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Abstract

Objective—This meta-analysis examined treatment efficacy, treatment response, and diagnostic
remission effect sizes (ES) and moderators of d-cycloserine (DCS) augmented exposure treatment
in randomized controlled trials (RCTs) of individuals with anxiety disorders, obsessive-
compulsive disorder (OCD), and posttraumatic stress disorder (PTSD).

Data Sources and Study Selection—Using search terms d-cycloserine AND randomized
controlled trial, PubMED (1965-May 2015), Psyclnfo, and Scopus were searched for randomized
placebo-controlled trials of DCS-augmented exposure therapy for anxiety disorders, OCD, and
PTSD.
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Data Extraction—Clinical variables and ES were extracted from 20 RCTs (957 participants). A
random effects model calculated the ES for treatment efficacy, treatment response, and diagnostic
remission using standardized rating scales. Subgroup analyses and meta-regression examined
potential moderators.

Results—A small non-significant benefit of DCS augmentation compared to placebo
augmentation was identified across treatment efficacy (¢=0.15), response (RR=1.08), and
remission (RR=1.109), with a moderately significant effect for anxiety disorders specifically
(9=0.33, p=.03). At initial follow-up assessments, a small non-significant ES of DCS
augmentation compared to placebo was found for treatment efficacy (¢=0.21), response
(RR=1.06), and remission (RR=1.12). Specific treatment moderators (e.g., comorbidity,
medication status, gender, publication year) were found across conditions for both acute treatment
and initial follow-up assessments.

Conclusions—DCS does not universally enhance treatment outcomes, but demonstrates promise
for anxiety disorders. Distinct treatment moderators may account for discrepant findings across
RCTs and disorders. Future trials may be strengthened by accounting for identified moderators in
their design, with ongoing research needed on the mechanisms of DCS to tailor treatment
protocols and maximize its benefit.

Keywords

treatment outcome; exposure therapy; d-cycloserine; anxiety disorders; obsessive-compulsive
disorder; posttraumatic stress disorder

Introduction

Anxiety disorders, obsessive compulsive disorder (OCD), and posttraumatic stress disorder
(PTSD) are characterized by clinically significant fear and distress that occur in response to
stimuli and/or situational cues.? These psychiatric conditions collectively affect between 2
and 29% of individuals.? 3 Psychiatric comorbidity is common for these conditions with co-
occurring anxiety and depressive disorders frequently endorsed by individuals.* Although
these disorders possess distinctive diagnostic features and multi-factorial etiologies,! the
mechanisms of fear conditioning and extinction are believed to play a central in symptom
acquisition, persistence, and treatment.>

Cognitive-behavioral therapy (CBT) is an efficacious treatment for anxiety disorders, OCD
and PTSD, with the core therapeutic component being exposures to feared situations and/or
stimuli.8 Although efficacious, several limitations exist with exposure-based CBT for these
disorders. These challenges include: inadequate response to exposure-based therapies and/or
infrequent diagnostic remission; treatment attrition and/or treatment burden; and limited
access and/or availability to trained treatment providers experienced in conducting exposure-
based CBT with anxious patients.” & Taken together, there is a clear need to improve
therapeutic outcomes and accelerate treatment gains to reduce patient burden and improve
therapist availability.

Multiple approaches have been explored to enhance and/or accelerate treatment outcomes
for youth and adults with anxiety disorders, OCD, and PTSD. One approach involves the

J Clin Psychiatry. Author manuscript; available in PMC 2018 May 24.
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administration of cognitive enhancers to augment exposure-based therapies. Broadly,
cognitive enhancers are compounds that influence signaling pathways in brain regions
associated with fear learning to enhance neurocircuitry of fear extinction that occurs during
exposure-based treatments.® Although multiple cognitive enhancers have been evaluated in
randomized controlled trials (RCTs) among individuals with fear-based psychiatric
disorders,8 d-cycloserine (DCS) is the most well-studied cognitive enhancer in both youths
and adults. DCS is a partial N-methyl-D-aspartate (NMDA) agonist that has been found to
enhance fear extinction in animal studies.1% 11 It is believed that acute DCS administration
stimulates NMDA glutamate synapses involved in emotional learning and strengthens
extinction learning that takes place in exposure-based treatments, 12 13 which may occur in
part through the consolidation of extinction learning.1* Given the parallels between fear
extinction in animal studies and human exposure-based therapies, DCS has been evaluated
across multiple RCTs with mixed success.15-34

