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1  |  INTRODUC TION

Three chemically psychoactive drugs are formally known as 
non-competitive, non-selective antagonists of the N-methyl-D-
aspartate (NMDA) neuroreceptors. The most widely used is ket-
amine, which has been licensed in the United States since 1970 for 
anesthesia1 but also became an illicit party drug in many countries, 

and more recently was repurposed as an off-label treatment for 
depression and other psychiatric conditions. The newest of this 
group is esketamine, licensed in the United States2 and Europe3 
in 2019 for treatment-resistant depression. The oldest and most 
potent congener is phencyclidine (PCP), which was abandoned as 
an anesthetic but widely used as an illegal street drug known to 
induce hallucinations and bizarre and violent behavior.4 All three 

Received: 15 March 2022  | Revised: 9 May 2022  | Accepted: 10 May 2022

DOI: 10.1002/phar.2707  

R E V I E W  O F  T H E R A P E U T I C S

Safety and effectiveness of NMDA receptor antagonists for 
depression: A multidisciplinary review

Thomas J. Moore1,2  |   Abdallah Alami3,4 |   G. Caleb Alexander1,5 |   ​Donald R. Mattison3,6,7

1Center for Drug Safety and Effectiveness, 
Bloomberg School of Public Health, Johns 
Hopkins University, Baltimore, Maryland, 
USA
2Department of Epidemiology, Milken 
Institute School of Public Health, 
The George Washington University, 
Washington, District of Columbia, USA
3McLaughlin Centre for Population Health 
Risk Assessment, University of Ottawa, 
Ottawa, Ontario, Canada
4School of Mathematics and Statistics, 
Carleton University, Ottawa, Ontario, 
Canada
5Division of General Internal Medicine, 
Johns Hopkins Medicine, Baltimore, 
Maryland, USA
6Department of Epidemiology and 
Biostatistics, Arnold School of Public 
Health, University of South Carolina, 
Columbia, South Carolina, USA
7School of Epidemiology and Public 
Health, University of Ottawa, Ottawa, 
Ontario, Canada

Correspondence
Thomas J. Moore, Center for Drug Safety 
and Effectiveness, Bloomberg School of 
Public Health, Johns Hopkins University, 
Baltimore, MD, USA.
Email: tmoore86@jhmi.edu

Abstract
Ketamine, an anesthetic available since 1970, and esketamine, its newer S-enantiomer, 
provide a novel approach for the treatment of depression and other psychiatric 
disorders. At subanesthetic doses, the two drugs, along with their older congener, 
phencyclidine (PCP), induce a transient, altered mental state by blocking the N-methyl-
D-aspartate (NMDA) receptor for glutamate, the primary excitatory neurotransmit-
ter in the mammalian central nervous system. This multidisciplinary review examines 
the pharmacology/direct effects on consciousness, effectiveness in depression and 
acute suicidality, and safety of these fast-acting NMDA antagonists. To capture the 
essence of 60 years of peer-reviewed literature, we used a semi-structured approach 
to the subtopics, each of which required a different search strategy. We review the 
evidence for the three primary reported benefits of the two clinical drugs when used 
for depression: success in difficult-to-treat patients, rapid onset of action within a day, 
and immediate effects on suicidality. Key safety issues include the evidence—and lack 
thereof—for the effects of repeatedly inducing this altered mental state, and whether 
an adequate safety margin exists to rule out the neurotoxic effects seen in animal 
studies. This review includes evidence from multiple sources that raise substantial 
questions about both safety and effectiveness of ketamine and esketamine for psy-
chiatric disorders.
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drugs share a chemically related structure, have similar direct ef-
fects on consciousness, and have a primary mechanism of action as 
fast-acting antagonists of the NMDA receptor. Comparative details 
are shown in Table 1.

The latest interest in ketamine and esketamine was spawned by 
the proposition that subanesthetic doses of these agents might be 
useful in depression and acute suicidality. One group of investiga-
tors in 2019 hailed the repurposed ketamine as “A paradigm shift for 
depression research and treatment,”5 citing a rapid onset of action 
compared with standard antidepressants and success in difficult-to-
treat patients. However, other commentaries raised questions about 
both safety and efficacy.

We conducted a narrative, multidisciplinary review to assess 
the risks and benefits and to identify answered and unanswered 
questions about clinical use of these fast-acting NMDA antagonists. 
This broad subject in which scientific knowledge evolved over many 
decades was divided into the following subtopics: Pharmacology, 
Effectiveness in Depression/Suicidality, and Safety. Our search 
strategy is shown in Box 1.

