger,
Bloch et al. 2011, Pittenger 2014, Ahmari and Dougherty 2015, Ahmari 2016, Szechtman,
Ahmari et al. 2017). As noted above and reviewed in detail in the chapter by Chamberlain
and Ahmari (this volume), the use of animal models to shed light on the pathophysiology
of OCD, or of any complex neuropsychiatric disease, raises complex interpretative issues
(Pittenger 2014, Bortolato and Pittenger 2017, Pittenger, Dulawa et al. 2017). Furthermore,
since glutamate is involved in virtually every brain circuit, it is hardly surprising that

circuit manipulations in animals may measurably perturb measures of glutamate function,
and that alterations of glutamatergic neurotransmission may produce circuit abnormalities.
Nevertheless, the convergence of several lines of animal work on the conclusion that
glutamatergic pathophysiology within cortico-striatal circuits can lead to repetitive behaviors
merits brief discussion in this chapter as well.

One of the best-studied animal models of repetitive behavior is the Sapap3 knockout mouse,
which has been interpreted as a mouse model of OCD (Welch, Lu et al. 2007) (see also
chapter “Animal Models for the Study of OCD”). The mouse SAPAP proteins are orthologs
of human DLGAPs and are important constituents of the postsynaptic protein network

that coordinates and stabilizes glutamate receptors at synapse. As noted above, DL GAPI
and DLGAPZhave been tentatively implicated in initial genetic (International Obsessive
Compulsive Disorder Foundation Genetics and Studies 2018) and postmortem (Piantadosi,
Chamberlain et al. 2019) studies of OCD, which renders a connection between SAPAP
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disruption in mice and OCD-relevant abnormalities intrinsically plausible. Sapap3 knockout
mice exhibit repetitive behavior and anxiety, both of which are responsive to treatment

with fluoxetine, and abnormalities in glutamatergic synapses in the cortico-striatal circuitry
(Welch, Lu et al. 2007).

Other targeted disruptions of glutamate-related genes have similarly produced repetitive
behaviors in mice. For example, targeted disruption of the S/cZal gene in mice reduced
repetitive stereotypical behaviors after amphetamine in mice (Zike, Chohan et al. 2017),
while overexpression of S/clal leads to anxiety and behavioral stereotypy (Delgado-
Acevedo, Estay et al. 2019), supporting a role for appropriate dosing of this gene in normal
maintenance of behavioral flexibility. Mutation of the neural signaling molecule S/itrk5,
which regulates the maturation of glutamatergic synapses (among other functions), produces
an excessive grooming phenotype quite similar to that seen in the Sapap3 knockout mice,
reinforcing the conclusion that abnormal glutamatergic synapses can produce repetitive
behaviors (Shmelkov, Hormigo et al. 2010).

In sum, multiple convergent lines of evidence suggest that glutamate dysregulation may
contribute to the development of OCD, and OCD-relevant brain circuit abnormalities. In
conjunction with accumulating evidence that glutamate modulators can mitigate otherwise
refractory OCD symptoms (Pittenger 2015, Marinova, Chuang et al. 2017), this suggests that
targeting glutamate neurotransmission may be a fruitful avenue forward for the development
of new pharmacological treatment strategies.

9. Towards personalized medicine in the treatment of OCD.

In OCD, as in most of psychiatry, we have a collection of treatments — SRI medications;
neuroleptic augmentation; specialized cognitive-behavioral therapy — that are helpful for
many patients, but ineffective for many others. An important goal is the development

of predictors and algorithms to determine, in advance, which patients are most likely to
respond to which interventions, thus sparing them weeks or months spent in trials of
treatments that ultimately prove to be ineffective. This goal of precision or personalized
medicine has been identified by the U.S. National Institute of Mental Health as a key
research priority (NIMH 2020, Goal 3.2).

We are far from achieving this goal in practice (Hazari, Narayanaswamy et al. 2016).
However, several studies have made initial steps. This final section reviews these efforts at
prediction of individual treatment outcomes.

Phenomenological, symptomatic, and cognitive predictors of treatment response.

The most clinically useful predictor of treatment response would be one that is apparent on
clinical evaluation, without the need for specialized testing.

