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Summary
Background Intranasal esketamine has received regulatory approvals for the treatment of depression. Recently a large
trial of repeated dose racemic ketamine also demonstrated efficacy in severe depression. However, uncertainties
remain regarding comparative efficacy, dosage, and the time course of response.

Methods In this systematic review and meta-analysis, we searched Embase, Medline, Pubmed, PsycINFO, and
CENTRAL up to April 13, 2023, for randomised controlled trials (RCTs) investigating ketamine for depression.
Two investigators independently assessed study eligibility and risk of bias and extracted the data on depression
severity scores, response and remission rates, and all-cause dropouts. Multivariable mixed-effects meta-regressions
incorporated drug formulation (racemic (Rac) or esketamine (Esket)) and dose (Low or High) as covariates.
Treatment effects were assessed: immediately following the first dose, during further repeated dosing, and follow-
up after the final dose of a treatment course. This study is registered with PROSPERO (CRD42021221157).

Findings The systematic review identified 687 articles, of which 49 RCTs were eligible for analysis, comprising 3299
participants. Standardised mean differences (95% confidence intervals) immediately following the first/single
treatment were moderate-high for all conditions (Rac-High: −0.73, −0.91 to −0.56; Esket-High: −0.48, −0.75 to −0.20;
Rac-Low: −0.33, −0.54 to −0.12; Esket-Low: −0.55, −0.87 to −0.24). Ongoing effects during repeated dosing were
significantly greater than the control for Rac-High (−0.61; −1.02 to −0.20) and Rac-Low (−0.55, −1.09 to −0.00), but
not Esket-Low (−0.15, −0.49 to 0.19) or Esket-High (−0.22, −0.54 to 0.10). At follow-up effects remained significant
for racemic ketamine (−0.65; −1.23 to −0.07) but not esketamine (−0.33; −0.96 to 0.31). All-cause dropout was
similar between experiment and control conditions for both formulations combined (Odds Ratio = 1.18,
0.85–1.64). Overall heterogeneity varied from 5.7% to 87.6%

Interpretation Our findings suggested that effect sizes for depression severity, as well as response and remission
rates, were numerically greater for racemic ketamine than esketamine. Higher doses were more effective than low
doses. Differences were evident in initial effects, ongoing treatment, and lasting effects after the final dose.

Funding None.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Ketamine, an n-methyl-D-aspartate antagonist commonly
used as an anaesthetic agent, has emerged as a new
treatment for depression, with efficacy demonstrated in
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severe and treatment-resistant depression.1–6 Meta-
analyses have provided valuable information regarding
potential effect modifiers, including improved response
in unipolar compared to bipolar depression,7 sustained
sity of New South Wales, Sydney, Australia.
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Research in context

Evidence before this study
Prior meta-analyses examined the effects of drug formulation
before phase 3 data on racemic ketamine were available, did
not examine single versus repeated dosing or route of
administration on the antidepressant effects of ketamine. The
issue of dosing has been minimally investigated. We searched
PubMed, Embase, PsycINFO, and CENTRAL databases, as well
as clinical trial registries, up to April 13, 2023, for randomised
controlled trials (RCT) investigating ketamine for the
treatment of depression and included data from our recent
phase 3 RCT of racemic ketamine. We used the search terms:
(Depression [Mesh] OR depression OR “depressive disorder”
[MeSH Major Topic] OR “bipolar disorder” [MeSH Major
Topic]) AND (“ketamine” [MeSH Major Topic] OR “Receptors,
N-Methyl-D-Aspartate/”) AND (“randomised controlled trial”
[Publication Type] OR “controlled clinical trial” [Publication
Type] OR “randomised controlled trial” [Publication Type] OR
“randomised” [Title/Abstract] OR “randomly” [Title/Abstract]
OR “clinical trials as topic” [MeSH Major Topic] OR “trial”
[Title]). This search identified 687 articles.

Added value of this study
This updated systematic review and meta-analysis involves 49
RCTs consisting of 3299 participants. It adds new data from a
recently completed phase 3 RCT of racemic ketamine, new
data on the effects of dose and ketamine formulation, and
new information on the time course of response.
Multivariable mixed effects meta-regression analyses showed
that racemic ketamine had numerically greater efficacy than
esketamine. Higher doses reduced depressive symptoms and
increased response rates at all stages in a treatment course
(initial, ongoing, and lasting effects). Ketamine at all doses
and formulations was acceptable, with comparable rates of
all-cause dropouts to the placebo control.

Implications of all the available evidence
Ketamine formulation and adequate dosage are important
factors contributing to the antidepressant efficacy of
ketamine. Therefore, clinics and research studies should adopt
protocols that ensure adequate dosing when giving ketamine
for depression.
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benefit following repeated sessions of treatment,2 routes
of administration,8 and indirect comparisons of efficacy
for racemic and esketamine enantiomer formulations.3

However, for these meta-analyses, data for repeated
treatment sessions were only available from phase 3
randomised controlled trials (RCTs) of esketamine, the
S-enantiomer of ketamine. This updated meta-analysis
incorporates data from the first large phase 3 RCT of
racemic ketamine,9 addressing a key gap in the literature.

Variable approaches to dosing have been used in
studies to date, with some data suggesting this may be
an important factor in treatment outcomes.1,10–12

Whereas earlier trials typically delivered a fixed dose
relative to the patient’s body weight,13–15 recent studies
used a titrated dosing approach,9,11,12,16,17 which allows for
dose increases in the event of non-response.18 An early
meta-analysis of nine RCTs, consisting of only 201
participants, found greater reductions in depression
severity scores in patients receiving a higher dose.1 The
present study extends prior work by classifying studies
according to the dose levels used.