2  |  PHARMACOLOGY

The two most widely distributed neurotransmitters in the human 
and mammalian central nervous system (CNS) are glutamate, with 
excitatory effects on neurons, and gamma-aminobutyric acid 
(GABA), which inhibits neuronal depolarization and signaling.6 The 
glutamate excitatory neurotransmitter, in turn, primarily binds to 
three different receptor types: NMDA, Alpha Amino 3 Hydroxy 5 
Methyl 4 Isoxazolepropionate (AMPA), and kainate. Blocking the 
NMDA receptor produces two effects in animals and humans: an-
esthesia and loss of consciousness at higher doses, and an altered 
state of consciousness that occurs at subanesthetic doses or as con-
centrations declined as the drug was metabolized and eliminated.7

The earliest NMDA receptor antagonist to be tested in humans 
was PCP, which induced effects similar to psychosis as explored in 
published clinical studies in 1959.8,9 The PCP congener ketamine 
was specifically designed for a shorter duration of anesthetic effect 
and fewer adverse effects on mood, behavior, perception, cognition, 
and memory.10 Esketamine, in turn, is the S-enantiomer of ketamine 
and is currently licensed as a nasal spray (NS) for treatment-resistant 
depression.2 Esketamine has 2 to 4 times the affinity for the NMDA 

receptor as the other optical isomer, R-ketamine.11 Ketamine is pri-
marily administered by intravenous infusion (IV) or via the intra-
muscular (IM) route.1 Chemical structures of the fast-acting NMDA 
antagonists are shown in Figure 1.

2.1  |  Effects on consciousness

At IV dose of 1–4.5 mg/kg, ketamine produces rapid-onset surgical 
anesthesia at an infusion rate of 0.5 mg/kg/min.1 At subanesthetic 
doses of 0.5  mg/kg administered over 40  min, the primary direct 
effect of ketamine is to induce an altered mental state of conscious-
ness. Similar effects on consciousness occur with esketamine with 
56–84 mg administered through 28-mg nasal spray devices. With IV 
ketamine or inhaled nasal administration of esketamine, the onset 
of altered consciousness is rapid, with symptoms peaking at 40 min 

TA B L E  1  Fast-acting, non-selective, non-competitive NMDA receptor antagonists

Phencyclidine (PCP) Ketamine (Ketalar) Esketamine (Spravato)

Primary use Illegal street drug Anesthetic Treatment-resistant depression

Other uses Anesthetic (withdrawn) Psychiatric disorders Acute suicidality

Illegal street drug

Route of administration Snorted/inhaled IV/IM/snorted/inhaled Nasal spray device

Abuse & dependencea High potential Moderate-low potential Moderate-low potential

Abbreviations: IV, intravenous; IM, intramuscular.
aUS Drug Enforcement Administration Controlled Substance Schedule II and III.

BOX 1 Search strategy and selection criteria

We searched PubMed in April 2021 and identified 
21,298 studies indexed to ketamine, 5546 studies of phen-
cyclidine, and 309 studies of esketamine. In addition to the 
peer-reviewed literature, we also searched Drugs@FDA for 
review documents of these types: summary, medical, sta-
tistical, and pharmacology/toxicology reviews.

Because of the different history and clinical uses, the 
selected studies necessarily differed among the three 
study drugs. Because phencyclidine has no current medical 
use, studies focused primarily on abuse and recreational 
use. With a 60-year history, ketamine studies included tox-
icology, pharmacology, use in anesthesia, abuse, and off-
label use at subanesthetic doses for psychiatric disorders. 
Esketamine, recently and specifically developed by a major 
pharmaceutical company for the narrow purpose of a novel 
therapy for treatment-resistant depression had a portfo-
lio of recent peer-reviewed studies for a newly-approved 
drug, along with extensive public disclosures from the 
United States Food and Drug Administration review and 
approval process.
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and resolving in most but not all patients by 1.5 h. The altered men-
tal state roughly mirrors the pharmacokinetics of nasal spray and IV 
administration, with maximum concentration (Cmax) at 40 min, and 
resolution typically occurring in the first phase of rapid elimination 
of 2–4 h, but with a terminal half-life of 7–12 h.12 However, in some 
individuals the altered mental state persists after the drug is no 
longer present, a topic examined below in the discussion of safety.

The altered mental state induced by these three NMDA antago-
nists varies by individual, drug potency, and dose. It involves widely 
varied changes in perception (hallucinations and visions), mood (eu-
phoria and suicidality), behavior (sedation and violence), and cogni-
tion (reduced but not enhanced).

Although the altered mental state induced by these NMDA an-
tagonists has probably not varied over the 60 years of medical use, 
the terminology and measurement scales used to describe the same 
event have evolved. In reports of ketamine for anesthesia, these ef-
fects were called “emergence reactions,”1 presumably because they 
occurred as plasma concentrations declined to subanesthetic doses 

as the drug infusion was discontinued. Next, the NMDA antagonists 
were investigated as a possible mechanism for the psychosis seen in 
schizophrenia. These investigators used the Brief Psychiatric Rating 

F I G U R E  1  Chemical structure of 
phencyclidine, ketamine, and esketamine.

erutcurtslacimehCemanlacimehC

Phencyclidine 

Ketamine hydrochloride
(racemic mixture: 
containing equal parts 
of (R)-ketamine and (S)-
ketamine enantiomers) 

                (R)-ketamine                                            (S)-ketamine 

Esketamine 
hydrochloride (S)-
ketamine)

(S)-ketamine 

Source: PubChem 
URL: https://pubchem.ncbi.nlm.nih.gov
Description: Data deposited in or computed by PubChem

TA B L E  2  Most frequent patient-reported effects of ketamine 
infusion for depression17

