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Background. There is growing interest in glutamatergic agents in depression, particularly ketamine, a glutamate
N-methyl-p-aspartate (NMDA) receptor antagonist. We aimed to assess the efficacy of ketamine in major depressive
episodes.

Method. We searched EMBASE, PsycINFO, CENTRAL, and Medline from 1962 to January 2014 to identify double-
blind, randomized controlled trials with allocation concealment evaluating ketamine in major depressive episodes.
Clinical remission, response and depressive symptoms were extracted by two independent raters. The primary
outcome measure was clinical remission at 24 h, 3 days and 7 days post-treatment. Analyses employed a random-effects
model.

Results. Data were synthesized from seven RCTs employing an intravenous infusion and one RCT employing intranasal
ketamine, representing 73 subjects in parallel arms and 110 subjects in cross-over designs [n=34 with bipolar disorder
(BD), n=149 with major depressive disorder (MDD)]. Ketamine was associated with higher rates of clinical remission
relative to comparator (saline or midazolam) at 24 h [OR 7.06, number needed to treat (NNT)=5], 3 days (OR 3.86,
NNT=6), and 7 days (OR 4.00, NNT=6), as well as higher rates of clinical response at 24 h (OR 9.10, NNT=3), 3 days
(OR 6.77, NNT=3), and 7 days (OR 4.87, NNT=4). A standardized mean difference of 0.90 in favor of ketamine was
observed at 24 h based on depression rating scale scores, with group comparisons revealing greater efficacy in unipolar
depression compared to bipolar depression (1.07 v. 0.68). Ketamine was associated with transient psychotomimetic ef-
fects, but no persistent psychosis or affective switches.

Conclusion. Our meta-analysis suggests that single administrations ketamine are efficacious in the rapid treatment of
unipolar and bipolar depression. Additional research is required to determine optimal dosing schedules, route, treatment
schedules, and the potential efficacy of other glutamatergic agents.
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Introduction Despite effective treatments, some patients will not ex-
perience symptomatic relief despite several adequate
trials of medication and psychotherapy (Rush et al.
2006).

The search for novel targets has stimulated interest
in the glutamatergic system (Skolnick et al. 1996;
Sanacora ef al. 2008; Skolnick et al. 2009). Post-mortem
characterizations support the notion of dysfunctional
glutamatergic signaling in MDD and BD (Knable

et al. 2002; Sequeira et al. 2009; Deschwanden et al.

Major depressive disorder (MDD) and bipolar disorder
(BD) are major sources of global disability (WHO,
2008). These disorders are usually chronic, character-
ized by relapsing remitting courses and significant
impairment persisting even during periods of re-
mission (Fagiolini et al. 2005; Conradi et al. 2011).
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2011). Indeed, there is evidence for the efficacy of
agents that directly target glutamatergic system such
as lamotrigine (Geddes et al. 2009) in bipolar
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depression and riluzole in major depression (Zarate
et al. 2004). Moreover, animal data suggests that antag-
onism of N-methyl-pD-aspartate (NMDA) receptors,
an ionotropic subpopulation of glutamate receptors,
is associated with antidepressant effects (Trullas &
Skolnick, 1990; Przegalinski et al. 1997).

Ketamine is an NMDA receptor antagonist that
has been the focus of significant clinical, research,
and media interest. Since the initial report by Berman
et al. (2000) that ketamine produces a rapid and
marked antidepressant effect, there have been several
efforts to replicate and extend this finding (aan het
Rot et al. 2012). Indeed, there have been several trials
in both MDD and BD, yet this literature is disparate,
predominantly characterized by small sample sizes
and has involved several methodological variations.

The purpose of our systematic review and
meta-analysis of randomized, double-blind, placebo-
controlled trials was to assess the efficacy of ketamine
in the treatment of major depressive episodes. In order
to maximize the clinical relevance of our findings, we
focused on clinical remission and response, but we
also examined changes in clinician-rated depression
scores to allow meaningful comparison of the efficacy
in MDD and BD.

Methodology of the literature review
Search strategy

We identified articles for inclusion in this meta-
analysis by:

Searching Medline, EMBASE, PsycINFO, and the
Cochrane Central Register of Controlled Trials
(CENTRAL) until 14 January 2014, and reviewing the
bibliography of retained studies for additional uniden-
tified studies. The search procedures are described in
detail in the Supplementary online material.

Study selection

Studies were included if they satisfied all of the follow-
ing criteria (Higgins & Green, 2008):

® Study wvalidity: Random allocation; allocation con-
cealment; double-blind; placebo-controlled; parallel
or cross-over design; >5 subjects per study arm;
clinician-rated primary outcome measure.

e Sample characteristics: Subjects aged 18-75 years with
a diagnosis of primary major depressive episode
(unipolar or bipolar) according to DSM-IV (APA,
1994) or ICD (WHO, 1992) criteria.

® Treatment characteristics: Treatment with ketamine
as a single administration (oral, intranasal or
parenteral).