Clinical considerations for a new treatment include
the time onset of effects, efficacy attained at the end of
treatment and the persistence of benefits after treatment
cessation. Prior meta-analyses mainly focussed on
effects at the primary study endpoint. The present meta-
analysis modelled the acute onset of antidepressant ef-
fects, the maintenance of effects during an ongoing
treatment course of repeated ketamine administrations,
and any lasting benefits following treatment cessation.

Therefore, this systematic review and meta-analysis
aimed to update findings on racemic ketamine and
esketamine antidepressant efficacy and acceptability,
incorporate new data from a substantive trial of racemic
ketamine, evaluate outcomes over the treatment course
and at follow-up, and examine the effect of the dosing
approach.
Methods
Search strategy and selection criteria
This systematic review and meta-analysis were con-
ducted in line with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.19,20 SN and AS independently searched
Embase, Medline Pubmed, PsycINFO and CENTRAL
for randomised controlled trials (RCTs) investigating the
use of ketamine primarily as a treatment for participants
with a clinical diagnosis of major depressive disorder,
published in any language. There was no limit for the
earliest year of publication, and the search concluded on
April 13, 2023. Search terms included “randomised
controlled trial” AND “ketamine” AND “depression”, in
addition to permutations and variations of these terms
detailed in the Appendix (pp 5–7). The search strategy
for each bibliographic database was peer reviewed by a
UNSW librarian according to the PRESS Checklist.21 We
also searched reference lists of studies meeting inclu-
sion criteria and clinical trial registries (e.g.,
ClinicalTrials.gov). SN and AS successively screened
identified studies according to their title, abstract, and
full text and assessed for risk of bias.22 Any disagree-
ment following full-text screening was resolved through
discussion until consensus was achieved. The clinical
www.thelancet.com Vol 62 August, 2023

http://ClinicalTrials.gov
www.thelancet.com/digital-health


Articles
trial registration number of all included studies was
inspected to ensure no duplicates in the data.

Data analysis
We extracted data relating to trial design, including the
number of treatments, treatment duration, route of ke-
tamine administration, ketamine enantiomer, type of
control condition, and dose converted to the intravenous
racemic ketamine equivalent23 to facilitate comparisons
between different routes and enantiomers. The dose
was categorised as a binary factor of ‘High’ if delivered
at the intravenous equivalent of ≥0.5 mg/kg (or option
of titrating up to this level) or ‘Low’ if < 0.5 mg/kg.
Studies using an intranasal route of administration were
categorised as a high dose if the dosing was predomi-
nantly at ≥ 84 mg or low if <84 mg (see Appendix pp
7–8). We further extracted participant characteristics,
including age, sex, and the presence of treatment-
resistant depression. Primary and secondary outcome
measures were obtained at all available time points up to
four weeks following the final treatment dose.

The primary efficacy outcome was a change in
depression severity relative to the control group ob-
tained using a standardised psychometric scale such as
the Hamilton Depression Rating Scale (HDRS) or
Montgomery-Asperg Depression Rating Scale
(MADRS). Secondary efficacy outcomes included
response (≥50% reduction in depressive symptoms) and
remission rates. Each of these efficacy outcomes was
assessed at three time periods: 1) acute effects of the
first treatment, obtained from 4 h after the first dose up
to 3 days after or the time of the second treatment,
whichever occurred first; 2) effects of further repeated
treatments, i.e., second treatment to last treatment (for
studies involving ≥2 ketamine sessions), obtained from
day 4 onwards during the treatment course; 3) follow up
effects after a course of repeated treatments obtained up
to 28 days after the final session. The secondary safety
outcome was acceptability using all-cause dropout rates
at the primary study endpoint for studies using repeated
administrations of ketamine. Effect sizes were calcu-
lated using standardised mean differences (SMD) for
continuous outcomes and Odds Ratios (OR) for binary
outcomes.

Risk of bias was assessed using the Cochrane risk-of-
bias tool for randomised trials.22 Publication and small
study biases were assessed using the Egger test24 and
visual inspection of contoured funnel plots.25 To
generate funnel plots, we performed aggregate meta-
analyses for each combination of ketamine formula-
tion (Racemic vs Esketamine) and dose (High vs Low) at
the following prespecified times for the primary
outcome of depression severity: i) 4 h, days 1 and 3 for
initial effects after a single/first dose; ii) days 7, 14, 21,
and 28 for effects of repeated ketamine administrations;
and iii) day 28 for effects following the final dose of a
course of treatments.
www.thelancet.com Vol 62 August, 2023
Statistical analyses were performed using the metafor
package in R (version 4.1.1),26 using mixed-effects
models with significance set at p < 0.05. Multivariable
mixed-effect meta-regressions were initialised with 1st
and 2nd order fixed effects of time (linear and quadratic,
respectively). As the present study focused on ketamine
formulation (racemic vs esketamine) and dosage (high
vs low), these variables and their interaction were also
incorporated into the model as fixed effects, and ‘study’
was included as a random effect. This approach was
used to account for within-study interdependency of
effect sizes arising due to multiple observations from
the same study. Furthermore, we used a restricted
maximum-likelihood estimation method due to the po-
tential for non-independent sampling errors within
studies.

We additionally report meta-regression and sub-
group analysis outcomes for several effect modifiers of
interest, including ketamine formulation, dose, control
condition type (active or saline), treatment-resistant
depression (TRD) or non-treatment-resistant depres-
sion, and route of administration. These were added
individually to a base mixed effects meta-regression
model incorporating a polynomial time factor for all
investigated periods.