Percent Rank

Feeling weird, strange, or bizarre 78 1

Spacey 74 2

Woozy/loopy 72 3

Dissociation 62 4

Visual distortions 57 5

Floating 55 6

Numbness 53 7

Difficulty speaking 49 8

Delayed verbal response 40 9

Confusion 38 10
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Scale (BPRS), a common instrument in that disorder, and reported that 
ketamine caused substantial increases in the BPRS in both normal and 
schizophrenic patients.13–15 Finally, as esketamine was being evaluated 
for use in depression, the same altered mental state was described 
as “dissociation” and another measurement scale was deployed, the 
Clinician Administered Dissociative States Scale (CADSS).2 The CADSS 
was developed to evaluate Post Traumatic Stress Disorder (PTSD).16

A retrospective study published in 202017 sought to capture 
without fixed scales the altered state of consciousness induced by 
single infusions of ketamine for depression. The retrospective study 
pooled the results for clinician-administered questionnaires used 
in five sub-studies conducted over the preceding 13 years. The 10 
most frequent patient-reported side effects among 44 symptoms 
reported by 5% or more are shown in Table 2. The complete symp-
tom list included “feeling weird, strange, or bizarre” (78%), difficulty 
speaking (49%), and euphoria (27%). Direct effects of PCP, an even 
more potent NMDA antagonist than ketamine, were less system-
atically measured since it was primarily an illicit street drug in the 
late 1960s and 1970s. However, a 2018 review described the acute 
effects of PCP as psychosis, hallucinations, delusions, and thought 
disorders.4 Reports and diagnostic guidance for treating PCP intox-
ication18 also include an alert for belligerent, assaultive, and other 
violent behavior.

3  |  EFFEC TIVENESS IN DEPRESSION

The clinical testing of ketamine and esketamine for depression dif-
fered in multiple dimensions. Ketamine was explored as a novel de-
pression treatment beginning more than two decades ago. Studies 
of ketamine for depression were conducted primarily by academic 
psychiatric practices that mounted trials of modest size. Esketamine 
was developed 15 years later by a major pharmaceutical company 
specifically seeking the United States Food and Drug Administration 
(FDA) approval for treatment-resistant depression with a full-scale 

preclinical and clinical testing regimen similar to that required for a 
new molecular entity.

3.1  |  Ketamine effectiveness testing

The earliest widely cited ketamine trial in patients with depres-
sion was conducted in 2000 by psychiatrists based at the Yale 
University School of Medicine Department of Psychiatry without 
pharmaceutical industry financial support.19 Seven patients meeting 
the Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition (DSM_IV) criteria for major depression completed a ran-
domized crossover design. Patients were administered ketamine 
0.5 mg/kg IV over 40-min period, or a sham placebo infusion at 1-
week intervals. The authors reported that at 72 h after infusion the 
25-item Hamilton Depression Rating Scale (HAMD) declined by 14 
standard deviation (SD) (±10) points (42%) after a single infusion of 
ketamine compared with 0 SD (±12) points with sham treatment. 
Depression scores returned to baseline within 2 weeks of the active 
treatment infusion.

This seminal report attracted substantial attention in the psy-
chiatric research community, with more than 40 peer-reviewed 
reports published over the next 15 years that varied from a small 
open-label case series to a randomized, active drug-controlled 
clinical trial. Since ketamine was an inexpensive, readily available 
anesthetic drug, it lent itself to projects conducted by research-
oriented psychiatrists without requiring the tens of millions of 
dollars and global organization needed to finance a full-scale drug 
development program.

The clinical trials establishing the effectiveness of ketamine for 
depression, treatment-resistant depression, and bipolar depres-
sion were assessed in four systematic reviews published in 2014 
and 2015.20–23 Each systematic review examined 3 to 13 clinical 
trials. The underlying clinical trials, design, characteristics, and ef-
fects on depression are shown in Table 3. The clinical trial evidence 

TA B L E  3  Systematic reviews of ketamine clinical trials for depression: effects at 24 h

Trials 
selected (K)

Trials, single 
infusion

Total 
Patients (N) SMD [95% CI]a

N on active 
drug (range)

Depression rating 
scales

Caddy et al Cochrane Database 
Syst Rev 201520 b

3 3 54 −1.42 [−2.26,-0.57] 4–9 HAMD = 1; 
MADRS = 1; 
BDI = 1

Coyle et al Hum Psychopharmacol 
Clin Exp21 2015

13 11 291 −1.24 [−1.56,-0.93]c NR MADRS or HAMD

Fond et al Psychopharmacology23 
2014

9 9 192 −0.99 [−1.23,-0.75] 9–47 HAMD = 5; 
MADRS = 4

Lee et al Gen Hosp Psych22 2015 5 5 150 −1.01 [−1.34,-0.69] 15–47 HAMD = 1; 
MADRS = 4; 
BDI = 1