® Publication-related: Written in English.
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Exclusion criteria:

* ‘Narrow’ diagnoses (e.g. postpartum depression) or
secondary depression (e.g. vascular depression).

* Absence of response and/or remission rates.

¢ Ketamine as an ECT adjunct.

In cases where potentially eligible studies were missing
key data, their corresponding authors were contacted
by e-mail. All cross-over trial corresponding authors
were contacted in order to obtain data relating to the
first arm of the study.

Data extraction

Data were recorded by two independent observers
with subsequent review and consensus in a structured
fashion as follows:

Sample characteristics: Mean age, sex, and primary
diagnosis.

Ketamine related: Route, dose, duration of infusion,
and frequency.

Control condition: Substance, route, dose, duration
and frequency.

Primary outcome measure: Clinical remission, defined
as a Hamilton Depression Rating Scale (HAMD;
Hamilton, 1960) score of <7 or a Montgomery—
Asberg  Depression Rating Scale (MADRS;
Montgomery & Asberg, 1979) score of <10. Clinical
response, defined as a >50% reduction in post-
treatment clinician-rated depression scores.
Secondary outcome measures: Depressive symptoms as
assessed by clinician-rated depression instruments
(i.e. HAMD or MADRS). Psychotomimetic and dis-
sociative symptoms as measured by the Brief
Psychiatric Rating Scale (BPRS; Overall & Gorham,
1962) and the Clinician Administered Dissociative
States Scale (CADSS; Bremner et al. 1998).
Acceptability of Treatment: Adverse events and drop-
out rates.

Data synthesis and analyses

Analyses were performed using Comprehensive
Meta-Analyses Version 2.0 (Biostat, USA).

Given that true treatment effects likely vary between
studies given methodological differences, we used a
random-effects model (Riley et al. 2011). Analyses
were restricted to intention-to-treat data (Fergusson
et al. 2002). The efficacy of ketamine was investigated
by odds ratios (ORs) (Deeks, 2002), number needed
to treat (NNT), and standardized mean differences
(SMD). With respect to SMDs, we followed the recom-
mendation by Rosenthal (1993) and assumed a con-
servative estimation of r=0.7. Subgroup analyses
were conducted to determine the potential impact of
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Fig. 1. Study selection PRISMA flowchart.

primary diagnosis (MDD v. BD) and placebo condition
(saline v. midazolam) on effect-size estimates.

Heterogeneity was assessed using Q statistics and I*
(Cooper et al. 2009) and two-tailed p values reported.
Values of p<0.1 for the former and >35% for the latter
were deemed as indicative of study heterogeneity
(Borenstein et al. 2009). Finally, we used funnel plots,
Rosenthal’s fail-safe N (Rosenthal, 1979), and Egger’s
regression intercept (Egger et al. 1997) to test for the
presence of publication bias (Borenstein et al. 2009;
Cooper et al. 2009).

Results
Literature search

Our literature search is detailed in Fig. 1 and the
Supplementary material (Supplementary Figs S1-54).
We identified six double-blind randomized controlled
trials (RCTs) (Berman et al. 2000; Zarate et al. 2006,
2012; Diazgranados et al. 2010; Murrough et al. 2013g;
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Sos et al. 2013) through our systematic review, all of
which met inclusion criteria. An additional double-
blind RCT was published during manuscript prep-
aration and included in our analyses (Lapidus et al.
2014). Study quality was assessed using the Cochrane
Collaboration’s Tool for Assessing Risk of Bias
(Higgins et al. 2011) (Supplementary Table S2).

A double-blind RCT in a surgical setting was iden-
tified, but could not be assessed as it was available in
abstract form (Bastos et al. 2012) and correspondence
with the authors did not successfully yield the required
information to assure quality or data for analyses.

Included RCTs: main characteristics

Overall, seven RCTs (Berman et al. 2000; Zarate et al.
2006, 2012; Diazgranados et al. 2010; Murrough et al.
2013a; Sos et al. 2013; Lapidus et al. 2014) were
included in our meta-analysis, totaling 183 subjects
with a major depressive episode (1=34 with BD,
n=149 with MDD; Table 1). Six of the studies were
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Table 1. Characteristics of included studies

Depression Placebo Follow-up Age
Study Design Diagnosis Sample size Instrument score comparator Ketamine dose period (meanzs.D.) Sex
Berman et al. (2000) Cross-over RCT MDD(8)+BD(1) 9 HAMD-25 29.61+2.21 Saline 0.5mg/kg 3 days 37+10 5F/4M
Double-blind 40 min infusion
Zarate et al. (2006) Cross-over RCT MDD 18 HAMD-21  24.90+1.57 Saline 0.5mg/kg 7 days 45.86+11.80  12F/6M
Double-blind 40 min infusion
Diazgranados et al. Cross-over RCT  BD 18 MADRS 32.60+1.09 Saline 0.5 mg/kg 14 days 47.90+13.10  12F/6eM
(2010) Double-blind 40 min infusion
Zarate et al. (2012) Cross-over RCT ~ BD 15 MADRS 34.00+1.99 Saline 0.5mg/kg 14 days 53.90+3.27 8F/7M
Double-blind 40 min infusion
Sos et al. (2013) Cross-over RCT MDD 30 MADRS 23.06+£0.93 Saline 0.54 mg/kg; 7 days 43.72+2.26 15F/15M
0.27 mg/kg bolus
and 0.27 mg/kg
Double-blind 20 min infusion
Murrough et al. (2013) RCT MDD 73 MADRS 32.07+0.69 Midazolam 0.5 mg/kg 7 days (with ~ 45.44+1.47 37F/36M
Double-blind 40 min infusion additional
4 weeks in
responders)
Lapidus ef al. (2014) Cross-over RCT MDD 20 MADRS IDS-C 42.7+8.5 Saline 50 mg intranasal 7 days 48.0+12.8 10F/10M