When evaluating the benefit of a treatment approach, it is important to synthesize the
empirical evidence to inform clinical decisions.3> Meta-analyses provide a quantitative
synthesis of RCTs, and can examine treatment moderators across studies. To date, there have
been four meta-analyses that have examined the efficacy of DCS-augmented exposure-based
therapies relative to placebo-augmentation across anxiety disorders, OCD, and PTSD.

10, 36-38 Norberg and colleagues® examined DCS across animal and human studies.
Although a large effect was found in animal studies (¢=1.19), the augmentative effects of
DCS were modest among clinical human studies at post-treatment (¢=0.60) and follow-up
assessments (¢=0.47).10 Meanwhile, Bontempo and colleagues36 completed a meta-analysis
of 9 RCTs with 273 human participants and found a standardized mean difference (SMD) of
0.46 between DCS-augmented and placebo-augmented treatment at post-treatment.
Rodrigues and colleagues3’ completed a meta-analysis of 13 RCTs and found a small effect
(SMD=0.34) of DCS-augmented treatment relative to placebo-augmentation at post-
treatment. Most recently, Ori and colleagues38 completed a meta-analysis of 21 RCTs and
found no significant difference in treatment response between DCS augmentation and
placebo augmentation treatment [Risk ratio (RR)=1.1, 95% C1=0.89, 1.34). While these
meta-analyses initially suggest an overall benefit of DCS in augmenting exposure-based
treatments, the additive benefit of DCS appears to have diminished with the inclusion of
further RCTs. This diminishing effect may be attributed to a minimal benefit of DCS
revealed with further examination, trial design methodologies of later RCTs that utilized full
courses of exposure treatments, and/or possible moderators that influence treatment effects.

Notably, across these four meta-analyses, few moderators have been examined. Available
moderator analyses have found no association between treatment effects and: dose,10: 36
time of administration,38 number of doses, 10 36 number of treatment sessions, 36 diagnostic
group,3® methodological quality, 36 and analytic method.38 However, Norberg and
colleagues® found that DCS doses administered closer to therapy sessions exhibited greater
effects. Although noteworthy, several limitations exist in these prior examinations that
include: small sample size,38 moderator analyses across humans and animal studies,? and
treatment effect extraction from ratings with untested psychometric properties (e.g.,
subjective fear ratings).10: 36 Additionally, the moderating influence of gender, co-occurring
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psychiatric conditions, or concurrent medication status were not examined. Furthermore,
there has been no evaluation of moderators of treatment response and diagnostic remission.

To address these concerns, this report examined placebo-controlled RCTs of DCS-
augmented exposure-based treatment for anxiety disorders, OCD, and PTSD to determine its
treatment efficacy and identify the RR of experiencing treatment response or diagnostic
remission. We hypothesized that DCS-augmented exposure-based treatment would
outperform placebo-augmented exposure-based treatment. Based on prior meta-analyses and
the extant literature, several theoretically-derived moderators were examined. First, given the
neurobiological differences in fear acquisition and extinction between youth and adults,3°
we examined the influence of age. Second, given the variable gender distribution across
studies (19%-100%), we examine whether gender influenced treatment effects. Third, as
specific disorders (i.e., panic disorder, PTSD, depression) have been related to impediments
in fear acquisition and extinction,*? we examined whether co-occurring anxiety or
depressive disorders influenced effects. Fourth, as serotonin reuptake inhibitors are common
evidence-based treatments for these conditions and have demonstrated mixed evidence on
the promotion/impairment of fear extinction,1: 42 we examined the moderating impact of
SRIs on treatment effects. Fifth, as some studies utilized full courses of treatment and others
employed abbreviated treatment protocols, we examined the influence of therapeutic contact
on treatment effects. Finally, following-up on studies that suggest the dosel® 43 and time
administrationl® may influence DCS outcomes, we investigated wither these factors
impacted treatment effects.