Abbreviations: BDI, Beck Depression Inventory; HAMD, Hamilton Depression Rating Scale; MADRS, Montgomery Asberg Depression Rating Scale, 
NR, not reported; SMD = standardized mean difference.
aSMD effect size: Small = 0.2; Medium = 0.5; Large = 0.8.
bSubset of ketamine v placebo w/depression rating scale score.
cHedge's g, 95% CI.
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cited in the reviews consistently demonstrated two characteristics 
of ketamine as a treatment for depression: (1) a substantial effect 
on depression scores, (2) a rapid onset of action that was immedi-
ately evident at 24  h. This was—in contrast to standard Selective 
Serotonin Reuptake Inhibitor (SSRI) antidepressants which normally 
take several weeks to establish a statistically significant reduction 
in depression rating scale scores. In all four systematic reviews the 
effect size as measured by the standardized mean difference (SMD) 
or Hedge's g was “large” according to statistical guidelines.24 The in-
cluded trials had other consistent features. The patient population 
had major depression or bipolar depression; the trials featured a sin-
gle infusion of ketamine 0.5 mg/kg infused over 40 min or a close 
equivalent. The effects on depression were measured at various 
time intervals after infusion, ranging from 4 h to 14 days. However, 
all the included trials in the four systematic reviews shown in Table 3 
included assessments at 24 h.

The clinical trials included in the systematic reviews also shared 
limitations in assessing the safety and effectiveness of ketamine as 
a treatment for depression. The study sizes were small, ranging from 
4 to 47 patients receiving the active drug. The trials with one excep-
tion featured a single infusion of ketamine, and none measured the 
effect later than 14 days, leaving duration of benefit uncertain but 
openly questioned in the report texts. With one exception discussed 
below, none of the trials featured a design with blinded active-
drug controls. This was especially relevant given a drug that within 
40 min of administration induced an altered state of consciousness 
that would be immediately evident to the patient and probably the 
investigator. The altered state of consciousness would compromise 
blinding in the four clinical trials with a crossover design.

An alternative approach to systematic review is to examine the 
largest, placebo-controlled, rater-blinded, fully randomized trial 
in this group. In 2013, a team of 12 investigators at the Baylor 
College of Medicine and the Icahn School of Medicine conducted 
a single-infusion trial of ketamine at two medical centers among 
patients diagnosed with DSM_VI major depressive disorder and 
an inadequate response to at least three previous trials of anti-
depressant medication.21 The patients were randomized in a 2–1 
ratio to receive 0.5  mg/kg of ketamine (N  =  47) or 0.045 mg/kg 
of midazolam (N  =  25), both infused over 40  min. The primary 
end point was the difference in the reduction of depression at 
24 h as measured by the Montgomery Asberg Depression Rating 
Scale (MADRS), a 0–60 rating scale. At 24 h the ketamine group's 
MADRS scores had declined from a mean 32.6 to 14.77 (55%). 
Scores for the midazolam controls had declined from a mean of 
31.1 to 22.72 (26%). The study reported a 7.9 point least squares 
(LS) mean difference [95% confidence interval (CI) 3.2, 12.71] in 
MADRS scores, and an effect size of Cohen's d of 0.81, a border-
line large effect. Among the ketamine depression studies identi-
fied in the four systematic reviews, this study was the largest (47 
patients on active drug) and the only study with two or more sites. 
It featured enhanced blinding through use of a benzodiazepine ac-
tive control with a rapid-onset altered state of consciousness. The 
patient population was limited to treatment-resistant depression, TA
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suggesting a possible additional benefit over the standard of care. 
One of the meta-analyses scored this trial with a medium risk of 
bias and “Yes” for conflict of interest.21 This occurred presumably 
because four of the twelve co-authors reported they were con-
sulting for pharmaceutical companies; one study center institution 
and two coauthors declared they held use-patents on ketamine 
should the FDA approve it for depression.

3.2  |  Esketamine effectiveness testing

The portfolio of pre-approval clinical trial testing of the esketamine 
nasal preparation was designed through communication between 
the sponsor, Janssen Pharmaceuticals, and the FDA. Design and du-
ration of phase 3 pivotal trials, doses to be tested, definition of the 
treatment-resistant depression indication, primary and secondary 
end points as well as other issues were negotiated in nine meetings 
between Janssen and the FDA between 2012 and 2016.27 This re-
view of effectiveness will focus on the phase 3 esketamine trials that 
were agreed to during these negotiations and that were relied on by 
the FDA as evidence supporting the approval of esketamine.

3.2.1  |  Esketamine phase 3 trial design

The study population was treatment-resistant depression, specifically 
defined as patients with major depression who had failed prior trials 
of any two other antidepressant medications. The esketamine doses 
were 56 and 84 mg per session administered in 28-mg nasal spray de-
vices. The primary end point was change in the severity of depression 
measured by MADRS. The duration of drug effect—an issue unre-
solved in most of the ketamine studies—was addressed through in-
tensity of treatment (twice weekly infusions) and a primary end point 
with effect on depression measured at 28 days. The esketamine phase 
3 trials contained a novel requirement that had the effect of introduc-
ing an active control to the “placebo” control group. At the beginning 
of the trials, both the active drug and comparison group (all of which 
failed two previous antidepressant trials) were switched to a third 
antidepressant of a different class. This additional requirement was 
notable for two reasons. The FDA required it because of ethical con-
cerns about randomizing patients with sustained major depression to 
an inactive placebo. Also, it had the effect of enhancing the blinding 
of the studies because the early onset side effects of a different class 
of antidepressant would also serve as active controls.

