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Abstract

Background Ketamine and its enantiomer have rapid and robust effects on depressive symptom and suicidal idea-
tion. Little is known about their cognitive effects in adolescents. We aimed to evaluate the short-term effect of esketa-
mine on cognition in adolescents with major depressive disorder (MDD) and suicidal ideation.

Method In this randomized-controlled trial, 51 participants aged 13-18 with MDD and suicidal ideation received
three intravenous infusions of either esketamine (0.25 mg/kg) or midazolam (0.02 mg/kg). Four dimensions

of the MATRICS Consensus Cognitive Battery (MCCB), including processing speed, working memory, verbal learning
and visual learning, were assessed at Days 0, 6 and 12.

Results In the linear mixed model, a significant time main effect (F=12.803, P <0.001), drug main effect (F =6.607,
P=0.013), and interaction effect (F=3.315, P=0.041) was found in processing speed. Other dimensions includ-

ing working memory and verbal learning showed significant time main effect (all P <0.05), but no significant drug

or interaction effect (all P> 0.05). Esketamine group showed improvement in processing speed from baseline to Days
6 and 12, and working memory from baseline to Day 12 (all P <0.05). The generalized estimation equation showed
no significant association between baseline cognition and antidepressant or antisuicidal effect (both P> 0.05).

Conclusions The present study suggested that three-dose subanesthetic esketamine infusions did not harm cogni-
tion among adolescents with MDD and suicidal ideation. Instead, esketamine may be associated with improvement
in processing speed.

Trial registration: This trial was registered in the Chinese Clinical Trials Registry (http://www.chictr.org.cn,
ChiCTR2000041232).
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Introduction

Ketamine, an N-methyl-pD-aspartate (NMDA) receptor
antagonist, has been used for decades in the induction
and maintenance of anesthesia. (R, S)-ketamine (keta-
mine) and its enantiomer, esketamine, have a rapid and
robust effect on depressive symptom and suicidal idea-
tion [1-7]. Recently, the intranasal esketamine (Spravato)
was approved by the U.S. Food and Drug Administra-
tion for treatment-resistant depression (TRD) and major
depressive disorder (MDD) with acute suicidal ideation
or behavior in adults [3, 4].

Given the safety and success of ketamine and its enan-
tiomer in treating depression in adult population, clini-
cal studies aiming to evaluate their efficacy and safety in
adolescents have been already started. Currently, the only
randomized placebo-controlled trail of single low dose
ketamine infusion in 17 adolescents with TRD suggested
ketamine might be well tolerated and effective in reduc-
ing depressive symptom [8]. Two small open-label trials,
one including 13 adolescent TRD and the other including
12 adolescents with treatment-refractory bipolar depres-
sion also suggested that ketamine was an effective and
safe treatment for this adolescent population [9, 10]. In
addition to the antidepressant efficacy highlighted above,
three case reports indicated benefits of ketamine on sui-
cidal ideation in adolescents [11-13]. These limited data
did not identify any high-frequency or concerning seri-
ous adverse events and draw a preliminary conclusion
that low-dose ketamine was well tolerated in adolescents.

Concerns about ketamine’s adverse reactions for ado-
lescents will persist until larger studies can demonstrate
it is safe enough for this population. One worry is that
it would harm cognitive function, because recreational
abuse of ketamine was related to cognitive deficits in
executive functioning, episodic memory and working
memory [14, 15]. Long-lasting cognitive impairments
following chronic ketamine exposure subjects presented
the worrisome possibility that even a therapeutic dose of
ketamine would harm cognitive function in adolescents.
Systematic examination of ketamine’s effects on cognitive
function in the context of subanesthetic dose ketamine
treatment in adolescents is warranted.

To date, no known clinical trial has systematically
examined the effect of repeated intravenous (IV) keta-
mine or its enantiomer on cognition in adolescents, but
some answers can be obtained from adult data. Results
of adult studies have been inconsistent with some report-
ing no changes in cognition, including processing speed,
working memory and visual learning [16-18], some a
slight decrease in episodic memory and delay recall, ver-
bal memory, semantic processing and sustained attention
[19, 20] and others an improvement in cognition includ-
ing in visual and verbal memory, processing speed, set