Double-blind

RCT, Randomized controlled trial; MDD, major depressive disorder; BD, bipolar disorder; HAMD, Hamilton Depression Rating Scale; MADRS, Montgomery—Asberg Depression
Rating Scale; IDS-C, Inventory of Depressive Symptoms — Clinician rated; F, Female; M, Male.
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double-blind cross-over RCTs (Berman et al. 2000;
Zarate et al. 2006, 2012; Diazgranados et al. 2010; Sos
et al. 2013; Lapidus et al. 2014) (n=110), while
one was a parallel arm RCT (Murrough ef al. 2013a)
(n=73). When our efforts to obtain data relating to
the initial arm of cross-over studies were unsuccessful,
remission and response rates as presented in the pub-
lished manuscripts were analyzed. Only one study
had a mixed MDD and BD sample (MDD, n=8; BD,
n=1) (Berman et al. 2000) and was pooled with MDD
studies in analyses.

Ketamine was administered intravenously in all but
one study, which employed intranasal ketamine at a
dose of 50mg (Lapidus et al. 2014). Intravenous in-
fusion protocols most commonly used 0.5 mg/kg over
40 min (Berman et al. 2000; Zarate ef al. 2006, 2012;
Diazgranados et al. 2010; Murrough et al. 2013a). One
study involved an intravenous bolus of 0.27 mg/kg
and an additional 0.27 mg/kg infused over 20 min
(Sos et al. 2013).

Five of the studies used a saline infusion as a placebo
condition (Berman et al. 2000; Zarate ef al. 2006, 2012;
Diazgranados et al. 2010; Sos et al. 2013), while one
used midazolam (0.045 mg/kg) Murrough et al. 2013a).
Saline was employed as an intranasal placebo (Lapidus
et al. 2014).

Participants” mean age was 46.5 (s.0.=12.3) years,
with 84 males and 99 females. Primary outcome mea-
sures were as follows: one study (Zarate et al. 2006) uti-
lized the 21-item HAMD, one study used the 25-item
HAMD (Berman et al. 2000), and five studies used
the MADRS (Diazgranados et al. 2010; Zarate et al.
2012; Murrough et al. 2013a; Sos et al. 2013; Lapidus
et al. 2014). Baseline mean scores are presented in
Table 1.

In three studies (Berman et al. 2000; Zarate et al. 2006;
Murrough et al. 2013a) involving MDD patients,
patients were medication free after a washout period
that ranged from 1-4 weeks, and in the remaining
study involving MDD patients, patients maintained a
stable pharmacological regimen for 4 weeks prior to
entering the study (Sos et al. 2013). One study required
stable medication for an unknown time period prior to
entering and then during the study (Lapidus et al.
2014). Both studies in BD involved concomitant lith-
ium or valproate (Diazgranados et al. 2010; Zarate
et al. 2012).

Remission and response rates

Rates of clinical remission were available for five RCTs
(Zarate et al. 2006, 2012; Diazgranados et al. 2010;
Murrough et al. 2013a; Sos et al. 2013) while response
rates were available for all seven RCTs (Berman ef al.
2000; Zarate et al. 2006, 2012; Diazgranados et al.
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2010; Murrough et al. 2013a; Sos et al. 2013; Lapidus
et al. 2014). Analyses are presented at 24h, 3 days
(Sos et al. 2013 — 4 days), and 7 days post-infusion
(Fig. 2a, b).

After 24 h, the pooled OR was 7.06 (95% CI 2.50—
19.95, z=3.69, p<0.001) for clinical remission and 9.10
(95% CI 4.28-19.34, z=5.74, p<0.001) for clinical re-
sponse, indicating a significant difference in outcome
favoring ketamine. This translated into NNTs=>5 with
respect to clinical remission and NNTs=3 with respect
to clinical response. There was no evidence of hetero-
geneity in clinical remission (Q=0.25, df=1, p=0.61)
or response (Q=1.27, df=1, p=0.25) between MDD
and BD samples.