3.2.2  |  Esketamine phase 3 trial results in 
treatment-resistant depression

The design and results of the esketamine phase 3 trials are shown 
in Table 4 and Figure 2. The tolerability of the treatment was estab-
lished through dropout rates that were lower than the 20–40% seen 
in trials of many standard antidepressants.27 In TRANSFORM 1–3 

trials,28–30 study reports showed that 91%, 86.8%, and 88.4% com-
pleted the full 4 weeks of treatment, respectively. In all three trials, a 
substantial reduction in LS mean MADRS scores from baseline was 
recorded: 50%, 57.8%, and 28%, respectively.

However, results for the primary efficacy end point were smaller 
and sometimes not statistically significantly different from the 
active-controlled comparison groups that were only switched to a 
new class of antidepressant. The largest treatment effect was seen 
in the flexible dose TRANSFORM-2 trial. At day 28, the MADRS 
score in the esketamine-treated patients was reduced by a LS mean 
of 21.4 (SD 12.3) points, compared with 17.0 (13.9) points in the 
placebo group. Thus, the treatment achieved a LS mean difference 
of 4 points (95% CI – 7.31 to – 0.64). In TRANSFORM-3, the trial in 
patients age 65 years and older, the MADRS scores were not statis-
tically significantly different between treatment and controls at any 
time point. The results of the two fixed dose groups (esketamine 
56 mg and 86 mg twice weekly) in TRANSFORM-1 were difficult 
to interpret and were judged by the FDA as not providing the le-
gally required “substantial evidence” of efficacy. In the lower dose, 
56-mg group, the LS mean MADRS score reduction was 4.1 points 
larger than the placebo at day 28, a result that was statistically sig-
nificant. In the higher dose group, 84 mg, the LS mean difference 
was 3.2 points and was not statistically significant. The results were 
also the reverse of the expected dose–response relationship and 
published report declared the study failed to meet its primary end 
point.28

3.2.3  |  Esketamine effectiveness within 24 h

The FDA had granted esketamine breakthrough drug status on 
the basis of a phase 2 trial that demonstrated treatment benefit at 
24 h, which the FDA judged a major potential advance over stand-
ard antidepressants that typically took 4 weeks to achieve a posi-
tive effect on depression.27 To further establish the rapid onset, the 
FDA required a secondary end point of a 50% reduction in MADRS 
scores achieved at day 2 and maintained through day 28 with one 
lapse allowed. In none of the three phase, 3 trials was this end point 
achieved. Also, as shown in Figure 2, the active placebo group that 
was switched to a new antidepressant also showed parallel trends in 
reduction in MADRS over time.

3.2.4  |  Esketamine effects on suicidality

Three clinical trials to establish the benefits of esketamine were 
conducted in hospitalized patients with major depressive disorder 
and active suicidal ideation with intent. Design and results of these 
trials are shown in Table 5. Unlike the phase 3 trials above, eligibil-
ity requirements did not require failure of two prior antidepressant 
therapies. All three trials were funded and conducted by Janssen 
Pharmaceuticals. Active suicidal ideation with intent was defined as 
patients in the psychiatric inpatient unit or emergency department 
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F I G U R E  2  Successful and unsuccessful phase 3 clinical trials of esketamine for treatment-resistant depression. Note: Both treatment and 
placebo patients switched to a new antidepressant at baseline. Abbreviations: MADRS, Montgomery-Asberg Depression Rating Scale; LS 
Means, least squares means; SE, standard error. Flexible Dosing = 56-84 mg. Source: Adapted from Kim J, Chen Q27

Esketamine phase 3 
trial TRANSFORM-2 
(TRD3002) in 
treatment-resistant 
depression, flexible 
dosing in adults 18-
64. Change in MADRS 
from baseline (N = 
223)  

 LS mean difference 
Day 28 ,4.0 points, p 
= 0.020 

Esketamine phase 3 
trial TRANSFORM-3 
(TRD3005) in 
treatment-resistant 
depression, pa�ents 
> 64 years, flexible 
dosing. Change in 
MADRS from 
baseline (N = 137) 

LS difference Day 28, 
3.6 points, p = 0.059 

Esketamine Trial 
TRANSFORM-1 
(TRD3001) fixed dose 
56/84mg in adults 18-
64. MADRS change 
from baseline. (N = 
346) 

84 mg, LS difference 
Day 38,  3.2 points, p 
= 0.099 
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who responded affirmatively to questions asking whether they were 
thinking about killing themselves and also had an intent to act on 
those thoughts. All enrolled patients were given comprehensive care 
while hospitalized for 5 or more days.

Changes in suicidality were assessed with varied but multiple mea-
surement scales in the three trials, but all included assessments with 
Clinical Global Impression-Severity of Suicidality-revised (CGI-SS-r). 
The trials also evaluated depression using the MADRS, similar to the 
phase 3 efficacy trials, over a similar period of 28 days. Unlike the phase 
3 trials with flexible dosing, all patients were administered the higher 
esketamine 84 mg dose twice weekly, but the dose was reduced if tol-
erability was judged an issue. The comparison group was administered 
saline and a bittering agent in identical nasal spray devices.