Search Strategy

Procedures

PubMED (1965-May 2015), Psycinfo, and Scopus were searched using the key search
terms: “d-cycloserine” and “randomized controlled trial.” Identified abstracts were reviewed
independently by two raters for appropriateness (J.F.M and M.S.W). The references of
eligible treatment trials and review articles were also searched. ldentified abstracts/citations
were evaluated for the following inclusion criteria: 1) an RCT, 2) comparison of DCS-
augmented exposure-based treatment to placebo-augmented exposure-based treatment; 3)
sample that met criteria for an anxiety disorder, OCD, or PTSD; 4) available in English; 5)
provision of sufficient data to calculate treatment effects using psychometrically-supported
rating scales. When insufficient or incomplete data were present, study investigators were
contacted to obtain values.

Given the diversity of measures across studies, a hierarchy of preferred informant ratings for
the primary outcome measure was established a priorito limit reporting bias. In order of
preference, these informants included clinician ratings, self-report ratings, and parent-report
ratings. When multiple ratings by the same informant were available, preference was placed
on the most commonly used measure in RCTs. For classification of treatment response,
preference was placed on the Clinical Global Impression—Improvement Scale (CGI-
Improvement),*4 with treatment response classified as a rating of “much improved” or “very

J Clin Psychiatry. Author manuscript; available in PMC 2018 May 24.
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much improved”. When the CGI-Improvement was unavailable, a percent reduction or
clinical cut-off score based on the primary outcome measure was selected that corresponded
with a response on the CGI-Improvement.#>-49 For classification of diagnostic remission,
preference was placed on the Clinical Global Impression-Severity Scale (CGI-Severity),
with a remission rating classified as a rating of “no illness” or “mild illness”.44 50 When the
CGI-Severity was unavailable, a percent reduction or clinical cut-off score based on the
primary outcome measure was selected that corresponded with a categorization of remission
on the CGI-Severity.4>-47

Trials were coded for the following characteristics: sample size, percent male, average
participant age, percentage of co-occurring anxiety or depressive disorders, percent on an
serotonin reuptake inhibitor (SRI) medication, number of therapy sessions, DCS
administration time and number of DCS doses, publication year, and analysis type (intent-to-
treat or completer). Study methodology was assessed using a 23-item scale that has been
used in other meta-analyses,>1: 52 with higher scores corresponding to greater
methodological rigor. Trials were coded by two raters to ascertain reliability. Rater
disagreement was resolved through discussion and consensus.

Effect Size (ES) Calculation

Given the difference in sample sizes across studies, Hedges’ g was used to calculate
treatment efficacy and was calculated in Comprehensive Meta-Analysis (CMA) Version 2.53
Effect sizes were calculated using change scores because it increases the precision of ES
estimators by controlling for pretreatment group differences of symptom severity. Pre- and
post-treatment means and standard deviations were entered into CMA, and were divided by
the pooled post-treatment standard deviation. Effect sizes were standardized so that a
positive result indicated that DCS outperformed placebo augmentation in reducing symptom
severity. The RR is the ratio of participants exhibiting response or remission with DCS-
augmented treatment divided by the probability of patients exhibiting response or remission
with placebo-augmented treatment.>* A RR of 1 suggests that response or remission did not
differ between conditions, whereas a RR of 3 indicates that the DCS augmentation had a
threefold greater probability of exhibiting response or remission. The number of participants
experiencing a treatment response and remission were entered into CMA, which calculated
the RR for treatment response and diagnostic remission.

Statistical Analyses

Inter-rater agreement of study characteristics and quality ratings were assessed using
descriptive statistics and intra-class correlation coefficient (ICC). A random effects model
using inverse variance weights examined the ES of DCS-augmented treatment. Separate
random effect models examined the RR of DCS-augmented treatment for treatment response
and diagnostic remission. A random effects model was chosen because the true ES were
expected to vary across trials due to different study characteristics.>® Heterogeneity of ES
was assessed using the forest plot, Qstatistic, and 12 statistic. Publication bias was assessed
by visual inspection of the funnel plot and Egger’s test for bias. When publication bias was
present, a trim-and-fill method was applied to account for bias by producing an adjusted
summary effect that takes into account possible unpublished studies within the field.>>
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Finally, moderator variables were analyzed using either method-of-moments meta-regression
or an analog to the analysis of variance (ANOVA).