Symptom content has been investigated as a predictor of treatment response in a number
of studies. Several findings emerge from this literature. Hoarding symptoms, which were
considered a part of OCD prior to the publication of DSM-5 in 2013 (American Psychiatric
Association. and American Psychiatric Association. DSM-5 Task Force. 2013), predict poor
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response to both psychotherapy and pharmacotherapy in most studies, and in meta-analysis
(Bloch, Bartley et al. 2014). This poorer response may be mitigated by the deployment of
more recently developed therapeutic strategies specifically targeting hoarding symptoms;
this is not yet clear. Among the major dimensions of OCD symptomatology (Bloch,
Landeros-Weisenberger et al. 2008), somatic (Erzegovesi, Cavallini et al. 2001) and sexual/
religious obsessions and compulsions (Ferrao, Shavitt et al. 2006) have been associated with
poor response to pharmacotherapy. However, another study found good response to SSRI
treatment among those with sexual and religious and, especially, harm-related obsessions
and compulsions (Landeros-Weisenberger, Bloch et al. 2010), while yet another found
washing rituals to be predictive of poor outcome (Ravizza, Barzega et al. 1995). This
inconsistency is striking. Symptom subtype does not appear to be a strong predictor of
response to pharmacotherapy in OCD.

One early study found that high scores on particular component scores on the Yale-Brown
Obsessive Compulsive Scale (Y-BOCS) (Goodman, Price et al. 1989, Goodman, Price et

al. 1989), the most widely used instrument for rating of OCD symptom severity, predicted
good response to clomipramine. Specifically, clomipramine response was predicted by high
scores on item #3 (distress caused by obsessions) and item #8 (distress caused if a patient is
prevented from engaging in a compulsion) (Ackerman, Greenland et al. 1996). This suggests
that pharmacotherapy, at least with clomipramine, is most effective in treating distress
associated with OCD, and may be less effective in treating OCD symptoms that are more
automatic or integrated into normal patterns of behavior. This speculation requires more
investigation.

Some studies suggest that OCD with comorbid tics is less likely to respond to SSRI
monotherapy (McDougle, Goodman et al. 1993). As noted above, early studies of
neuroleptic augmentation suggested that haloperidol is of greater benefit in patients with
comorbid tics (McDougle, Goodman et al. 1994). While this finding has not been robustly
replicated, it remains significant in meta-analysis (Bloch, Landeros-Weisenberger et al.
2006). This may guide a prescriber towards haloperidol augmentation in patients with
significant comorbid tics. More robust studies are needed to confirm this practice and to
quantify what the differential benefit in patients with tics may be.

Other baseline clinical characteristics have been reported to predict poor SRI response.
These include:

. early age of onset (Ravizza, Barzega et al. 1995, Ackerman, Greenland et al.
1996, Erzegovesi, Cavallini et al. 2001);

. duration and chronicity of illness (DeVeaugh-Geiss, Katz et al. 1990, Ravizza,
Barzega et al. 1995, Ferrao, Shavitt et al. 2006, Stein, Andersen et al. 2007);

. severity of symptoms (Mataix-Cols, Marks et al. 2002, Denys, Burger et al.
2003, Ferrao, Shavitt et al. 2006, Storch, Larson et al. 2006, Stein, Andersen et
al. 2007);

. comorbid depression (Ackerman, Greenland et al. 1996) or OCPD (Cavedini,
Erzegovesi et al. 1997);
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. poor insight (Catapano, Sperandeo et al. 2001, Erzegovesi, Cavallini et al. 2001)
[though see (Eisen, Rasmussen et al. 2001) for a contrary finding]; and

. previous failure to respond to psychopharmacology (Ackerman, Greenland et al.
1998).

It should be noted, however, that most of these reported effects are small. Furthermore, the
ability to identify patients who are less likely to respond to treatment is not of great practical
use, in the absence of guidance as to what they are likely to respond to.

SSRiI trials in OCD are typically lengthy. Characteristics of early response that predict long-
term benefit could be of great utility if they permitted clinical decisions (e.g. to continue
the trial, increase the dose, or switch strategies) to be made more quickly. As discussed
above, there is increasing evidence that early clinical response predicts ultimate benefit
with reasonable accuracy (da Conceicao Costa, Shavitt et al. 2013, Issari, Jakubovski et al.
2016). There is also evidence, from trials of both clomipramine (Ackerman, Greenland et
al. 1996) and fluoxetine (Ackerman, Greenland et al. 1998) that side effects early in a drug
trial may predict ultimate clinical benefit. This may be because some side effects reflect
individual sensitivity to the serotonergic effects of these drugs, which ultimately contribute
to therapeutic response.