The scientific objective of a rapid reduction in suicidality with 
esketamine treatment compared to usual care was not achieved in 
any of the three clinical trials. In the published results summarized 
in Table 5, the CGI-SS-r was reduced in all patient groups, but the 
reduction was not statistically significantly different between the 
esketamine and untreated controls at any time point. The lack of 
drug effect on suicidality was apparently not sensitive to method 
of measurement. No statistically significant difference was seen 
in the Beck Scale for Suicidal Ideation,31 in the Clinician Reported 
Frequency of Suicidal Thinking, or the Patient-Reported Frequency 
of Suicidal Thinking.32,33

The effect on depression symptoms measured by the MADRS in 
the active suicidal ideation trials was similar to the phase 3 trials for 
initial approval. The baseline MADRS severity scores were higher and 
the score reductions were larger in the active suicidal ideation trials, 
but differences with usual care controls were similar to the phase 3 
clinical trials (Tables 4 and 5). At 28 days statistically significant LS mean 
difference in MADRS between treatment and usual care controls was 
3.8 points and 3.9 points in ASPIRE-1 and ASPIRE-2, respectively.32,33

3.2.5  |  Effectiveness discussion

The promising results seen in the small, single-infusion, single-
center trials of racemic ketamine were generally not replicated in 
the larger, multi-site trials of esketamine nasal spray. The esketa-
mine trials were also subject to FDA site inspections, data integrity 
checks, and other forms of independent scrutiny. Only one phase 
3 esketamine trial in treatment-resistant depression was judged to 
have unequivocally demonstrated a statistically significant benefit 
at 28 days.29 In that trial the treatment difference from placebo was 
4 points on the MADRS 0–60 rating scale. The two trials that did 
not reach statistical significance had favorable trends of less than 
4 points.

The benefit of rapid onset that earned esketamine an FDA 
designation of breakthrough status was also not replicated in the 
phase 3 trials in treatment-resistant depression. The trials' failure 
on this end point appeared to result from two factors: (1) A 50% 
reduction in MADRS scores at 24 h was an ambitious drug effect 
measure; (2) As Figure 2 illustrates, the placebo group switched to TA
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a new antidepressant that also had rapid score declines at 24  h. 
These data and Figure 2 suggest that most of the benefit in treating 
depression came not from the pharmacological effect of ketamine 
and esketamine on depression, but mostly from the major change 
in the modality of treatment to a special office visit, an IV infusion 
or nasal device; blood pressure monitoring, and supervision for 2 h.

The trials to document the expected benefits of a rapid reduc-
tion in suicidality were an unambiguous failure in all three trials 
using multiple measurement scales at different time points. Two 
trials did demonstrate a statistically significant effect on depres-
sion measured by MADRS at 28 days, but the difference of less 
than 4 points varied little from standard antidepressants in se-
verely ill patients.34

The FDA was criticized in multiple peer-reviewed commentaries 
for approving esketamine even though two out of three of the phase 
3 trials did not document a benefit.35–37 Other criticisms included 
a benefit size that was not clinically meaningful, including older 
patients in the indication even though they were excluded from 
the sole successful trial, and relaxing the definition of “treatment-
resistant depression” from three to two prior failed antidepressants. 
The FDA defended its decision to approve esketamine in a journal 
editorial, noting that 40% of standard antidepressant trials also 
failed to establish a statistically significant benefit.38

One year after the FDA approval of esketamine in 2019, the 
agency granted Janssen Pharmaceuticals an expanded indication 
for esketamine for patients with acute suicidal ideation or be-
havior. The assessment report, which was not made public, was 
apparently based on the three failed clinical trials of suicidality 
reviewed above. Although an FDA-approved indication normally 
means “substantial evidence” of benefit, the indication con-
tained the unusual qualifier, “The effectiveness of SPRAVATO in 

preventing suicide or reducing suicidal ideation or behavior has 
not been demonstrated.”2

4  |  SAFET Y

4.1  |  Neurotoxicology of 3 NMDA Antagonists

In infant, juvenile, and adolescent mice, rats, dogs, and monkeys, 
the administration of the fast-acting NMDA antagonists induced 
development of abnormal structures inside neurons, and then 
as exposure, dose, and duration increased, with apoptotic cell 
death.25,26 Selected neurotoxicity studies are shown in Table 6. 
The earliest biomarker of neurotoxicity was vacuolization—first 
seen in 1989 in electronic micrography of adult rat brain cells 
treated with a single dose of PCP, ketamine, and other NMDA 
antagonists. Vacuoles in animals are non-functional sacs filled 
with cytoplasm but not mitochondria, usually attached to the 
cell membrane. After short exposures, this early-onset form of 
neurotoxicity appeared to resolve in adults. But an expanding 
number of toxicology studies reached the conclusion that admin-
istration of NMDA antagonists was the most neurotoxic in de-
veloping brains where synaptogenesis and synaptic refinement 
occurred, eliminating unused connections.26 These findings re-
sulted in safety concerns since ketamine was already widely used 
as an anesthetic in children. The 2020 ketamine label contains 
a warning that “administration of anesthetic and sedation drugs 
that block NMDA receptors…increase neuronal apoptosis in the 
developing brain and result in long-term cognitive deficits when 
used for longer than 3 h. The clinical significance of these findings 
is not clear.”.1