Included Studies and Reliability Ratings

Initial search strategies produced 232 potential abstracts/citations, with 92 abstracts being
retrieved for detailed review (see Figure 1). Table 1 displays the 20 RCTs (Anxiety, 7=8;
OCD, r=7; PTSD, n=5) that met inclusion criteria and produced a final sample size of 957
participants. The average initial follow-up assessment occurred 2.30 months after acute
treatment (range: 1-6 months). There was excellent inter-rater agreement between the two
raters on categorical and continuous study characteristics (100% agreement), as well as
overall study methodological quality (ICC=0.94, 95% CI=0.86, 0.98).

DCS-Augmented Outcomes

Acute Efficacy—A random effects meta-analysis found a non-significant effect for DCS-
relative to placebo-augmented treatment across all studies (g=0.15, 95% CI: -0.03, 0.32,
7=1.65, p=0.10) (see Figure 2). Visual inspection of the forest plot, Q statistic, and 12
statistic identified significant heterogeneity [ O(18)=29.09 £=0.05, 12=38.12%]. Visual
inspection of the funnel plot and Egger’s test for bias indicated that publication bias was not
significant (#£0.95, p=0.36). When examining diagnostic groups separately, there was a
moderately significant effect for anxiety disorders (g=0.33, 95% ClI: 0.02, 0.64, z=2.12,
p=0.03), and a non-significant effect for both OCD (g=0.01, 95% ClI: -0.24, 0.27, z=0.10,
p=0.92) and PTSD (g=0.03, 95% CI: -0.30, 0.35, z=0.17, p=0.87). Follow-up comparisons
found no significant difference between anxiety disorders and OCD (p=0.12), anxiety
disorders and PTSD (p=0.18), or OCD and PTSD (p=0.95).

Acute Treatment Response—A random effects meta-analysis found a non-significant
effect for DCS- relative to placebo-augmented treatment (RR=1.08, 95% CI: 0.94, 1.25,
2=1.08, p=0.28) with significant heterogeneity [ Q(15)=35.45, p=0.002, 12=57.68%)] (Figure
2). Visual inspection of the funnel plot and Egger’s test for bias indicated that publication
bias was not present (£0.03, p=0.97). When examining diagnostic groups separately, there
was a non-significant effect for anxiety disorders (RR=1.12, 95% ClI: 0.83, 1.50, z=0.75,
=0.45), OCD (RR=1.04, 95% CI: 0.91, 1.18, z=0.51, p=0.61), and PTSD (RR=1.07, 95%
Cl: 0.59, 2.96, z=0.23, p=0.82). Follow-up comparisons found no significant difference
between anxiety disorders and OCD (p=0.63), anxiety disorders and PTSD (p=0.90), or
OCD and PTSD (p=0.91).

Acute Treatment Remission—A random effects meta-analysis found a non-significant
effect for DCS relative to placebo augmented treatment (RR=1.09, 95% ClI: 0.95, 1.25,
2=1.16, p=0.25) with minimal heterogeneity present [(12)=13.33, p=0.35, 12=9.97%]
(Figure 2). Visual inspection of the funnel plot and Egger’s test for bias indicated that
publication bias was not significant (#~0.18, p=0.86). When examining diagnostic groups
separately, there was a non-significant effect for anxiety disorders (RR=1.15, 95% CI: 0.89,
1.50, z=1.06, p=0.29), OCD (RR=1.09, 95% CI: 0.80, 1.38, z=0.38, p=0.71), and PTSD
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(RR=0.99, 95% CI: 0.57, 1.71, z=-0.05, p=0.96). Follow-up comparisons found no
significant difference between anxiety disorders and OCD (p=0.64), anxiety disorders and
PTSD (p=0.62), or OCD and PTSD (p=0.84).