The Higgins’ I2 statistic was used to estimate het-
erogeneity. An I2 value greater than 50% was considered
indicative of substantial heterogeneity. The quality of
the body of evidence was assessed using the GRADE
approach.27

This study was a systematic review and thus did not
require ethics approval. This study was registered on
PROSPERO (CRD42021221157).

Role of the funding source
There was no funding source for this study. All authors
had access to all meta-analysed data used in this study
and accept responsibility for the decision to submit the
manuscript for publication.
Results
Our search of bibliographic databases, reference lists
and clinical trial registers identified 687 articles (Fig. 1).
Following the screening, we included data from 49
eligible studies in the systematic review and meta-
analysis, consisting of 52 placebo arms and 72 keta-
mine arms, with 3299 participants. In addition to 45
peer-reviewed RCTs,11–17,28–4041–65 we included data from
clinical trials registries (NCT02106325, NCT03434041,
and NCT03539887) and a recently completed study.9 Of
the included studies, 13 (27%) used a crossover study
design, for which we prioritised data obtained before the
crossover event (Table 1). 27 (55%) studies investigated
the effects of ketamine following a single dose, and 22
(45%) reported the effects of repeated (≥2) administra-
tions of ketamine. 39 (80%) studies used racemic
3
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Fig. 1: Study selection.
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ketamine, and 10 (20%) reported esketamine use. Most
studies (33, 67%) sourced participants from a treatment-
resistant cohort. Five routes of administration were
identified in the meta-analysis dataset experiment arms:
48 intravenous, 17 intranasal, 4 subcutaneous, 2 oral,
and 1 intramuscular.

Overall, the Cochrane risk-of-bias tool found most
studies had a low or unclear bias risk—see Appendix pp
27–28. However, an inspection of contoured funnel
plots showed potential signs of publication bias. Use of
the trim and fill procedure suggested missing null
findings from the acute phase 4 h, 1 day and 3 days
following an initial dose. This suggests possible bias in
the direction of greater effect sizes favouring ketamine
over control during the acute phase (see Appendix pp
29–30 for further details).
www.thelancet.com Vol 62 August, 2023
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Author Design Diagnosis Sample Treatment

Experimental group Control group Experimental group Control group

Berman et al. (2000) Single dose
Crossover—washout ≥1 week

DSM-IV 9 – IV racemic 0.5 mg/kg Saline placebo

Zarate et al. (2006) Single dose
Crossover—washout ≥1 week

DSM-IV HAMD-21 ≥ 18
failed ≥2 antidepressants

18 – IV racemic 0.5 mg/kg Saline placebo

Diazgranados et al.
(2010)

Single dose
Crossover—washout ≥2 weeks

DSM-IV MADRS ≥20 failed
≥1 antidepressant & ≥ 1
mood stabiliser

18 – IV racemic 0.5 mg/kg Saline placebo

Zarate et al. (2012) Single dose
Crossover—washout ≥2 weeks

DSM-IV MADRS ≥20 failed
≥1 antidepressant & ≥ 1
mood stabiliser

15 – IV racemic 0.5 mg/kg Saline placebo

Murrough et al.
(2013)

Single dose
Parallel

DSM-IV IDS-C ≥ 32 47 25 IV racemic 0.5 mg/kg Midazolam 0.045 mg/kg

Sos et al. (2013) Single dose
Crossover—washout ≥1 week

DSM- IV MADRS ≥20
failed ≥3 antidepressants

30 – IV racemic 0.27 mg/kg loading 0.27 mg/kg
maintenance

Saline placebo

Lai et al. (2014) Up to 5 treatmentsa

Crossover—washout ≥1 week
DSM-IV MADRS ≥20 failed
≥5 antidepressants

4 – IV racemic ketamine 0.1, 0.2, 0.3 & 0.4 mg/kg Saline placebo

Lapidus et al. (2014) Single dose
Crossover—washout ≥1 week

DSM-IV IDS-C ≥30 failed
≥1 antidepressant

20 – IN racemic ketamine 50 mg Saline placebo

Downey et al. (2016) Single dose
Parallel

DSM-IV 21 ketamine 20
lanicemineb

19 IV racemic ketamine 0.5 mg/kg, lanicemine
100 mg

Saline placebo

Hu et al. (2016) Single dose
Parallel

DSM-IV HDRS-17 ≥24 13 14 IV racemic ketamine 0.5 mg/kg Saline placebo

Li et al. (2016) Single dose
Parallel

DSM-IV failed ≥3
medications

32 16 IV racemic ketamine 0.2 & 0.4 mg/kg Saline placebo

Loo et al. (2016) Up to 5 treatmentsc

Crossover—washout ≥1 week
DSM IV MADRS ≥20 failed
≥1 antidepressant

15 – IV, IM & SC racemic ketamine 0.5 mg/kg Midazolam 0.01 mg/kg

Singh et al. (2016a) 2 treatmentsd

Parallel
DSM-IV IDS-CR ≥ 34 failed
≥2 antidepressants

20 10 IV esketamine 0.2 & 0.4 mg/kg Saline placebo

Singh et al. (2016b) 4 treatments twice weekly & 6 treatments
thrice weekly
Parallel

DSM-IV IDS-CR ≥34 failed
≥2 antidepressants

18 × 2 weekly,
17 × 3 weekly

17 × 2 weekly, 16 × 3
weekly

IV racemic ketamine 0.5 mg/kg Saline placebo

George et al. (2017) Up to 5 treatmentse

Crossover—washout ≥1 week
DSM IV MADRS ≥20 failed
≥1 antidepressant

16 – SC racemic ketamine 0.1, 0.2, 0.3, 0.4 &
0.5 mg/kg

Midazolam 0.01 mg/kg

Grunebaum et al.
(2017)