After 3 days, the pooled OR was 3.86 (95% CI 1.53—
9.74, z=2.87, p<0.01) for clinical remission and 6.77
(95% CI 3.40-13.50, z=5.44, p<0.001) for clinical re-
sponse, indicating a significant difference in outcome
favoring ketamine. This translated into NNTs=6 for
clinical remission and NNTs=3 for clinical response.
There was no evidence of heterogeneity with respect
to clinical remission (Q=0.36, df=1, p=0.54) or re-
sponse (Q=0.62, df=1, p=0.42) between MDD and
BD samples.

After 7 days, the pooled OR was 4.00 (95% CI 1.52—
10.51, z=2.81, p<0.01) for clinical remission and 4.87
(95% CI 2.24-10.55, z=4.01, p<0.001) for clinical re-
sponse, indicating a significant difference in outcome
favoring ketamine. This translated into NNTs=6 for
clinical remission and NNTs=5 for clinical response.
There was no evidence of heterogeneity with respect
to clinical remission (Q=0.30, df=1, p=0.58) or re-
sponse (Q=0.00, df=1, p=0.94) between MDD and
BD samples.

Cross-over studies and control interventions

Saline as a placebo was compared to midazolam to as-
sess the influence of the placebo condition.

After 24 h (Fig. 3a), no difference was noted between
saline and midazolam with respect to clinical re-
mission (Q=0.56, df=1, p=0.45); however, a trend
towards lower response in midazolam-placebo condi-
tions was observed for clinical response (Q=3.39,
df=1, p=0.06) with sensitivity analyses limited to
studies employing intravenous administration show-
ing a significant difference (Q=4.06, df=1, p<0.05).
Nevertheless, ketamine was superior to both midazo-
lam (OR 4.53, 95% CI 1.57-12.05, z=2.80, p <0.01,
NNT=3) and saline placebo conditions (OR 18.73,
95% CI 6.39-54.87, z=5.34, p<0.001, NNT=3).
However, at 3 and 7 days (Fig. 3b, c) a significant dif-
ference was no longer observed (Q <0.43, p <0.51),
nor when performing sensitivity analyses limited
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(a)

Group by Study name Tme point Stafistics for each study Remission | Total Odds ratio and 95% CI
row sk Odds Lower Upper Relafive
ratio  limit limit pValue Ketamine Placebo weight
1day Zarate et al, 2006 1 day 15.07 077 29644 0.074 5/18 or18 1213
1 day Diazgranados et al, 2010 1 day 15.07 077 29644 0074 5/18 0/18 1213
1 day Zarate et al, 2012 1 day 1213 059 24849 0.105 4/15 0/15 11.81
1 day Murrough et al, 2013 1 day 575 120 2749 0028 16/48 2725 —r— 4398
1day Sos etal, 2013 1 day 322 032 3289 0.324 3/30 1/30 1995
1 day 7.07 250 1995  0.000 i
Jdeys Zarate et al, 2006 3days 4.86 049 4857 0179 4/18 1/18 16.10
Jdays Diazgranados et al, 2010 3 days 1148 057 23099 0111 4718 018 048
3 days Zarate et al, 2012 3 days 32 012 8520 0486  1/15 0/15 794
3days Murrough et al, 2013 3 days 263 0.77 895 0123 16/48 4/25 +—— 56.79
3days Sos etal, 2013 3days 10.36 053 20145 0123 4730 0/30 969
3 days 3.87 1.54 975 0.004 ot
T days Zarate et al, 2006 7 days 1507 077 29644 0.074 5/18 0/18 1050
T days Diazgranados et al, 2010 7 days 213 018 2578 0.554 2/18 1/18 1496
7 days Zarate et al, 2012 7 days 1.00 0,00 659845 1000 0/15 0/15 120
7 days Murmough et al, 2013 7 days 3.44 102 1160 0.046 19/48 4725 —— 63.04
T days Sos etal, 2013 7 days T.76 038 157.14 0.182 3/30 0730 1030
7 days 4.00 153 1051 0,005 -
Overall 467 266 819  0.000 -
0.01 0.1 1 10 100
Favours Control Favours Hetamine
(b)
Group by Study name Tme point isfics for each study | Bl Odds rafio and 95% CI
me peint Odds  Lower Upper Relafve
rafic limit limit pValue HKetamine Placebo weight
1 day Beman et al, 2000 1 day 633 026 15286 0256 219 0/9 5.57
1day Zarate et al, 2006 1 day T71.15 367 1379.46 0.005 12718 or18 6.42
1day Diazgranados et al, 2010 1 day 37.00 194 70654 0016 9/18 0/18 6.49
1 day Zarate et al, 2012 1 day 21.21 107 42080 0045 6/15 0/15 6.32
1 day Sos et al, 2013 1 day 14.50 172 12240 0014 10/30 1/30 e 12.40
1 day Mumough et al, 2013 1 day 429 150 1225 0007 30/48 7125 —— 51.14
1day Lapidus et al. 2014 1 day 12.67 140 11442 0024 87120 1720 r 1165
1 day 881 416 1868 0000 i
3days Beman et al, 2000 3days 6.40 055 7489 0.139 479 1/9 T8
3days Zarate et al, 2006 Jdays 200 141 4541 0.019 9/18 2718 —_— 15.70
3days Diazgranados et al, 2010 3 days 37.00 194 T706.54 0016 9/18 0718 5.44
Jdays Zarate et al, 2012 Jdays 574 025 13037 0273 2715 0/15 4.85
3days Sos et al, 2013 Jdays 16.79 200 14090 0008 11/30 1/30 10.46
3days Murough et al, 2013 3days 483 163 1430 0004 29/48 6/25 —— 4021
3days Lapidus et al. 2014 3 days 3.86 067 2211 0130 6/20 2/20 - 1552
3days 663 333 1318 0000 e -
7days Zarate et al, 2006 7 days 19.24 099 37301 0051 6/18 0/18 6.78
7days Diazgranados et al, 2010 7 days 654 068 6299 0104 5/18 1/18 1162
T days Zarate et al, 2012 T days 321 012 85.20 0.486 1/15 0515 554
Tdays Sos et al, 2013 T days 450 109 18.50 0037 10/30 3730 ——— 2983
7 days Mumough et al, 2013 7 days 408 122 1372 0023 21/48 4725 —— 4061
Tdays Lapidus et al. 2014 T days 315 012 8216 0490 1/20 0/20 561
Tdays 480 222 1038 0000 i
Ovarall 6.58 43 10.06 0.000 e
0.01 04 1 10 100
Favwours Control Favours Ketamine