Follow-up Efficacy—A random effects meta-analysis found a non-significant effect for
DCS- relative to placebo-augmented treatment (g=0.21, 95% CI: -0.05, 0.46, z=1.60,
p=0.11) (see Figure 3). Visual inspection of the forest plot, Qstatistic, and 12 statistic
identified significant heterogeneity [ Q(15)=44.94, p<0.001, 12=66.62%]. Visual inspection
of the funnel plot and Egger’s test for bias indicated that publication bias was not significant
(£1.24, p=0.23). When examining diagnostic groups separately, there was a non-significant
effect for anxiety disorders (g=0.54, 95% CI: -0.15, 1.24, z=1.53, p=0.13), OCD (g=0.10,
95% ClI: -0.22, 0.42, z=0.62, p=0.53) and PTSD (g=-0.05, 95% ClI: -0.28, 0.18, z=-0.42,
£~=0.68). Follow-up comparisons found no significant difference between anxiety disorders
and OCD (p=0.26), anxiety disorders and PTSD (p=0.11), or OCD and PTSD (p=0.45).

Follow-up Treatment Response—A random effects meta-analysis found a non-
significant effect for DCS relative to placebo augmented treatment (RR=1.06, 95% CI: 0.95,
1.18, 7=0.96, p=0.34) with some heterogeneity present [((13)=15.33, p=0.23, 12=15.21%]
(Figure 3). Visual inspection of the funnel plot and Egger’s test for bias suggested that
publication bias existed (£2.25, p=0.04). A trim-and-fill method was applied and three
studies were trimmed, which produced a revised summary effect that was also non-
significant (RR=1.02, 95% CI: 0.87, 1.16). When examining diagnostic groups separately,
there was a non-significant effect for anxiety disorders (RR=1.17, 95% CI: 0.85, 1.61,
z=0.97, p=0.33), OCD (RR=1.04, 95% CI: 0.84, 1.30, z=0.39, p=0.69), and PTSD
(RR=1.07, 95% CI: 0.88, 1.28, z=0.66, p=0.51). Follow-up comparisons found no
significant difference between anxiety disorders and OCD (p=0.56), anxiety disorders and
PTSD (p=0.62), or OCD and PTSD (p=0.89).

Follow-up Diagnostic Remission—A random effects meta-analysis found a non-
significant effect for DCS relative to placebo augmented treatment (RR=1.12, 95% CI: 0.90,
1.40, z=1.01 p=0.32) with moderate heterogeneity [((12)=17.96, p=0.12, 12=33.20%]
(Figure 3). Visual inspection of the funnel plot and Egger’s test for bias suggested that
publication bias was not significant (£=1.07, p=0.31). When examining diagnostic groups
separately, there was a non-significant effect for anxiety disorders (RR=1.20, 95% CI: 0.81,
1.77, z=0.89, p=0.38), OCD (RR=0.97, 95% CI: 0.74, 1.27, z=-0.21, p=0.84), and PTSD
(RR=1.49, 95% CI: 0.61, 3.65, z=0.87, p=0.38). Follow-up comparisons found no
significant difference between anxiety disorders and OCD (p=0.40), anxiety disorders and
PTSD (0=0.66), or OCD and PTSD (p=0.37).

Moderators of DCS-Augmented Treatment

Table 2 presents treatment moderators examined across DCS-augmentation trials for both
acute and follow-up treatment efficacy, treatment response, and symptom remission.

J Clin Psychiatry. Author manuscript; available in PMC 2018 May 24.
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Acute Outcomes—Across studies, trials published earlier were associated with larger RR
for diagnostic remission (see Table 2). There were no other significant moderators across the
full sample of trials for acute treatment efficacy, response, or remission.

When examining diagnostic groups separately, larger DCS effects on treatment efficacy were
associated with a greater percentage of participants taking SRI medications in anxiety
disorder trials (7=7) (B8=0.01, S£=0.01, z=2.02, p=0.04), and a greater percentage of male
participants in OCD trials (r=7) (8=0.03, S£=0.01, z=2.08, p=0.04). No moderators of acute
treatment efficacy were found for PTSD.

In terms of acute treatment response, larger DCS effects were associated with a greater
percentage of participants on SRI medications in PTSD trials (/=4) (B=0.09, S£=0.02,
7=4.29, p<0.001), while no significant moderators emerged for anxiety disorders or OCD.