Cognitive measures have been investigated as predictors of response to both CBT and
SSRIs. In a study of 38 adults randomized to receive either CBT or SSRI treatment, verbal
1Q, verbal memory, and performance on the Stroop color-word conflict task predicted better
response to both psychotherapy and pharmacotherapy (D’Alcante, Diniz et al. 2012). These
may be nonspecific markers of better overall neuropsychological status. Cognitive flexibility
is impaired in OCD (Gruner and Pittenger 2017) (See also chapter “Cognitive Inflexibility
in OCD and Related Disorders™); preserved cognitive flexibility (operationalized as
perseveration on the California Verbal Learning Test) predicted better response to CBT,

but worse response to SSRIs (D’Alcante, Diniz et al. 2012). Another small study produced
a consistent finding: impaired performance on the Wisconsin Card Sort task, a different
measure of cognitive flexibility, predicated good response to pharmacotherapy (Fontenelle,
Marques et al. 2001). A more recent study found an association between executive function
scores and response to CBT in children (Hybel, Mortensen et al. 2017). These studies
suggest that measures of cognitive flexibility might be able to provide the sort of guidance
a clinician needs: preserved cognitive flexibility may indicate that CBT is appropriate, while
impaired cognitive flexibility may steer treatment towards pharmacotherapy. This guidance
is not yet ready for broad clinical use, as the studies are small, measures of cognitive
flexibility vary and are not readily deployed in clinical practice, and the effect sizes and
predictive value of measures of cognitive inflexibility are not established. Nevertheless,
these studies suggest that sort of approach that might inform treatment algorithms in the
future.

Genetic predictors of treatment response and side effects.

(See also Chapter “Pharmacogenetics of Obsessive-Compulsive Disorder: An Evidence-
Update™) With rapid advances in clinical genetics of the past two decades, a persistent hope
is that genetic testing will assist with treatment decisions in complex disorders such as OCD.
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Indeed, a number of companies will provide patients with genetic testing, and use it to
derive specific treatment recommendations. Unfortunately, these recommendations rest on
a thin evidence base and are rarely useful to guide treatment decisions, at this point. The
evidence-based integration of genetic information into OCD treatment algorithms awaits
further refinement of our understanding of the genetic architecture of the disorder.

Nevertheless, a few studies have examined genetic predictors of treatment response in OCD,
and these merit brief mention here. As in the discussion of the genetics of serotonin,
dopamine, and glutamate reviewed above, it is important to note that early candidate gene
studies have been plagued by non-replication; GWAS and other studies that interrogate

the whole genome are needed to identify genetic predictors of treatment response with
confidence.

Candidate gene studies have focused on the CYP enzymes of the liver, which are responsible
for the first-pass metabolism of many therapeutic drugs, and on some of the genes in the
serotonin, dopamine, and glutamate systems (Brandl, Muller et al. 2012, Zai, Brandl et al.
2014). Suggestive results have been reported for the serotonin transporter (SLC6A4), the
5-HT1B and 5-HT2A receptors, and the EAAT3 glutamate receptor encoded by SLCIA1
(Brandl, Muller et al. 2012). Targeted testing of CYP enzymes suggests an association
between CYP2D6 metabolizer status and the likelihood of non-response to SSRIs, as

well as the incidence of side effects after venlafaxine treatment (Brandl, Tiwari et al.

2014). However, replication is required before any of these reports can be interpreted with
confidence, or deployed in clinical practice.

A single study suggests that alternate alleles of SLC6A4, the serotonin transporter gene,
differentially predict response to paroxetine versus venlafaxine (Denys, Van Nieuwerburgh
et al. 2007). This result, if replicated, is the sort of finding that may have clinical utility,

as it could steer clinical decision making (i.e. choice of drug). However, it should be noted
that the evidence supporting venlafaxine as a first-line agent in the treatment of OCD is
equivocal, as reviewed above. A genetic predictor of response to venlafaxine would have to
be quite strong to justify using it in preference to an SSRI, when the latter are so much better
supported by the treatment literature.