TA B L E  6  Selected neurotoxicity animal studies of fast-acting NMDA antagonists

Study Study drugs Animals Duration Key findings Limitations

Olney et al Science 198925 PCP, Ketamine, 
MK-801

Adult rats Single infusions; 
repeat tests for 
4 days

Formation of multiple 
vacuoles in singulate 
and retrospenial cortical 
neurons

Effects diminished 
12 h later

Sun et al Addiction Biology 
201439

Ketamine 24 juvenile 
cynomolgus 
monkeys

1 mg/kg IV daily for 
1, 6 months

Apoptotic nuronal cell 
death at 6 months in 
pre-frontal cortex; 
behavioral changes

Effects not seen at 
1 month

Yeung Tox et al Tox Ltrs 
201040

Ketamine 6 cynomogus /Crab-
eating Macaques 
+18 mice

30 mg/kg daily 
IV for 1, 3, or 
6 months

Hyperphosphorylated 
tau in prefrontal and 
enorhinal cortical 
sections at 1, 3, 
6 months

Effects not seen at 
1 month

Janssen TOX1041542 Esketamine 10 adult female rats Single dose 
0.9–9 mg/kg IN

Negative for neuronal 
vacuoles at 4 h

Uncertain for 
necrosis at 7 
days

Janssen TOX1137442 Ketamine 16 adult rats Single dose 0,4,15, 
60 mg/kg IV

Minimal neuronal 
vacuolization at layer 1 
of retrospenial cortex at 
60 mg/kg.

NOEL 1.6 fold AUC 
for vacuolization

Abbreviations: AUC, area under the curve; IN, intranasal; IV, intravenous; NOEL, no effects level; PCP, phencyclidine.
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Other studies suggested neurotoxic effects at older ages, at sub-
anesthetic doses, and with repeated exposure typical of illicit or rec-
reational use. Repeat daily administration of ketamine over 6 months 
to adolescent cynomolgus monkeys resulted in decreased loco-
motion and neuronal cell death through apoptosis in the prefron-
tal cortex.39 Another ketamine study in two species of adolescent 
monkeys that evaluated daily ketamine administration for 1, 3, and 
6 months detected in brain section imaging hyperphosphorylated 
tau, a biomarker for Alzheimer's disease.40 These changes at 3 and 
6 or more months were not seen in shorter duration exposures. A 
study of human chronic ketamine non-medical users compared with 
controls showed reduced cortical thickness and poorer cognitive 
performance.41

Toxicology studies of esketamine were also conducted to sup-
port the FDA approval in 2019. The three neurotoxicity studies 
the FDA accepted, however, were limited to a single dose in adult 
rats. One study detected vacuolization but not apoptotic cell 
death.42

4.2  |  Managing an altered mental state

The most prevalent adverse effect of subanesthetic doses or illicit 
use of NMDA antagonists is the rapid induction of an altered mental 
state, as described previously. The primary precaution for managing 
this risk is the administration of the drugs under medical supervision 
and then monitoring following administration.

To manage the rapid-onset altered mental state of esketamine, 
the FDA created one of the most comprehensive set of precautions, 
called Risk Evaluation and Management Strategies (REMS), that it 
had required for any outpatient drug.43 The program included 24 dif-
ferent outpatient provider requirements, including provider training, 
certification, monitoring, and adverse drug event reporting on every 
patient, and sponsor audits to ensure compliance at certified admin-
istration centers. However, none of these mandatory precautions 
applied to the US network of centers offering off-label ketamine 
infusions.44 There was also evidence that ketamine was also being 
compounded by some pharmacies for use in a nasal device at home.45

Despite short-term monitoring provided in many forms of 
NMDA antagonist administration, there is evidence that the al-
tered consciousness or sedative effects persist beyond 1.5–2 h in 
some individuals. Edward Domino, a lead developer of ketamine, 
remained puzzled 30 years later why the altered mental state 
could recur or continue even “if the drug is no longer present in 
the brain.”7 The FDA's Division of Pharmacovigilance (DPV) exam-
ined this issue for ketamine in 2014 and concluded: “DPV identi-
fied cases for which the duration of psychiatric reactions following 
ketamine exposure ranged from 3 h to several weeks, and time to 
onset ranged from immediate to several weeks.”46 The FDA division 
recommended a “special note” for the ketamine labeling warning of 
this safety risk, but this recommendation was not implemented. A 
study of ketamine administered to nine healthy volunteers included 
follow-up clinical interviews at 8 and 24 h.15 It reported that four 

out of nine patients reported a recurrence of their altered mental 
state at a “delayed time after ketamine.” The FDA medical review 
of esketamine noted that in the single phase 1 study featuring a 
longer period of monitoring of sedation effects, six patients (25%) 
reported adverse events of somnolence with an average duration 
of 6.5 h (range 1.6–20 h).27

Despite these multiple studies with longer periods of monitoring, 
the esketamine short-term phase 3 trials included only psychiatric 
symptom evaluations at 40 min to 1.5 h.