Although no moderators of acute diagnostic remission were identified for anxiety or PTSD
trials, multiple moderators were identified for OCD trials (/7=7). Larger DCS treatment
effects were associated with a greater percentage of male participants (58=0.03, S£=0.01,
z=2.32, p=0.02), while smaller DCS effects were associated with larger sample sizes
(B=-0.01, SE=<0.01, z=-2.14, p=0.03) and more recent publications (B=-0.07, S£=0.04,
7=-2.02, p=0.04).

Follow-Up Outcomes—No significant moderators were identified across trials for
treatment efficacy, response, or remission at initial follow-up (see Table 2).

When examining diagnostic groups separately, larger DCS effects on treatment efficacy were
associated with greater participant mean age for anxiety disorders (/7=5) (8=0.56, S£=0.21,
z=2.71, p=0.007). No moderators of treatment efficacy at follow-up were found for OCD or
PTSD.

In terms of follow-up treatment response, larger DCS effects were associated with greater
participant mean age for anxiety disorders (/7=5)(8=0.07, S£=0.04, z=1.96, p=0.05).
However, smaller DCS effects were associated with greater co-occurring depressive
disorders (8=-0.03, S£=0.02, z=-2.10, p=0.04), greater methodological quality (B=-0.06,
SE=0.03, z=2.10, p=0.04), and more recently published studies (8=-0.11, S£=0.05, z=-2.19,
£=0.03) for anxiety disorders. No moderators of treatment response were found for OCD or
PTSD.

Although no moderators of diagnostic remission at follow-up were identified for OCD trials,
multiple moderators were identified for both anxiety disorders (7=3) and PTSD (/=4).
Larger DCS effects were associated with greater mean participant age (8=0.33, SE£=0.17,
7=1.96, p=0.05) and percentage on an SRI medication (8=0.01, S£=0.01, z=1.95, £p=0.05),
whereas smaller DCS effects were associated with greater methodological quality (8=-0.07,
SE=0.04, z=-1.92, p=0.05) and more recently published studies (8=-0.26, S£=0.14, z=-1.95,
p=0.05) in anxiety disorder trials. Additionally, intent-to-treat studies (RR=1.02) had smaller
DCS effects relative to completer analyses among anxiety disorder trials (RR=2.25),
©(1)=3.80, p=0.05. For PTSD trials, greater DCS treatment effects were associated with a
greater percentage of co-occurring anxiety disorders (B=0.04, SE=0.02, z=2.28, p=0.02),
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more therapy sessions (B=0.33, S£=0.12, z=2.66, p=0.007), earlier DCS dosing (B=-1.91,
SE=0.70, z=-2.73, p=0.006), more DCS doses (B=0.33, SE=0.16, z=2.04, p=0.04), and
greater methodological quality (B=0.17, S£=0.09, z=1.93, p=0.05).
Discussion

This study evaluated treatment efficacy, response, and diagnostic remission of DCS-
augmented treatment for anxiety disorders, OCD, and PTSD during acute treatment and at
follow-up assessments using validated ratings. While prior meta-analyses have provided
initial support for DCS, this meta-analysis addressed several limitations of prior
investigations such as small sample size,3% use of psychometrically validated rating scales to
calculate effects,10: 36 and limited examination of moderators3’: 38 across three clinically
relevant measures of therapeutic outcome. Moreover, this study completed an extensive
examination of theoretically-derived treatment moderators across outcomes. Findings
suggest minimal benefit of DCS relative to placebo augmentation across all three outcomes,
with the most robust effect observed among anxiety disorders during acute treatment
(9=0.33). This finding may be understood in several ways. First, the minimal effect of DCS
across trials may be attributed to the robust effect sizes of existing exposure-based
treatments in which there is limited room for improvement. Second, as DCS can influence
memory reconsolidation, %6 conditions that have more fear-based psychopathology and well-
defined exposure targets (e.g., public speaking, specific phobias) may enable better fear
memory reconsolidation in treatment. Conversely, conditions that have greater heterogeneity
such as OCD may be influenced by sample-dependent characteristics of symptom
presentation (e.g., fear-based symptoms versus not-just-right symptoms). Third, given the
potential importance of between- and within-session habituation,32 57 anxiety disorders may
allow for better habituation within the session due to contained triggers. Meanwhile from an
inhibitory learning model perspective,®® it may be that within session habituation serves as a
possible marker that the prior fear association is adequately inhibited and fear extinction
associations are strengthened. Given the contained nature of anxiety triggers predominantly
studied in DCS trials (e.g., SAD, specific phobias), this may be more easily achieved for
anxiety disorders relative to conditions that have more expansive triggers like OCD and
PTSD. Fourth, as OCD and PTSD often have greater psychiatric comorbidities,? 3 it may be
that specific co-occurring conditions impede extinction learning targeted in treatment. While
DCS augmentation can provide some enhancement of outcomes beyond placebo, further
research is needed to clarify mechanisms and disentangle its effect across disorders.