A single genome-wide association study has examined genetic predictors of self-reported
response to pharmacotherapy in adult OCD (Qin, Samuels et al. 2016). Top hits in this
analysis included SNPs near the genes D/SP1 and PCDHI0, neither of which leads
immediately to a mechanistic model. Pathway analysis of all possible and probable genetic
loci suggested involvement of the glutamatergic and serotonergic systems. Much more work
of this type is needed if we are to move towards actionable genetic predictors of treatment
response.

Structural and functional neuroimaging predictors of treatment response.

A number of studies have examined structural and functional brain imaging measures as
predictors of treatment response. While this work, too, has not converged on clinically
actionable insights, it may provide initial clues as to what such imaging-informed treatment
algorithms might look like in the future.
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Structural neuroimaging has been examined as a predictor of treatment response in a few
small studies. Attention has generally been focused on the corticostriatal loops implicated
in OCD by functional neuroimaging studies (Brennan and Rauch 2017). One comparative
study found gray matter density (measured using voxel based morphometry, or VBM) in
the orbitofrontal cortex (OFC) to predict response to pharmacotherapy, while VBM in the
medial prefrontal cortex predicted response to psychotherapy (Hoexter, Dougherty et al.
2013). A follow up analysis from the same group found thickness of the orbitofrontal cortex
was found to predict treatment response in two small cohorts of patients (Hoexter, Diniz et
al. 2015). A more recent study examined cortical morphology across the whole brain using
structural covariance analysis and identified a network of structures in which cortical surface
area and/or thickness predicted response to pharmacotherapy with 89% accuracy (Yun, Jang
et al. 2015). This supports the potential of brain structural analyses to predict treatment
response; but much more work is needed before such approaches can be used clinically.

More studies have examined measures of brain function as predictors of treatment response.
Again, the focus has largely been on the frontal corticostriatal circuitry; early PET studies of
brain metabolism have converged on the importance of the OFC. The first such study found
lower right OFC metabolism to predict response to clomipramine at the end of 2 months

of treatment (Swedo, Schapiro et al. 1989), though not at one year (Swedo, Pietrini et al.
1992). In a subsequent study, higher metabolic activity in the left OFC was found to predict
better response to behavioral therapy, but worse response to fluoxetine (Brody, Saxena et

al. 1998). A later study from the same group found concordant results: lower baseline OFC
metabolism (bilaterally) was associated with better response to paroxetine (Saxena, Brody
et al. 1999). Finally, in yet another study, lower baseline metabolism in the OFC and higher
metabolism in the posterior cingulate cortex (PCC) predicted response to paroxetine (Rauch,
Shin et al. 2002). The association of low relative metabolism in the OFC as a predictor of
response to pharmacotherapy appears robust across these studies.

A pair of studies have found similar relationships with activity of the caudate nucleus,
another node within the cortico-striatal circuitry canonically implicated in OCD (Brennan
and Rauch 2017). In one, using PET imaging at baseline, higher pretreatment metabolism
in the right caudate was found to predict response to paroxetine in patients with OCD;
there was no such relationship in patients with major depressive disorder, suggesting some
specificity to the effect (Saxena, Brody et al. 2003). A study using SPECT imaging found
similar results: perfusion in the right caudate, as well as in the dorsal anterior cingulate,
predicted response to sertraline in OCD (Hendler, Goshen et al. 2003). In contrast, another
study using SPECT found baseline perfusion in the right cerebellum, as well as in the brain
as a whole, to be predictive of response to fluvoxamine (Ho Pian, van Megen et al. 2005).