(2023) 17:108

Page 2 of 10

shifting, and working memory [17, 21-23]. Our previous
open-label study examined the cognitive effects of six-
dose of IV ketamine over 2 weeks in unipolar and bipo-
lar depression [18, 24]. We found simple improvements
in verbal learning and processing speed at 24 h post-
treatment, and the improvements in processing speed
were partly independent of improvements in depres-
sive symptoms [18, 24]. Long-term studies conducted
in large samples also provided evidence for the safety of
esketamine on cognition in adults. An open-label, mul-
ticenter, long-term study evaluated the safety of esketa-
mine nasal spray in 779 adults with TRD, suggesting that
cognitive performances, including measures of simple
and choice reaction time, visual and verbal learning and
memory, working memory, and executive function, either
improved or remained stable from baseline through
44 weeks of maintained treatment phrase (weekly or
every-other-week esketamine administration) [25]. Simi-
lar findings were reported by another long-term (up to
4.5 years) study of 1148 TRD patients treated with esket-
amine, indicating that cognitive performances, includ-
ing attention, visual learning and memory, and executive
function, the Hopkins Verbal Learning Test-Revised,
generally remained stable from baseline through week
160 after the same maintained therapy phrase (weekly
or every-other-week administration) [26]. Overall, the
above-mentioned evidences indicated that there were no
severe and persistent cognitive impairments in depressed
adults treated with ketamine [27, 28].

Ketamine has different effects on cognitive perfor-
mances of abusers and patients receiving therapied keta-
mine, which may be due to different doses and exposure
duration. Cognitive deficits were mainly observed in
frequent ketamine users and chronic ketamine abus-
ers (mostly>20 months) [14]. Average doses of keta-
mine use in abusers ranged from 2.77 to 3.5 g per day
[14, 29] and frequency of use ranged from 6.0 to 6.5 days
per week [29, 30]. However, the frequency of ketamine
treatment in patients with depression was much lower,
generally twice- or thrice-weekly infusion in a 2- week
treatment period, with low doses ranging from 0.2 mg/kg
to 0.75 mg/kg [17, 23]. That means that there might be
no severe cognitive deficit when patients received suban-
esthetic doses of ketamine treatment in a low frequency.
But it is unclear whether therapied esketamine infusions
have similar effects on cognition of adolescent popula-
tion with MDD.

Herein, we aim to evaluate the effects of esketamine
on cognition in the context of a placebo-controlled pro-
spective study in adolescent population with MDD and
suicidal ideation that examined the efficacy and safety
of three infusions of esketamine. Based on our previ-
ous findings from adults, we hypothesized that three
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low-dose infusions of esketamine administrated to ado-
lescents would not be associated with a decline in cogni-
tion relative to baseline. Then, we explored whether the
level of cognitive performance at baseline influenced the
antidepressant and antisuicidal outcomes observed.

Methods

Study design

The data presented herein were obtained from patients
referred to a randomized (1:1), double-blind, placebo-
controlled trial which was conducted in the Affili-
ated Brain Hospital of Guangzhou Medical University
between December 2020 to April 2022. This trial was
approved by the Clinical Research Ethics Committees
of the Affiliated Brain Hospital of Guangzhou Medical
University, and registered in the Chinese Clinical Trials
Registry (http://www.chictr.org.cn, ChiCTR2000041232).
The trial protocol was published elsewhere in detail [31].
The primary purpose of this trial was to evaluate the
safety and efficacy of three-dose esketamine compared
to midazolam in patients with MDD and current suicidal
ideation. Current study was a secondary analysis of exist-
ing trial data.

Participants

Adolescents with major depressive episodes were
recruited from the inpatient ward of the Affiliated Brain
Hospital of Guangzhou Medical University. Inclusion
criteria were: age 13-18 years, diagnosis of MDD with-
out psychotic features according to DSM-5 criteria, the
17-item Hamilton Depression Rating Scale (HAMD-17)
total score>17 at screening, and had current suicidal
ideation for >3 months as measured by a clinician-rated
Columbia suicide severity rating scale (C-SSRS) suicidal
ideation score>1 and a self-report Beck Scale for Sui-
cide Ideation (SSI) item 4 or 5 score>2 at screening.
Exclusion criteria included the presence of substance
use and alcohol addiction, primary psychotic, bipo-
lar disorder, pervasive developmental, posttraumatic,
obsessive—compulsive and nonpsychiatric neurological
disorders, a significant medical illness, or active suicidal
attempt on presentation or in the preceding 6 months.
All participants were physically healthy according to the
results of physical exam, blood laboratory testing and
electrocardiogram.