4.3  |  Risks of repeat dosing

A central but unanswered safety question about NMDA antagonists 
for clinical use is the cumulative effects of repeatedly inducing an 
altered state of consciousness. Safety concerns were also based 
on the animal toxicology studies of drug-induced abnormal neuron 
structures reviewed above.

Little evidence is available for the effects of repeated exposure to 
ketamine in clinical use for the treatment of depression and other dis-
orders. A narrative review of the side effects reported in 60 ketamine 
depression studies declared it could not evaluate long-term effects 
“because insufficient data were available regarding the side effects of 
repeat-dosing and possible cumulative and long-term risks.”.47

The effects of repeated exposure to intranasal esketamine were 
also an issue for the human clinical testing for FDA approval. It was 
relevant because the approved treatment regimen provided for 34 to 
56 administrations to patients treated for 1 year's time.2 In addition, 
as noted above, the animal studies accepted in the FDA toxicology 
review provided only a single administration. The phase 3 efficacy 
trials in humans provided limited insight into the long-term safety of 
esketamine because they were short-term studies–28 days. To assess 
risks of longer term exposure, the FDA accepted as pivotal an open-
label, long-term, 7-phase clinical trial that enrolled 802 patients who 
were transferred into the study after successfully completing one 
of the esketamine phase 3 trials, or enrolled directly. The sponsor 
stopped the study when 100 patients completed 12 months of es-
ketamine therapy, which the FDA accepted as an acceptable level of 
exposure for a drug approved for chronic or long-term therapy.38,48 
The long-term exposure was assessed among 580 patients who had 
responded to treatment with at least a 50% reduction in MADRS. 
By three measures, cognitive function was either unchanged or im-
proved from baseline, except in the subgroup of patients age 65 or 
older, who had a decline in two of the three measures.

4.4  |  Tolerance, overdose, and addiction

Illicit use of PCP and ketamine to induce euphoria or hallucinogenic 
states has waxed and waned over decades, and in different global re-
gions. PCP became a prominent drug of abuse in the United States in 
the 1970s, with safety concerns fueled by media accounts of bizarre 
behaviors including cannibalism, murder, and users gouging out their 
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eyes.4 In addition to short-term intoxication, there were reports of 
psychosis lasting 4 to 6 weeks.10 The similar but less potent ketamine 
became a popular party drug in the United Kingdom in the decade 
from 2000 to 2010, with respondents in surveys of dance clubs 
showing 16% reporting current use of ketamine a mean of 4 times 
per month.49 A retrospective study of recreational ketamine users 
reported cognitive decline among frequent users, but not infrequent 
users.50 In the United States, PCP is still classified as a Schedule II 
controlled substance (high potential for abuse) even though other 
dangerous drugs with no approved medical use are listed in the more 
restrictive Schedule I. Ketamine and esketamine are Schedule III, in-
dicating moderate-to-low abuse potential.1,2

In the clinical trials of esketamine, tolerance to its direct effects 
on consciousness was observed. In the successful phase 3 efficacy 
trial, the altered mental state, measured by the CADSS scale at 
40 min, decreased by 50% from day 1 to day 25.29 Studies in rats, 
monkeys, and frequent human users of illicit ketamine confirmed 
that tolerance develops with repeated exposure.50

A safety review of illicit ketamine noted that another acute risk 
was accidents while experiencing altered consciousness.50 A sur-
vey of 90 ketamine recreational users reported that 13% had been 
involved in an accident.51 In Hong Kong, 9% of drivers in fatal car 
crashes tested positive for ketamine in a 2005 survey.51

4.5  |  Safety discussion

Considering the scientific studies reviewed in this assessment, we 
find that neither ketamine nor esketamine has been shown to be safe 
for extended clinical use to treat depression. At subanesthetic doses, 
ketamine is a well-documented drug of addiction and abuse. Images 
from animal studies demonstrate damage to neurons with even brief 
exposure. With extended use, the abnormal vacuoles created may ex-
ceed the self-repair capacity of the neurons and trigger apoptotic cell 
death. The altered mental state induced by ketamine and esketamine 
varies with dose, duration, and patient mental health. However, exten-
sive studies now demonstrate that altered consciousness varies from 
a mild, transient, but pleasant euphoria to hallucinations, delusions, 
and other forms of clinically significant psychosis. Although transient 
in most patients, the altered mental state can be persistent or recur 
even after the drug has been eliminated from circulation.

The studies of longer-term use ketamine and esketamine were 
limited and often flawed. The ketamine depression studies were too 
short to provide useful information on this issue, with most limited 
to a single infusion. The long-term esketamine trial48 that the FDA 
relied on demonstrated many defects in study design. It was open 
label. The main phase was limited to responders. It was terminated 
after just 100 patients reached the 1-year mark. Almost any drug 
intervention can be made to appear safe or beneficial if unblinded 
and limited to a small group of patients who, from the onset, had 
already responded well. Limited studies of longer term ketamine and 
PCP abusers and recreational users show direct adverse effects on 

cognition but contain little systematic information about dose, pu-
rity, or frequency of use.

The expanding use of fast-acting NMDA receptor antagonists for 
psychiatric disorders is a significant risk to the public. The appropri-
ate clinical use and safety precautions need to be reassessed from a 
public health and regulatory perspective.
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