Interestingly, the two nodes most robustly identified as predictors of response to treatment
using metabolic imaging — the OFC and the caudate — are also the brain regions whose
activity has most consistently been shown to be modulated by treatment (van der Straten,
Denys et al. 2017). This concordance increases confidence that these relationships are
meaningful, despite the fact that most individual studies have been small.
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Compared to PET, fMRI is more widely available, cheaper, and less invasive; it thus has
greater theoretical potential for broad clinical use. On the other hand, fMRI typically has
a lower signal-to-noise than PET and generally produces relative measures, rather than
absolute ones, with sensitive dependence on the behavioral task used and other details

of acquisition that may complicate clinical deployment. A single study has examined
brain activation during symptom provocation as a predictor of response to 12 weeks of
fluvoxamine treatment (Sanematsu, Nakao et al. 2010). Activation in the right cerebellum
and left superior temporal gyrus — not regions that figure prominently in the larger OCD
neuroimaging literature — predicted response.

fMRI can also be used to make inferences about brain functional connectivity and network
organization. This analysis can be performed on data collected while subjects are at rest,
rather than engaged in a task, which reduces the complexity of data collection and may
make such approaches more appropriate for clinical deployment in the future. Several recent
studies have applied this approach to baseline characterization in OCD (e.g. Harrison,
Soriano-Mas et al. 2009, Harrison, Pujol et al. 2013, Anticevic, Hu et al. 2014, Shin, Jung
et al. 2014). Others have used this approach to investigate predictors of treatment response.
fMRI-derived functional connectivity at rest between the dorsal raphe nuclei and the left
medial temporal gyrus has been reported to be elevated in OCD, and the degree of elevation
predicts nonresponse to SSRI treatment (Kim, Kwak et al. 2019).

Several studies have examined baseline resting-state predictors of response to CBT. Low
functional connectivity between the basolateral amygdala and the ventromedial prefrontal
cortex, both structures known to be involved in OCD and in emotion regulation more
generally, was found to predict response to CBT in a large sample of adults with OCD
(Fullana, Zhu et al. 2017). Using a brain-wide machine learning-based analysis of functional
connectivity, another study found connectivity patterns within the brain’s default mode
network to predict CBT response (Reggente, Moody et al. 2018). Functional connectivity
analyses have also been used to investigate predictors of response to surgical treatment of
refractory OCD (Yin, Zhang et al. 2018) and to an experimental neurofeedback approach
(Scheinost, Stoica et al. 2014).

Neurochemical predictors of treatment response.

Finally, a number of studies have examined neurochemical measures as potential predictors
of response. The focus has again been on serotonin, dopamine, and glutamate.

Measurement of plasma or platelet serotonin provides one accessible assay of serotonergic
function, though its relationship with brain serotonin levels and homeostasis is not fully
understood. As reviewed above, a number of studies have found platelet expression

of the serotonin transporter, 5-HTT, to be reduced in patients with OCD. In one of

these, higher whole blood serotonin concentration was found to predict response to SRI
treatment (Delorme, Chabane et al. 2004). Plasma serotonin levels decline with treatment;
interestingly, another study found that rapid decline in plasma serotonin was associated
with poor response to clomipramine or paroxetine, while a more gradual decline predicted
clinical improvement (Humble, Bejerot et al. 2001).
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Finally, MRS measurement of glutamate and related compounds in the posterior cingulate
cortex has been found in a single study to predict response to CBT in children, as reviewed
above (O’Neill, Piacentini et al. 2017). MRS is an attractive modality for such studies, as

it is non-invasive and can be targeted to specific brain areas, potentially providing more
relevant measures than (for example) peripheral blood. More studies of this sort are needed.

In sum, many different approaches have been used to identify potential predictors of both
pharmacotherapy and psychotherapy in OCD, and there are a number of promising leads.
The most robustly replicated predictors of poor response appear to be the presence of
comorbid hoarding symptoms (Bloch, Bartley et al. 2014) and the baseline metabolic
activity of the orbitofrontal cortex; most other measures reviewed are more equivocal, or

are supported by only a few studies. More work is needed to develop these predictors to the
point that they can be deployed in widespread clinical practice. Importantly, prediction of
which patients are likely to respond poorly is of limited utility; ultimately, we need measures
that will help the clinician decide between available treatments. Algorithms based on such
measures could bring relief more quickly than the trial-and-error method that is typically
used today and would represent a significant step towards the long-term goal of personalized
medicine in psychiatry.