Fig. 2. Meta-analysis of () rates of clinical remission and (b) rates of clinical response for ketamine v. placebo in major

depression.

to trials utilizing intravenous ketamine (Q < 0.96,
p = 0.33).

Depression scores

Data relating to continuous scores for outcome mea-
sures were available at 24 h for all seven RCTs.
Overall, a SMD of 0.90 (95% CI 0.66-1.13, z=7.59,
p < 0.001) was observed, indicating a significant differ-
ence in outcome favoring ketamine (Fig. 4). Compari-
son of MDD and BD samples revealed a marginally
significant difference favoring MDD (MDD=1.07,
95% CI 0.72-1.42 v. BD=0.68, 95% CI 0.50-0.86;
Q=3.73, p=0.053; Fig. 4a), and sensitivity analyses lim-
ited to intravenous ketamine demonstrated a strong
significant difference in outcome favoring MDD.
Specifically, MDD was associated with a SMD of 1.21
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(95% CI 0.93-1.49, z=8.47, p <0.001) while BD was
associated with a SMD of 0.68 (95% CI 0.50-0.86,
z=7.54, p <0.001, Q=9.81, df=1, p < 0.01; Fig. 4b).

Potential carry-over in cross-over studies

To address the possibility of cross-over effects, we were
able to obtain data from the first arm of the majority
of cross-over design studies (N=81, Zarate et al. 2006,
2012; Diazgranados et al. 2010; Sos et al. 2013).
Pooled effects were calculated including the parallel
study (Murrough et al. 2013a). With respect to response
rates, at 24 h there was a significant benefit for keta-
mine (OR 6.18, 95% CI 2.61-14.62, p<0.001, NNT=3),
with similar benefit at 3 days (OR 6.30, 95% CI 2.56—
15.52, p<0.001, NNT=3) and 7 days (OR 5.53, 95% CI
1.98-15.41, p<0.001, NNT=4).
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Group by Study name Time point Stafistics for each study Response | Total Odds ratio and 95% CI
Interv ention
Odds Lower Upper Relafve
rafio limit limit pValue Ketamine Placebo weight
Midazolam Murough et al, 2013 1 day 429 150 1225 0007 30/48 7125 —— 100.00
Midazolam 429 1.50 12.25 0.007 4.-
Saline Beman et al, 2000 1 day 633 0.26 15286 0.256 2/9 o/9 11.40
Saline Zarate et al, 2006 1 day 71.15 367 1379.46 0.005 12/18 0/18 13.14
Saline Diazgranados et al, 2010 1 day 37.00 1.94 T06.54 0.016 9/18 0718 1328
Saline Zarate et al, 2012 1 day 2N 1.07 42080 0.045 6/15 0715 1294
Saline Sosetal, 2013 1 day 14.50 1.72 12240 0.014 10/30 1730 = 2539
Saline Lapidus et al. 2014 1 day 12.67 1.40 114.42 0.024 8720 1/20 - 2385
Saline 18.73 639 5487 0.000
Overall as1 416 1868 0.000
0.01 01 1 10 100
Favours Control Favours Ketamine
Group by Study name Tme point Statisfics for each study P 1 Total Odds rafio and 95% Cl
Inte rvention
Odds Lower Upper Relative
ratic limit limit pValue Ketamine Placebo weight
Midazolam Mumough et al, 2013 Jdays 483 163 1430 0004 20/48 6/25 100.00
Mdazolam 483 1.63 14.30 0.004
Saline Beman et al, 2000 3 days 6.40 055 7489 0.139 4/9 1/9 13.08
Saline Zarate at al, 2006 3 days 8.00 141 4541 0.019 9/18 2/18 —_— 26.26
Saline Diazgranados et al, 2010 3 days 37.00 1.94 70654 0.016 9/18 0/18 9.10
Saline Zarate et al, 2012 3 days 574 025 13037 0273 2/15 0/15 812
Saline Sos et al, 2013 3days 16.79 200 14090 0.009 11730 1730 17.49
Saline Lapidus et al. 2014 3 days 3.86 0.67 2211 0.130 6/20 2/20 25.96
Saline 8.19 3.36 19.94 0.000
Overall 6.63 333 13.18 0.000
0.01 0.1 1 10 100
Favours Control Favours Ketamine
(c)
Group by Siudy name Tme point for each study Respr | Total Odds ratio and 95% CI
Interv enfion
Odds Lower Upper Relafive
ratio limit limit p-Value Ketamine Placebo weight
Mdazolam Munough et al, 2013 7 days 4.08 122 1372 0023 21/48 4125 100.00
Mdazolam 4.08 1.22 13.72 0.023
Saline Zamte et al, 2006 7 days 19.24 099 373.01 0.051 6718 0/18 1142
Saline Diazgranados et al, 2010 7 days 6.54 068 6299 0.104 5/18 1/18 19.57
Saline Zarmte et al, 2012 7 days a 012 8520 0.486 1715 0/15 933
Saline Sos etal, 2013 7 days 4.50 1.09 18.50 0.037 10/ 30 3/30 ———— 5023
Saline Lapidus et al. 2014 7 days 315 012 8216 0.490 1/20 0/20 945
Saline 535 1.97 14.58 0.001
Overall 4.80 222 1038 0.000
0.0 04 1 10 100
Favours Centro| Favours Ketamine