Single dose
Parallel

DSM-IV HDRS-17 ≥16 7 9 IV racemic ketamine 0.5 mg/kg Midazolam 0.02 mg/kg

Su et al. (2017) Single dose
Parallel

DSM-IV failed ≥2
antidepressantsss

23, 24 24 IV racemic ketamine 0.2 & 0.5 mg/kg Saline placebo

Arabzadeh et al.
(2018)

84 treatments twice weekly
Parallel

DSM-V HDRS-17 ≥20 41 40 O racemic ketamine 50 mg/day Saline placebo

Canuso et al. (2018) 8 treatments
Parallel

DSM-IV-TR MADRS ≥22 35 31 IN esketamine 84 mg Saline placebo

Cao et al. (2018) Single dose
Parallel

DSM-IV-TR HDRS-17 ≥ 18
failed ≥2 antidepressants

55 18 IV racemic ketamine 0.2 & 0.5 mg/kgf Saline placebo

Chen et al. (2018) Single dose
Parallel

DSM-IV-TR failed ≥3
antidepressants

8, 8 8 IV racemic ketamine 0.2 & 0.5 mg/kg Saline placebo

Daly et al. (2018) Single dose
Parallel

DSM-IV-TR IDS-CR ≥ 34
failed ≥2 antidepressants

11, 11, 12 33 IN esketamine 28, 56 & 84 mg Saline placebo

Fava et al. (2018) Single dose
Parallel

DSM-IV-TR MADRS ≥20
failed ≥2 antidepressants

18, 20, 22, 20 19 IV racemic ketamine 0.1, 0.2, 0.5 & 1.0 mg/kg Midazolam 0.045 mg/kg

(Table 1 continues on next page)
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Author Design Diagnosis Sample Treatment

Experimental group Control group Experimental group Control group

(Continued from previous page)

Gálvez et al. (2018) 8 treatments
Parallel

DSM-V-TR MADRS ≥22
failed ≥2 antidepressants

3 2 IN racemic ketamine 100 mg Midazolam 4.5 mg

Grunebaum et al.
(2018)

Single dose
Parallel

DSM-IV-TR HDRS-17 ≥ 16 40 40 IV racemic ketamine 0.5 mg/kg Midazolam 0.02 mg/kg

Nugent et al. (2018) Single dose
Crossover—washout ≥2 weeks

DSM-IV MADRS ≥20 failed
≥1 antidepressant

35 – IV racemic ketamine 0.5 mg/kg Saline placebo

Sinyor et al. (2018) 6 treatments
Parallel

MINI SSI >20 5 4 IV racemic ketamine 0.5 mg/kg Midazolam 0.045 mg/kg

Domany et al. (2019) 9 treatments
Parallel

MINI MADRS ≥19 failed
≥2 antidepressants

22 19 O racemic ketamine 1.0 mg/kg Saline placebo

Fedgchin et al.
(2019)

8 treatments
Parallel

DSM-IV MADRS ≥28 failed
≥2 antidepressants

117, 116 113 IN esketamine 56 & 84 mg Saline placebo with bittering
agent

Ionescu et al. (2019) 6 treatments
Parallel

DSM-IV HDRS-28 ≥20
failed ≥3 antidepressants

13 13 IV racemic ketamine 0.5 mg/kg Saline placebo

Phillips et al. (2019) Single dose
Crossover—washout ≥1 week

DSM-IV-TR MADRS ≥25
failed ≥2 antidepressants

43 – IV racemic ketamine 0.5 mg/kg Midazolam 30 μg/kg

Popova et al. (2019) 8 treatments
Parallel

DSM-V IDS-CR ≥34 failed
≥2 antidepressants

114 109 IN esketamine 56 & 84 mg Saline placebo with bittering
agent

Domany et al. (2020) Single dose
Parallel

DSM-IV-TR C-SSRS ≥3 9 9 IV racemic ketamine 0.2 mg/kg Saline placebo

Fu et al. (2020) 8 treatments
Parallel

DSM-V MADRS >28 111 112 IN esketamine 84 mg Saline placebo with bittering
agent

Milak et al. (2020) Single dose
Parallel

DSM-IV MADRS ≥22 5, 6, 8, 5, 9 5 IV racemic ketamine 0.1, 0.2, 0.3, 0.4 &
0.5 mg/kg

Saline placebo

Ochs-Ross et al.
(2020)

8 treatments
Parallel

DSM-V IDS-CR ≥31 failed
≥2 antidepressants

72 66 IN esketamine 84 mg Saline placebo with bittering
agent

Shiroma et al. (2020) 6 treatments Fg

Parallel
DSM-IV-TR IDS-CR ≥ 32
failed ≥2 antidepressants

25 29 IV racemic ketamine 0.5 mg/kg Midazolam 0.045 mg/kg

Sumner et al. (2020) Single dose
Crossover—washout ≥3 weeks

DSM-IV MADRS ≥20 failed
≥2 treatments—drug or
psychological

30 – IV racemic ketamine 0.5 mg/kg Remifentanil 1.7 ng/ml

Tiger et al. (2020) Single dose
Parallel

MINI MADRS ≥20 failed
≥1 selective serotonin
reuptake inhibitor

20 10 IV racemic ketamine 0.5 mg/kg Saline placebo

Dwyer et al. (2021) Single dose
Crossover—washout ≥2 weeks

DSM-V CDRS-R >40 failed
≥1 antidepressant

17 – IV racemic ketamine 0.5 mg/kg Midazolam 0.045 mg/kg

Ionescu et al. (2021) 8 treatments
Parallel

DSM-V MADRS >28 114 113 IN esketamine 84 mg Saline placebo with bittering
agent

Lijffijt et al. (2021) Single dose
Parallel

DSM-V MADRS ≥27 20 13 IV racemic ketamine 0.1, 0.25 & 0.5 mg/kg Midazolam 0.03 mg/kg