10. Conclusion.

Pharmacotherapeutic options for the treatment of OCD are distressingly limited. Clear
evidence supports the use of serotonin reuptake inhibitors — the selective serotonin reuptake
inhibitors (SSRIs) and the older drug clomipramine — as monotherapy (Koran, Hanna

et al. 2007, Soomro, Altman et al. 2008, Issari, Jakubovski et al. 2016, Skapinakis,
Caldwell et al. 2016). Somewhat weaker but still convincing evidence supports the use of
neuroleptics, especially haloperidol, risperidone, and aripiprazole, as augmentation of stable
SRI treatment when symptom response is incomplete (Bloch, Landeros-Weisenberger et al.
2006, Skapinakis, Papatheodorou et al. 2007, Veale, Miles et al. 2014). But these strategies,
together with expert cognitive-behavioral psychotherapy, leave many patients — perhaps as
many as a third — with significant ongoing symptoms and attendant suffering. The need for
new treatment options is clear.

In this chapter we have reviewed the evidence behind both standard-of-care and less well
established pharmacological treatment strategies. We have focused on three neurotransmitter
systems in the brain: serotonin, dopamine, and glutamate. This focus is necessarily myopic.
These neurotransmitter systems do not operate in isolation, either in the course of normal
brain function or during the response to pharmacotherapy. Rather, they interact with one
another, both developmentally and in the adult, to modulate complex brain circuitries whose
function and dysfunction underpins both normal behavior and the symptoms and course

of neuropsychiatric disease. Furthermore, even keeping this heuristic focus on specific
neurochemical systems, OCD surely involves other aspects of brain function: GABA
(Simpson, Shungu et al. 2012); histamine (Baldan, Williams et al. 2014, Pittenger 2017);
neuropeptides (McDougle, Barr et al. 1999, Marroni, Nakano et al. 2007, Dietrich, Zimmer
et al. 2017); and others. However, more treatment and neurobiological research has focused
on serotonin, dopamine, and glutamate than on any other neurochemical systems. They are
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thus an appropriate place to start a consideration of the current state of pharmacological
treatment of OCD, and possible ways forward.

Several conclusions arise from this review.

First, OCD is an extremely complex and heterogeneous disease entity. This complicates the
formulation of any general models of how it develops, manifests, and is treated (Pittenger,
Gruner et al. 2017, Szechtman, Harvey et al. 2020). As our understanding matures, we are
likely to appreciate that two patients with a diagnosis of OCD may have quite different
underlying pathophysiology. Indeed, some hints of possible subdivisions of the diagnosis
have begun to emerge. Tic-related OCD may be genetically distinct (Davis, Yu et al. 2013)
and may be characterized by more dopaminergic pathophysiology than non-tic associated
OCD (Pittenger 2017), which may motivate earlier use of a augmentation with high-affinity
D2 antagonist such as haloperidol. Glutamate dysregulation may characterize only a subset
of patients (Chakrabarty, Bhattacharyya et al. 2005, Bhattacharyya, Khanna et al. 2009) and
may prove to predict treatment response (O’Neill, Piacentini et al. 2017). Future study is
likely to refine these distinctions and identify new ones, complexifying our conception of
OCD as a diagnosis but also placing it on a firmer foundation. As we better understand

the heterogeneity of OCD and how it may predict treatment response, algorithms for
personalized medicine will become all the more important.

Second, much larger and more careful studies of novel agents for the treatment of refractory
disease are needed. In many cases initial work suggests the possibility of therapeutic
benefit, but without better-powered investigations treatment guidelines cannot be formulated
with confidence. The case of ondansetron is an informative cautionary tale: several small
controlled studies suggested that it led to improvement in patients with OCD (Serata,
Kotzalidis et al. 2015), but a better-powered, more definitive study did not show benefit
(NCT01275248). It remains to be seen whether initial promising studies with such agents

as memantine (Andrade 2019, Modarresi, Chaibakhsh et al. 2019) and riluzole (Pittenger,
Coric et al. 2008, Pittenger, Bloch et al. 2015, Emamzadehfard, Kamaloo et al. 2016) will
replicate in well-powered studies, which are desperately needed.