Fig. 3. Subgroup analyses of ketamine in cross-over v. parallel arm designs and saline placebo v. psychoactive placebo.

(a) 24 h, (b) 3 days, (c) 7 days.

When considering depression scores for first arm
and parallel design studies, there was evidence of a
significant benefit in favor of ketamine (SMD=1.53,
95% CI 0.85-2.21, p<0.001).

Although we were unable to obtain data relating to
the first arm of all cross-over studies, null analyses re-
lating to order effects were reported in all cross-over
studies for which data pertaining to the first arm was
not available. Examining study withdrawal after clini-
cal response as a proxy for this potential limitation
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revealed that 7/17 (7.7%) patients in ketamine arms
and 1/6 (1.1%) patients in placebo arms who withdrew
from cross-over studies did so after a clinical response.

Psychotomimetic and dissociative symptoms —
blinding efficacy

Blinding efficacy was not reported; however, all stu-
dies assessed psychotomimetic symptoms as measured
by the BPRS, and therefore this was analyzed as a
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(a)

Group by Studyname for each study Std diff in means and 95% CI
Plagnosts Std diff Lower Upper Relative
in means limit limit p-Value weight
BD Diazgranades etal, 2010 067 043 091 0.000 E 3 5627
BD Zarateetd, 2012 070 043 097 0000 = 3 873
BD 068 051 086 0,000 &
MDD Bermen etal, 2000 100 004 204 0.080 872
MDD Zarate etd, 2006 146 043 199 0.000 = 2000
MDD Sos etal, 2013 085 052 138 0.000 —— 28
MDD Murreughetd, 2013 143 0gs 197 0.000 —a— 1982
MDD Lapidus et al. 2014 066 032 100 0.000 —— 275
MOD 107 o072 142 0.000
Overdl 076 080 092 0.000 &
-2.00 =1.00 0.00 1.00 200
(b) Favours Control Favours Ketamine
Group by Studyname Statistics for each study Std diff in means and 95% CI
Diagnosis 2 2
Std diff Lover  Upper Relative
in means limit limit p-Value weight
ED Disgranadcs etd, 2010 &7 043 o)) 0000 L 3 =7
ED Zadeetd, 2012 070 043 og7 0000 4373
ED 068 051 08 000 <
MDD Berman etd, 2000 1.00 -004 20 0.080 723
MDD Zadeetd, 2006 146 083 199 0000 X80
MDD Scsetd, 2013 095 052 138 0000 =12}
MDD Murougheta, 2013 143 089 187 0.000 XH0E
MDD 121 083 150 0000
Owerdl 083 068 0% 0000
=200 -1.00 0.00 1.00 200

Favours Contrel Favours Ketamine

Fig. 4. (a) Standardized mean difference in depression scores at 24 h and subgroup analysis of ketamine in bipolar v. unipolar
depression and (b) sensitivity analysis limited to intravenous administration studies.

proxy. In some cases, the study reported the full posi-
tive subscale (Zarate et al. 2006, 2012; Diazgranados
et al. 2010; Sos et al. 2013) while three studies reported
a reduced item positive BPRS (Berman et al. 2000;
Murrough et al. 2013a; Lapidus et al. 2014). Overall,
a maximal SMD occurred at 30-60min post-
infusion of 1.43 (95% CI 0.80-2.07, z=4.45, p<0.001;
Supplementary Fig. S5A) before returning to baseline.
There was no evidence of heterogeneity between
studies employing the full- and reduced-item BPRS
(Q=0.02, df=1, p=87). Three studies reported data
with respect to the CADSS, with an overall maximal
SMD at 40 min post-infusion of 3.70 (95% CI 1.27-
591, z=3.28, p<0.001; Supplementary Fig. S5B).