Takahashi et al.
(2021)

8 treatments
Parallel

DSM-V MADRS ≥20 failed
≥1 & <5 antidepressants

122 80 IN esketamine 28, 56 & 84 mg Saline placebo

Gallagher et al.
(2022)

4 treatments
Parallel

DSM-V HDRS-24 ≥27 13 12 IV racemic ketamine 0.5 mg/kg Midazolam 0.045 mg/kg

Ahmed et al. (2023) 2 treatments
Parallel

“current diagnosis of
treatment-resistant MDD”
failed ≥2 antidepressants

18 18 IV racemic ketamine 0.5 mg/kg Saline placebo

Loo et al. (under
review)

8 treatments
Parallel

DSM-V MADRS ≥20 failed
≥2 antidepressants

86 88 SC racemic ketamine 0.5 & 0.5–0.9 mg/kg Midazolam 0.025 &
0.025–0.045 mg/kg

(Table 1 continues on next page)
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Primary outcome—change in depression severity:
initial effects after a single/first dose
Acute improvements in mood were observed in all
conditions, with a large effect size for racemic high dose
treatments (Rac-High = −0.73; p < 0.0001; 95% CI −0.91
to −0.56), moderate effects for esketamine formulations
at low and high doses (Esket-Low = −0.55; p = 0.0006;
95% CI −0.87 to −0.24; Esket-High = −0.48; p = 0.0007;
95% CI −0.75 to −0.20), and modest effects for low dose
racemic administrations (Rac-Low = −0.33; p = 0.0019;
95% CI −0.54 to −0.12). The model showed substantial
heterogeneity (k = 43, I2 = 60.5%). There was a signifi-
cant quadratic effect of time during the acute period
following an initial dose (Timequad = 0.81; p = 0.025;
95% CI 0.10–1.52; Timelinear = 0.20; p = 0.56; 95%
CI −0.48 to 0.89). These findings suggest a rapid
reduction in depression severity, reaching a peak
approximately one day after treatment, followed by a
return towards the baseline (Fig. 2). Note that the meta-
regression fitted line for Esket-Low suggests weaker ef-
fects than the point estimates derived from simple
univariable meta-analyses at each time point for this
group, even exceeding the 95% confidence limits at 4 h.
Point estimates for this period showed potential signs of
publication bias (see Appendix pp 30–31), with exag-
gerated effect sizes likely due to small, underpowered
trials. The larger, adequately powered Esket-Low studies
show more moderate effect sizes in line with meta-
regression estimates. Additionally, the meta-regression
model uses data from studies reporting both Esket-
Low and Esket-High results,45,50,62 to infer comparable
effect sizes at both doses, whilst leveraging the
improved precision available from larger studies to
provide a more accurate estimate of effect sizes by ke-
tamine formulation and dose.

Change in depression severity: effects of repeated
doses
We examined the ongoing antidepressant effects of
repeated ketamine administrations from day four
following the first treatment until the final treatment
(Fig. 3). After initial acute effects, a course of repeated
ketamine treatments maintained antidepressant effects
relative to the control condition, as evidenced by the
lack of significant linear or quadratic effects of time
(Timelinear = −0.16; p = 0.41; 95% CI −0.56 to 0.23;
Timequad = −0.13; p = 0.53; 95% CI −0.52 to 0.27).
Racemic ketamine at high and low doses was signifi-
cantly better than control (Rac-High = −0.61; p = 0.0038;
95% CI −1.02 to −0.20; Rac-Low = −0.55; p = 0.049; 95%
CI −1.09 to −0.00). Low-dose as well as high-dose
esketamine produced numerically but not statistically
greater antidepressant effects compared to control dur-
ing treatment (Esket-Low = −0.15; p = 0.40; 95%
CI −0.49 to 0.19; Esket-High = −0.22; p = 0.18; 95%
CI −0.54 to 0.10). There was large heterogeneity be-
tween included studies (k = 16; I2 = 84.2%).
7
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Fig. 2: Acute effects following the single/first dose of ketamine to a control condition. Data points represent random effects aggregate
meta-analyses conducted separately for each combination of ketamine formulation (Racemic vs Esketamine) and dose (High vs Low) at specific
time points; baseline, as well as 4 h, and days 1 and 3 following the initial dose. Error bars denote the 95% confidence interval. Dashed lines
indicate findings from the mixed effects multivariable meta-regression incorporating 1st and 2nd order fixed effects of time (linear and
quadratic, respectively) as well as factors of ketamine formulation and dosage as fixed effects, and ‘study’ as a random effect. Plots are separated
to show results for High (top panel) and Low (bottom panel) dose categories. Negative standardised mean differences (SMDs) indicate reduced
scores on standardised depression scales (e.g., MADRS or HDRS) for participants receiving ketamine compared to a control condition. Dif-
ferences between groups at baseline (day 0) are included for visual reference and were not incorporated in the meta-regression analysis. RAC:
racemic; S: esketamine.
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Change in depression severity: effects following the
final dose of a course of treatments
For follow-up effects after cessation of treatment with
repeated sessions of ketamine, data were only available
from seven studies and eight experimental arms. Only
one experimental arm used a low dose, delivering fixed-
dose subcutaneous racemic ketamine.9 Thus, dose was
not included as a factor. We analysed effects up to four
weeks following the final treatment session (Fig. 4).
There was a trend-level linear reduction in antidepres-
sant effects over time (Timelinear = 0.01; p = 0.051; 95%
CI −0.00 to 0.01). Mood improvements were signifi-
cantly maintained for racemic ketamine formulations
(Rac = −0.65; p = 0.029; 95% CI −1.23 to −0.07) and only
numerically maintained for esketamine (Esket = −0.33;
p = 0.31; 95% CI −0.96 to 0.31), i.e., there was no longer
a difference compared to control. The model had high
heterogeneity (k = 7; I2 = 87.6%). A sensitivity analysis
excluded the single experiment arm that used a low dose
of racemic ketamine. The effect size for racemic keta-
mine remained significant and numerically larger than
esketamine (Rac = −0.87; p = 0.0023; 95% CI −1.43
to −0.31; Esket = −0.32; p = 0.19; 95% CI −0.81 to 0.16;
Appendix pp 57).