When examining treatment moderators, a greater percentage of participants taking SRI
medications was associated with greater DCS effects during acute treatment for anxiety
disorders and PTSD. This finding is consistent with animal research suggesting synergy
between antidepressant drugs and fear extinction.#? Although different than the finding of an
attenuated response with SRI medication in adults with OCD,34 SRI medications can reduce
negative biases in information processing hypothesized to play a central role in fear-based
psychopathology.3® 60 Thus, SRIs may indirectly strengthen the appropriate formation of
fear extinction learning that occurs treatment. Conversely, other animal model studies (e.g.,
Burghardt et al.#2) suggest that the chronic use of antidepressants may impede fear
extinction. Thus, it may be that SRI medications may be interacting with brain-derived
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neurotrophin factor (BDNF) to enhance synaptic plasticity of fear extinction targeted by
DCS in exposure-based treatments.52 Among OCD trials, a greater percentage of male
participants was associated with larger DCS effects in acute treatment. Although this
suggests a possible gender difference in DCS response, it may also be attributed to tic-
related OCD that has a greater male preponderance.®2 Indeed, tic-related OCD serves a
DSM specifier and has been suggested to be phenomenologically distinct from non-tic OCD
with a differential treatment response profile.l: 62 Additionally, a larger sample size and
more recently published studies were associated with smaller DCS effects in OCD trials,
suggesting that DCS’s broad benefit diminishes in larger studies. As OCD has a
heterogeneous presentation, subtype analyses may prove useful in clarifying whether
specific OCD symptom dimensions respond better to DCS augmentation (e.g., fear-based
symptoms versus not-just-right symptoms).

When examining moderators at initial follow-up assessments, a greater average participant
age and percentage of participants on SRI medications was associated with larger DCS
benefit for anxiety disorders. Meanwhile, greater depressive disorder, methodological
quality, and recently published studies were associated with reduced DCS effects. While
reduced effects for methodological quality and publication year may be anticipated, greater
co-occurring depressive disorders may interfere with extinction learning targeted in
treatment.53 It would be interesting to examine whether co-occurring depression moderated
DCS effects among anxiety disorder trials with patient-level data. Among PTSD trials, a
greater percentage of anxiety disorders, treatment sessions, and DCS doses were associated
with greater DCS effects. As greater co-occurring anxiety disorders may be associated with
greater fear-based psychopathology, this may provide further evidence for DCS’s benefit in
extinction augmentation of fear-based psychopathology. Notably, extinction enhancement
may not necessarily yield treatment enhancement, especially for symptoms not directly tied
to fear. While the positive association between DCS effects and more treatment sessions
makes clinical sense, the findings regarding a positive association with more DCS doses is
somewhat counter-intuitive based on the literature.10 This particular effect may be attributed
to the robust results in diagnostic remission that occurred at follow-up in a trial that had the
highest DCS doses.33