Adverse events and dropout rates

The majority of studies reported no serious adverse
events (Zarate et al. 2006, 2012; Diazgranados et al.
2010; Sos et al. 2013; Lapidus et al. 2014). One study
did not comment on adverse events (Berman ef al.
2000). One study reported cardiovascular side-effects
in 2/47 patients (n=1 refractory hypertension, n=1 hy-
potension and bradycardia) who received ketamine
and no such side-effects among control patients
(Murrough et al. 2013a).
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The only recorded induction of mania/hypomania
occurred in a patient with BD who was receiving saline
placebo infusion (Diazgranados et al. 2010). No severe
psychotic symptoms occurred in any patient.

Study completion and drop-out rates were used as a
proxy for tolerability. Of the 158 patients who were to
receive ketamine, 21 (13.3%) dropped out (in cross-
over studies, they dropped out of the arm they had
just received), compared to 10/135 (7.4%) of patients
who were to receive control interventions (OR 1.95,
95% CI 0.86—4.42, z=1.59, p=0.11).

Publication bias and heterogeneity

With respect to clinical remission, the fail-safe N was
14 at 24h, 7 at 3 days, and 4 at 7 days. For response
rates, the fail-safe N was 59 at 24 h, 47 at 3 days, and
17 at 7 days post-infusion. This suggests that 15-43 un-
published or missing null-finding studies would be
needed to render the difference in clinical response
statistically non-significant, and 1-11 studies for clini-
cal remission. The risk of publication bias was also
assessed with Egger’s regression intercept, which for
clinical remission was 1.12 (t3=1.49, p=0.23) at 24h,
1.06 (3=2.31, p=0.10) at 3 days, and 0.20 (t3=0.34,
p=0.75), and for response data was 1.70 (t5=3.37,
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p <0.05) at 24 h, 1.02 (ts=1.56, p=0.17) at 3 days, and
0.35 (t4=0.67, p=0.53) at 7 days. Additionally, the asso-
ciated funnel plots revealed broadly symmetrical dis-
tributions (Supplementary Figs S6 and S7), indicating
a marginal risk of publication bias.

For continuous data, the fail-safe N was 247, while
Egger’s regression intercept was 2.72 (t5=2.39, two-
tailed p=0.06) and the funnel plot revealed an asym-
metrical distribution (Supplementary Fig. S8). These
findings suggest relatively low potential for publi-
cation bias.

With respect to continuous data at 24 h, heterogen-
eity between RCTs exceeded that expected by chance
(df=6, Q=14.16, p < 0.05, ’=57.63). Yet, this appeared
to be related to the effect of diagnosis and method of
ketamine administration, as heterogeneity did not ex-
ceed that expected by chance in infusion studies with
MDD samples (df=3, Q=3.11, p=0.37, I2=3.78) or BD
samples (df=1, Q=0.02, p=0.86, ’=0.0).

Discussion

To our knowledge, this is the first meta-analysis of
RCTs to assess whether intravenous ketamine is an
efficacious and acceptable treatment in MDD and BD.
Our analyses suggest that this NMDA receptor antag-
onist is superior to placebo interventions and well
tolerated, yet is accompanied by transient psychotomi-
metic and dissociative symptoms. After 24 h, 3 days,
and 7 days, we observed significantly higher rates
of clinical remission (ORs > 3.86, NNTs < 6) and re-
sponse (ORs > 4.87, NNTs < 4) associated with keta-
mine. Though a psychoactive placebo intervention
evidenced a lower pooled OR at 24h than saline
placebo, the difference from saline studies no longer
held by 3 days post-intervention. Finally, we found
evidence for higher effect sizes in MDD compared to
BD (SMD of 1.07 v. 0.68).

We excluded two RCTs from our analyses as they
were not double-blind placebo-controlled trials. The
first of these involved randomizing MDD patients
(n=70) to ketamine or propofol in a surgical setting
(Kudoh et al. 2002), and the second involved randomiz-
ing MDD patients (1=18) to repeated ketamine infu-
sions or a similar number of electroconvulsive
therapy treatments (Ghasemi et al. 2013). In support
of the generalizability of our findings, these studies
revealed a pooled SMD of 1.24 after 24h (95% CI
0.78-1.70, z=5.34, p<0.001) in favor of ketamine.

One critique of the clinical applicability of ketamine
trials is the conclusion that treatment response is short-
lived. Nevertheless, Murrough et al. (2013a) present
the longest treatment follow-up reported in an RCT
to date, in which 9/48 of ketamine-treated patients
compared to 0/25 midazolam-treated patients with
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treatment-refractory MDD demonstrated sustained re-
sponse 5 weeks after a single infusion.