Response rates
Analyses of response rates across the three time periods
reveal similar findings to depression severity outcomes.
Response rates were significantly higher than control
after the first treatment session, with the largest Odds
Ratio observed using high racemic doses (Rac-
High = 5.35; p < 0.0001; 95% CI 3.48–8.22), followed by
www.thelancet.com Vol 62 August, 2023
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Fig. 3: Repeated administrations as part of a treatment course. Data points represent random effects aggregate meta-analyses conducted
separately for each combination of ketamine formulation (Racemic vs Esketamine) and dose (High vs Low) at specific time points; days 7, 14,
21, and 28 during a treatment course. Due to differences in data collection times between studies, findings were aggregated for results reported
within ±3 days from these time points (e.g., findings at day 25 were aggregated into day 28). Error bars denote the 95% confidence interval.
Dashed lines indicate findings from the mixed effects multivariable meta-regression incorporating 1st and 2nd order fixed effects of time (linear
and quadratic, respectively) as well as factors of ketamine formulation and dosage as fixed effects, and ‘study’ as a random effect. Plots are
separated to show results for High (top panel) and Low (bottom panel) dose categories. Negative standardised mean differences (SMDs)
indicate reduced scores on standardised depression scales (e.g., MADRS or HDRS) for participants receiving ketamine compared to a control
condition. RAC: racemic; S: esketamine.
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low dose racemic and esketamine formulations (Rac-
Low = 2.69; p = 0.0004; 95% CI 1.56–4.64; Esket-
Low = 3.48; p = 0.0009; 95% CI 1.66–7.27), and modest
effects for high dose esketamine (Esket-High = 2.27;
p = 0.0075; 95% CI 1.24–4.14). Unlike mean depression
severity scores, there were no significant linear or
quadratic effects of time (Timelinear = 0.30; p = 0.15; 95%
CI 0.06–1.57; Timequad = 0.75; p = 0.75; 95% CI
0.13–4.39). There was low-moderate heterogeneity
(k = 37; I2 = 44.0%).

A course of repeated sessions maintained improved
response rates for high-dose racemic and esketamine
formulations (Rac-High = 2.83; p < 0.0001; 95% CI
1.68–4.76; Esket-High = 1.42; p = 0.016; 95% CI
www.thelancet.com Vol 62 August, 2023
1.07–1.90), but not low dose formulations (Rac-
Low = 1.56; p = 0.38; 95% CI 0.57–4.26; Esket-Low = 1.37;
p = 0.13; 95% CI 0.91–2.05). Time was not a significant
factor (Timelinear = 1.67; p = 0.29; 95% CI 0.64–4.30;
Timequad = 1.29; p = 0.58; 95% CI 0.52–3.18) and there
was low-moderate heterogeneity (k = 16; I2 = 37.8%).

Following the final dose after a treatment course,
response rates were significantly better than control for
racemic ketamine but only numerically better for
esketamine (Rac = 2.53; p = 0.049; 95% CI 1.00–6.37;
Esket = 1.76; p = 0.10; 95% CI 0.89–3.49) and there was
no effect of time (Timelinear = 0.99; p = 0.32; 95% CI
0.98–1.01). In addition, there was moderate heteroge-
neity in response rates (k = 7; I2 = 61.6%).
9
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Fig. 4: Effects following the final dose. Data points represent random effects aggregate meta-analyses conducted separately for each
combination of ketamine formulation (Racemic vs Esketamine) and dose (High vs Low) at specific time points; baseline, as well as days 7, 14, 21,
and 28 following the final dose in a treatment course. Error bars denote the 95% confidence interval. Dashed lines indicate findings from the
mixed effects multivariable meta-regression incorporating 1st and 2nd order fixed effects of time (linear and quadratic, respectively) as well as
the factor of ketamine formulation as a fixed effect, and ‘study’ as a random effect. Model findings are only provided for the High dose category
because all but one study contributing to the meta-regression outcomes used a high dose. Plots are separated to show results for High (top
panel) and Low (bottom panel) dose categories. Negative standardised mean differences (SMDs) indicate reduced scores on standardised
depression scales (e.g., MADRS or HDRS) for participants receiving ketamine compared to a control condition. Time is represented as the
number of days since the final dose of a treatment course. RAC: racemic; S: esketamine.
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Remission rates
Remission rates were significantly greater than control
after the first treatment session (Rac-Low = 3.31;
p = 0.0017; 95% CI 1.57–7.01; Rac-High = 2.97;
p < 0.0001; 95% CI 1.77–4.99; Esket-Low = 5.05;
p < 0.0001; 95% CI 2.41–10.54; Esket-High = 2.17;
p = 0.0002; 95% CI 1.43–3.29). Time was not a signifi-
cant factor (Timelinear = 0.59; p = 0.60; 95% CI
0.09–4.11; Timequad = 1.72; p = 0.59; 95% CI
0.23–12.67). Heterogeneity between studies was low
(k = 25; I2 = 9.9%).