Several limitations should be considered when interpreting these findings. First, there was
inconsistent reporting of variables needed to calculate treatment efficacy, response, and
diagnostic remission. Although study investigators were contacted to obtain these data, this
resulted in different studies being included for different outcomes. Second, while this
evaluation emphasized the importance of standardized rating scales, it is important to note
that these studies focused on acute outcomes (often in truncated treatment protocols) and
were not designed with the goal of diagnostic remission. Third, this evaluation examined
three outcomes across multiple study characteristic across and within psychiatric conditions.
This raises some concerns related to family-wise error. While theoretically-derived
moderators were selected for analysis, caution in interpreting these findings as definitive is
warranted. Fourth, this study was well powered to detect treatment moderators across trials,
but had modest power to detect treatment moderators within disorders.>® As such, non-
significant moderators should not be interpreted as a conclusive lack of association within
conditions. Future research should examine identified treatment moderators in patient-level
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data to confirm these findings.%* Finally, there were limited characteristics available for
extraction across RCTs. Thus, there may be unexamined factors such as within- and
between-session habituation that could influence DCS effects.32: 57

In summary, these meta-analytic findings suggest that DCS augmentation yields a small-to-
moderate albeit non-significant benefit across disorders, with treatment moderators varying
across conditions. These findings highlight three directions for future research. First, the
heterogeneous findings across RCTs highlight the importance of preclinical research on
cognitive enhancers. As human RCTs are complicated by the interaction of pharmacological
agents, human behavior, co-occurring conditions, and treatment protocols, preclinical
research in animals can prove useful to elucidate possible biomarkers of DCS response (e.g.,
BDNF levels, SRI medications). This line of research may be useful to clarifying whether
SRI medications potentiate or impede DCS treatment response, and better understand
individualized responses to cognitive enhancers. Second, further research is needed to
understand DCS’s mechanism of action in humans. For instance, recent research suggests
that DCS enhances fear extinction in specific phobias via mechanisms of generalization and
context learning.5% Additionally, an ongoing trial aims to further evaluate the dose timing
aspect of DCS and will also explore a biological marker of fear conditioning in adults with
anxiety disorders.5® While these two studies are noteworthy, considerably more well-
designed studies are needed to evaluate its mechanisms in humans; such studies should
include idiographic patient factors, therapy-specific reactions, and phenotypes rather than
broad demographic stratifications.8” Additionally, when considering study designs, it may be
useful to account for identified treatment moderators in the design process (e.g., stratifying
randomization by SRI medication status). Finally, the present findings regarding disorder-
specific moderation support the importance of treatment moderators as a source of important
information to individualize and/or maximize the augmentative benefit of DCS in fear-based
psychopathology. Future work employing patient-level analyses within large RCTs and/or
aggregating data from similarly designed RCTs within specific disorders may be helpful in
furthering our understanding in this area.
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Clinical Points

. Given the mixed findings among randomized controlled trials of d-cycloserine
augmentation of exposure-based treatments, evaluation of possible
moderators was examined.

. In contrast to previous meta-analyses, a minimal benefit was observed for d-
cycloserine for augmenting exposure-based treatments for anxiety disorders,
with no significant benefit for obsessive compulsive disorder (OCD) and
posttraumatic stress disorder (PTSD).

. Moderator analyses identified several significant moderators within and
across disorders that explain discrepant findings and warrant further
examination.
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232 Abstracts/Citations Identified

140 Abstract/sCitations Excluded
106 Duplicate citations across search databases
25 Review articles or meta-analyses

— > 5 Articles were not specific to DCS

4 Articles were unavailable in English

v
92 Abstracts/Citations Retrieved for Detailed Evaluation

72 Manuscripts Excluded
39 Used DCS in condition other than anxiety disorder, OCD, or PTSD
18 Used DCS in a non-clinical population

— 7 Secondary data analysis papers

4 Studies did not include exposure-based treatment

2 Studies did not include a standardized treatment measure

2 Studies did not provide sufficient data for effect size calculation

v
20 Manuscripts Included in the Present Meta-Analysis
8 Trials focused on anxiety disorders

7 Trials focused on OCD

5 Trials focused on PTSD

Figure 1.
Study selection and Rationale for exclusion
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Forest Plots for Follow-Up Treatment Efficacy (A), Treatment Response (B), and Diagnostic
Remission (C) in D-Cycloserine or Placebo Augmentation Trials of Exposure-Based
Treatment Upper and Lower Limits in Forest plots represent 95% confidence intervals.
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