Third, our understanding of the neurobiological underpinnings of OCD remains woefully
incomplete. Throughout this review we have been forced over and over again to repeat the
mantra ‘more work is needed’. Often small studies suggest a neurobiological insight, but
subsequent work fails to replicate it, or at least suggests greater complexity. For example,
PET studies of the 5-HT2A receptor have shown it to be increased (Adams, Hansen et

al. 2005), reduced (Perani, Garibotto et al. 2008), or unchanged (Simpson, Slifstein et al.
2011) in patients with OCD. Early MRS studies suggested an important contribution of
dysregulated brain glutamate in patients (Rosenberg, MacMaster et al. 2000, Rosenberg,
Mirza et al. 2004), but follow-up studies have been largely negative (Brennan, Rauch et
al. 2013). Early genetic findings have hinted at potentially important new insights, such as
the implication of mutations in S/cZaZ in OCD (Hanna, Veenstra-VanderWeele et al. 2002,
Willour, Yao Shugart et al. 2004), but follow-up studies have been heterogeneous and more
equivocal (Stewart, Mayerfeld et al. 2013).
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Lack of ready replication of the simple conclusions drawn by early studies may mean that
the early work was incorrect, or that technical differences between studies are muddying
the waters. But this heterogeneity of results may simply be a reflection of the complexity
of the underlying condition. For example, if glutamate dysregulation characterizes only a
fraction of patients with OCD, as suggested by CSF measures (Chakrabarty, Bhattacharyya
et al. 2005, Bhattacharyya, Khanna et al. 2009), then it is to be expected that measures of
glutamate function will be variable depending on the chance composition of the specific
population being examined, especially in small studies. Much larger, rigorous studies can
simultaneously yield reproducible results in which we can have confidence — most obviously
in the case of genetics, but also in imaging and other neurobiological modalities. Insights
from such well powered descriptive studies may pave the way to the identification of more
homogeneous groups of patients for future investigations of treatment, making it easier to
detect meaningful signal in modestly sized therapeutic trials.

Fourth, pathophysiology and treatment may not map cleanly onto one another. SRI
medications are the best pharmacological treatment we have for OCD, and the evidence

for the efficacy is unequivocal (Soomro, Altman et al. 2008, Issari, Jakubovski et al.

2016, Skapinakis, Caldwell et al. 2016). But neuroimaging (Pogarell, Hamann et al.

2003, Simpson, Lombardo et al. 2003) and genetic evidence (Taylor 2013, Taylor 2016)

for dysregulation of the serotonin transporter, the target of SRI medications, as a key
contributor to OCD pathophysiology is decidedly weak. Given the inadequacy of our current
understanding of the pathophysiology of OCD, it is perhaps fortunate that the development
of new treatments need not wait for more complete knowledge and rational design, which
may be long in coming.

From where are the next advances in the treatment of OCD likely to come? It remains
unclear, and any predictions are fraught with uncertainty. The development of more robust
predictors of response to currently available interventions may help to optimize treatment
algorithms. It is important that these studies focus on predictors that inform treatment
decisions, rather than simply predict higher or lower likelihood of response to a single
intervention, and that they move beyond the fairly small proof of concept studies to better
powered, more generalizable investigations. As to new agents, the glutamate modulators
memantine and riluzole (and troriluzole; NCT03299166) are perhaps the most promising
agents currently under investigation. Dopamine dysregulation in OCD is not particularly
well understood, and only the typical and atypical neuroleptics have been investigated
with any rigor; there may be room here for exploration of other agents. Brain stimulation
techniques such as transcranial magnetic stimulation (Carmi, Tendler et al. 2019) show
promise, though these lie beyond the primary focus of the current review. Finally, the

use of pharmacological or other somatic manipulations to enhance the efficacy of CBT
holds great theoretical promise, as it may allow us to take advantage of both the potency
of neurobiological interventions and the individualized specificity of psychotherapy. The
first attempt at such a mechanistic synergy, using D-cycloserine, has not proven to be of
robust enough benefit to enter widespread use (Burkner, Bittner et al. 2017, Mataix-Cols,
Fernandez de la Cruz et al. 2017), but it is a valuable proof of concept that may light the way
for future work along the same conceptual line.
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In sum, there is reason for both optimism and caution. We have a few robustly proven
treatments for OCD, and these can benefit many patients and mitigate much suffering. But
more is needed to help the severely affected and those whose symptoms are refractory to
standard care. It is to be hoped that in the coming decade, developing insights such as those
summarized in this volume will light the way towards the development of qualitatively new
interventions, to the benefit of many.
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