Repeated ketamine administrations maintained
remission rates for high-dose formulations
(Rac-High = 2.44; p = 0.0004; 95% CI 1.49–3.99;
Esket-High = 1.52; p < 0.0001; 95% CI 1.27–1.82) but
not low dose formulations (Rac-Low = 1.05; p = 0.93;
95% CI 0.35–3.12; Esket-Low = 1.30; p = 0.15; 95%
CI 0.91–1.85). Time was not a significant factor
(Timelinear = 1.28; p = 0.66; 95% CI 0.42–3.88;
Timequad = 1.36; p = 0.57; 95% CI 0.47–3.91) and
there was low heterogeneity (k = 16; I2 = 5.7%).

Following the final dose, remission rates were
significantly higher than control for esketamine
(Esket = 1.80; p = 0.011; 95% CI 1.14–2.82) but not
racemic ketamine (Rac = 1.31; p = 0.56; 95% CI
0.52–3.28). Time was not a significant factor (Timelinear =
0.99; p = 0.33; 95% CI 0.98–1.01). Heterogeneity be-
tween studies was low (k = 7; I2 = 37.7%).
www.thelancet.com Vol 62 August, 2023
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Effect modifiers
Further multivariable analyses incorporating individual
effect modifiers, including dose, ketamine formulation,
control comparator type, treatment resistance, and route
of administration, are reported in Appendix pp 49–58.

Acceptability
Acceptability, measured by all-cause dropouts at the
study’s primary endpoint for RCTs using repeated ses-
sions, was not significantly different between ketamine
and control conditions (k = 20; OR = 1.18; p = 0.31; 95%
CI 0.85–1.64, I2 = 17.3%). Compared to control, there
was no significant difference in dropouts for low and
high doses using either racemic or esketamine formu-
lations (Rac-Low = 0.94; p = 0.94; 95% CI 0.06–15.83;
Rac-High = 1.23; p = 0.67; 95% CI 0.47–3.22; Esket-
Low = 1.06; p = 0.88; 95% CI 0.48–2.34; Esket-
High = 1.20; p = 0.33; 95% CI 0.83–1.74).
Discussion
This systematic review and meta-analysis builds on
previous work, incorporating data from a recent large
RCT of racemic ketamine provides the most compre-
hensive evaluation to date of the effects of ketamine
formulations. Results from 49 RCTs with a total of 3299
participants show that the racemic formulation of keta-
mine is superior to esketamine in both acute onset and
benefits during ongoing treatment, reflected in the
magnitude of effects relative to control.

Previous meta-analyses have reported that racemic or
arketamine may have larger effect sizes than esket-
amine.2,3 However, to our knowledge, only one small
pilot RCT has directly compared esketamine to racemic
ketamine, demonstrating non-inferiority following a
single session.66 This updated meta-analysis suggests
that active versus control differences were larger for
high-dose racemic formulations compared to esket-
amine, although statistical comparison did not signifi-
cantly differentiate these conditions. Interestingly,
esketamine did not significantly improve antidepressant
effects compared to the control condition during
repeated sessions (Esket-Low = −0.15; Esket-
High = −0.22). The pivotal study by Popova, Daly17

demonstrated the efficacy of intranasal esketamine in
depression. These results were supported by Fu, Ion-
escu,54 a study of esketamine on suicidality. The present
meta-analysis considers the totality of all available
esketamine studies. The remaining RCTs included in
this meta-analysis did not report statistically significant
benefits of esketamine relative to control,16,42,50,60,62

particularly in the later stages of a treatment course.
Reasons proposed to explain the lack of statistical sig-
nificance in these studies have included: i) improved
effects in the placebo control group due to heightened
expectations upon receiving a novel drug,67 ii) poor ef-
fects in participants aged over 75 years old who
www.thelancet.com Vol 62 August, 2023
comprise a sizeable minority in some studies,16 iii)
relatively short treatment course durations (e.g., 3–4
weeks) which may not allow sufficient time to maximise
antidepressant effects; and iv) frequent and lengthy
participant clinical interactions in the control group
which may further heighten placebo and non-specific
treatment effects. However, several of these explana-
tions are equally applicable to racemic ketamine, which
nonetheless showed antidepressant effects relative to
control under high doses (Rac-High = −0.61). Consid-
ering the lack of direct comparisons between racemic
ketamine and esketamine formulations during and
following an adequately dosed trial of repeated admin-
istrations, there is a need for large RCTs to conclusively
establish the non-inferiority, or superiority, of racemic
ketamine to esketamine. Likewise, there is a need for
further trials to establish the suspected superiority of the
arketamine enantiomer, which is included in the
racemic mixture, to esketamine.