Nevertheless, early clinical adoption of ketamine as
a treatment for depression is likely to occur in areas
of medicine undeterred by the potential for early re-
lapse and where the potential for misuse is negligible.
Indeed, the palliative field has shown great interest in
the potential for the use of ketamine in the manage-
ment of depressive symptoms at the end of life
(Irwin et al. 2013).

While controlled clinical trials to date have examined
the efficacy of single dose of ketamine, few treatments
in psychiatry or medicine are deemed sufficient after a
single dose. Indeed, given the substantial efficacy of
single infusion, research groups are now turning
their attention to administering repeated infusions in
order to maximize and sustain clinical response.
These efforts, while still involving open label designs,
suggest that higher and sustained rates of response
and remission can be achieved with repeated doses
(aan het Rot et al. 2010; Murrough et al. 2013b;
Rasmussen ef al. 2013; Shiroma et al. 2014); however,
comparison to single dose is still lacking. Similarly,
from a clinical standpoint, additional research is
required to elucidate appropriate follow-up and main-
tenance protocols in ketamine, in addition to its role as
an adjunct to existing treatments.

Currently, all but one RCT have employed intra-
venous administration (Lapidus et al. 2014), which is
constrained by medical and infrastructure require-
ments. There is currently open-label evidence to sug-
gest benefit of oral ketamine (Irwin et al. 2013; Lara
et al. 2013), including sublingual administration (Lara
et al. 2013); however, efficacy data is lacking. Oral keta-
mine, however, has limited bioavailability, and there-
fore other methods of administration are being
investigated, including intramuscular and intranasal
routes (Mathew et al. 2012; Lapidus et al. 2014).

An additional concern that has been the psychotomi-
metic side effects experienced during ketamine infu-
sions and the ensuing safety concerns; however, there
is some evidence to suggest that such side-effects
may be related to ketamine’s antidepressant effective-
ness (Luckenbaugh et al. 2014). A growing area of
research is the exploration of NMDA antagonists with-
out the psychotomimetic effects of ketamine, and there
are already positive trials with such agents [AZD6765
(Sanacora et al. 2013; Zarate et al. 2013)], albeit with a
lower level of efficacy.

Ketamine’s mechanism of action in depression
remains elusive (Murrough, 2012). In clinically de-
pressed samples, peripheral brain-derived neuro-
trophic factor increases with NMDA antagonism
(Haile et al. 2014). Yet, agonism of the NMDA receptors
also induces synaptic plasticity, and several trials
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support the antidepressant effects of NMDA agonists,
for example a recent report of oral sarcosine in de-
pressed patients (Huang et al. 2013) and D-cycloserine
administered chronically in treatment-resistant de-
pression (Heresco-Levy et al. 2013). It is likely that
NMDA-dependent cellular mechanisms are exquisitely
finely tuned, and additional research is needed in
order to identify individuals whose major depressive
episodes may be improved by NMDA antagonism or
agonism.

Limitations

The first limitation is the predominance of small
samples and crossover designs. A second limitation is
the adequacy of saline placebo, as our analyses clearly
demonstrate a marked psychotomimetic effect in keta-
mine conditions compared to placebo conditions that
was least pronounced in the intranasal trial. While
efficacy is nevertheless observed using psychoactive
placebo such as midazolam, an adequate control for
ketamine’s psychotomimetic effects has not been eval-
uated. A third limitation is the limited duration of
follow-up, and therefore it is not possible to estimate
the long-term benefit or cost-effectiveness. The safety
and potential for long-term consequences has not
been addressed, and will require additional attention
from researchers. To date, all of the placebo-controlled
trials have involved single administrations, and there-
fore the efficacy of repeated administrations is un-
known. Further, a minimal effective dose in treating
depression has yet to be identified.

A limitation levied against the meta-analytical
method is the combination of heterogeneous studies,
poor-quality or unrepresentative studies, or the poten-
tial of publication bias. While we cannot definitively
rule out these influences, we have attempted to temper
these by using a comprehensive systematic review of
the literature, assessing the quality of studies, and by
examining both publication bias and heterogeneity.

Conclusion

Our meta-analysis of RCTs demonstrates that keta-
mine, whether intravenously or intranasally adminis-
tered, in the treatment of depression is well tolerated,
and associated with rapid and persistent clinical re-
mission (NNTs < 6) and response (NNTs < 4) for up
to 7 days following a single dose. While effective in
both MDD and BD, ketamine appears to be less effec-
tive in BD.

Areas requiring additional research and clarifica-
tion include the specificity of effect to NMDA antagon-
ism, the minimal effective dose and the potential
benefit of repeated ketamine infusions, optimizing
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non-parenteral administration, long-term safety and
the identification of other NMDA agents with fewer
psychotomimetic effects, reduced potential for abuse,
and agents with fewer systemic effects.

Supplementary material

For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/50033291714001603
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