Higher doses were associated with improved anti-
depressant effects following a single session and during
repeated administrations of ketamine, with insufficient
data available to explore dose effects during the follow-
up period. A high dose of racemic ketamine produced
the largest reduction in depression severity symptoms
after the initial dose (SMD = −0.73) and during repeated
administrations (SMD = −0.61), supporting prior ob-
servations that adequate dosage is important for optimal
efficacy. Early dose–response pilot studies found
increased antidepressant response following a single
session of racemic ketamine at higher doses, with
greater proportions of participants reaching response
and remission criteria as the dosage was increased ac-
cording to a response-guided approach.11,31 Similar
findings were later obtained for participants with
treatment-resistant depression,40,44,46 including those
over sixty years.12,61 More recently, Milak, Rashid55

showed a positive correlation between intravenous
racemic ketamine doses, ranging from 0.1 to 0.5 mg/kg,
and improvements in depression severity scores. A
similar positive dose–response relationship has been
observed following a single session of intranasal esket-
amine,45 although not consistently.37 Interestingly,
repeated sessions of intranasal esketamine do not
exhibit a clear association between dose and antide-
pressant response when dosing was assigned at a group
level rather than based on individual response-guided
titration.50,62 These findings suggest that adequate
dosage, ideally response-guided on an individual basis,
should be recommended in clinical settings to optimise
efficacy outcomes.

An important question in the field is whether im-
provements in depressive symptoms following repeated
administrations of ketamine can be maintained. Mini-
mal data from only seven studies were available to
evaluate effects following cessation of treatment. Due to
the limited data available, meta-regression analysis
11
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could not incorporate dose as a factor, and the model
was instead restricted to investigating the effects of ke-
tamine formulation. This available data found a signif-
icant benefit of esketamine relative to the control
condition and a similar benefit for racemic ketamine
once the low-dose experiment arm was excluded from
analyses. Racemic and esketamine formulations pro-
duced small effect sizes for mood reductions relative to
the placebo control arms. However, there are some
important caveats to this finding. Firstly, the number of
studies providing data for racemic (k = 4) and esket-
amine (k = 3) effects was low. Secondly, there was a
significant number of dropouts (0.0–35.5%) in the
follow-up period for included studies, further reducing
statistical power. Dropouts may introduce a bias to the
findings either in favour of the experiment condition,
participants not benefiting from treatment may leave the
study prematurely, or in the opposite direction, those
who remitted/responded may no longer be interested in
engaging with study investigators and so may be lost to
contact. Future studies are encouraged to collect and
report comprehensive follow-up data to establish the
ongoing benefits of ketamine and estimate the rate of
relapse.

All ketamine formulations and doses showed similar
acceptability to the control condition at the primary study
endpoint measured using all-cause dropout rates. There
was no evidence from the present analysis that increased
doses resulted in reduced acceptability. However, evi-
dence from the literature identified during the systematic
review suggests that care should be taken to ensure that
the use of higher doses to achieve greater efficacy is not
accompanied by intolerable treatment-emergent adverse
events, which also show dose-dependence.11,18,37,68 The
response-guided individual dose titration approach
described above may be useful for optimising safety and
efficacy outcomes.9,11,12,31 As all-cause dropouts are a
coarse measure of safety, more in-depth meta-analyses
are needed to assess adverse events using a compre-
hensive range of psychomimetic, physical (e.g., liver and
bladder functioning, blood pressure, etc.) and cognitive
(e.g., executive functioning) assessments.

There are several limitations of the present analysis
that must be acknowledged. First, there was some evi-
dence of publication or small study bias observed
following a visual inspection of funnel plots (see
Appendix pp 28–34). However, this may reflect a
gradual shift from early, small pilot studies using saline
placebo controls and non-treatment resistant cohorts to
large RCTs that use control conditions with improved
blinding (i.e., midazolam or saline with a bittering
agent) and investigate effects in individuals with
treatment-resistant depression, leading to more modest
effects. Secondly, the categorisation of studies as low or
high dose involved estimates of the bioavailability of the
parent compound, though emerging pre-clinical data
suggest that ketamine metabolites may be more
important than ketamine for antidepressant efficacy.69,70

Thirdly, studies utilising a crossover design were
included in the meta-analysis. Crossover studies can be
particularly problematic for ketamine interventions,
due to the potential for compromised blinding from the
unique, subjective drug effects.71 Additionally, there is a
possibility of carryover effects (i.e., participants rando-
mised to ketamine treatment in the first crossover may
not entirely return to baseline by the second crossover),
as well as withdrawal/rebound effects (i.e., relapse and
subsequent worsening of mood for participants initially
randomised to the ketamine treatment). To mitigate
these concerns, we adopted a conservative approach to
dealing with crossover studies by prioritising data from
before the crossover event. Finally, an inspection of the
study protocols of the 49 RCTs included in the present
analyses reveals a large parameter space, which includes
the use of single or repeated sessions, varying frequency
of treatment delivery, routes of administration, keta-
mine types (racemic or esketamine), control conditions
(saline or active control), treatment resistance of the
sample, a wide range of doses, and whether an indi-
vidualised titration approach was adopted, among
others. In addition, these factors were often
confounded, e.g., ketamine formulation was frequently
associated with the route of administration. This limits
the ability to conduct a comprehensive multivariable
analysis to quantify the effect of each modifier within a
single model, which has implications for future study
trial designs (e.g., choice of saline or active control), and
suggests the need for a platform trial to address the
relative impact of each of these factors.

This meta-analysis confirmed prior findings that
ketamine is effective for treating depression and
racemic ketamine may be more effective than esket-
amine. Dosage was shown to be an important factor,
with higher doses associated with superior effects rela-
tive to low doses. These findings were observed in acute
efficacy after a single dose and ongoing treatment ef-
fects with repeated dosing. However, limited benefit of
dose or formulation was detected regarding the dura-
bility of effects after the final dose, though few studies
were available to evaluate these factors. Despite efficacy
differences, no differences in acceptability were seen.
Future research should investigate head-to-head rando-
mised comparisons of esketamine and racemic keta-
mine and routes of administration.
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