Randomization and blinding

Participants were randomized in a 1:1 ratio to receive
three infusions of either esketamine hydrochloride or
midazolam via a computer-generated randomization
scheme. Midazolam was used as an active control, in
keeping with its similar pharmacokinetic profile and
precedent as a reasonable comparator for esketamine’s
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nonspecific behavioral effects. Study drugs were adminis-
tered on Days 1, 3 and 5.

The raters and participants as well as their clinician
were kept blind to the assigned treatment at randomi-
zation. A designated psychiatrist generated the random
allocation sequence and assigned participants to inter-
ventions, but did not participate in enrollment partici-
pants and assessment scales. This psychiatrist prepared
the study drug with a nurse who did not participate
in other aspects of the study within each participating
department. Both esketamine and midazolam perfusions
were transparent and visually similar.

Procedures

Participants fasted overnight prior to study drug admin-
istration, until two hours after the start of infusion. Esket-
amine 0.25 mg/kg or midazolam 0.02 mg/kg in 50 ml
0.9% of saline was infused over 40 min via an infusion
pump. Each infusion was clinically monitored and regu-
lar measures of pulse and blood pressure were checked
before infusion, 20 min during infusion, and at the end of
infusion (about 40 min). A physician was present during
all infusions and monitored the participant. The infusion
would be discontinued when participants suffered any
intolerable treatment-emergent status, including hemo-
dynamic instability, severe dissociation, severe psychotic
symptom, impulsive behavior, worsening depression, sui-
cide and anxiety.

All potential participants were admitted to hospital and
received standard care treatment. During infusion phase
(Days 1-5), current oral medication treatment main-
tained. During the naturalistic follow-up phase (Days
6-12), participants were treated with necessary antide-
pressant treatment, managed by clinician. Structured
psychotherapy, repetitive transcranial magnetic stimu-
lation (TMS) and electroconvulsive therapy (ECT) were
not allowed to take throughout the infusion phase. Addi-
tional details on the study procedures have been pub-
lished in the trial protocol [31].

Clinical symptom and cognitive function measurements

Clinical measures included depressive symptom and sui-
cidal ideation. The severity of depressive symptom was
measured via the Montgomery—Asberg Depression Rat-
ing Scale (MADRS) [32] at baseline, 1 day following the
last infusion (Day 6), and again one week after the third
infusion (Day 12). The total scores of MADRS range
0-60, with higher scores indicating more severe depres-
sion symptoms. Current suicidal ideation, rated by the
self-report SSI, scaled 0 (least severe) to 2 (most severe)
for each item [33]. The first 5 items of SSI (SSI-5): wish to
live, wish to die, reasons for living/dying, desire to make a
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suicide attempt, and passive suicidal thoughts were rated
at baseline, Days 6 and 12.

Cognitive function was assessed using the Chinese ver-
sion of MATRICS consensus cognitive battery (MCCB)
administrated at baseline, Days 6 and 12, which has
been demonstrated to be a sensitive battery of cognitive
impairment in young MDD patients [34]. Four dimen-
sions were selected from the MCCB, including pro-
cessing speed, working memory, visual learning and
verbal learning. Processing speed was measured by Brief
Assessment of Cognition in Schizophrenia (BACS), Trail
Making A test, and the Category Fluency test. Working
memory was evaluated using the subtests Spatial Span of
the Wechsler Memory Scale-III. Visual learning and ver-
bal learning were assessed by the Hopkins Verbal Learn-
ing Test-Revised, and the Brief Visuospatial Memory
Test-Revised, respectively. There are three test versions,
version A, B and C, in visual learning and verbal learn-
ing, which had different topics but equal difficulty. In
order to reduce potential learning effect in subjects, we
used version A at baseline, version B at Day 6 and version
C at Day 12. The score of each dimension in MCCB was
standardized to a T score with a mean of 50 and a stand-
ard deviation of 10, with higher score indicating better
cognition. Although the MCCB is initially developed for
the assessment of cognitive function in population with
schizophrenia, it has also been widely used in individu-
als with affective disorders in recent years [35, 36]. The
above four cognitive dimensions were chosen because
memory and learning dysfunction often occur in depres-
sion [37], which were also measured by a range of clinical
research using ketamine as a treatment drug [27, 28].

During the follow-up phase, the aforementioned evalu-
ations of clinical symptoms and cognition were required
to be completed even if the participants received only
one or two infusions.

Statistical analyses

Power analysis determined sample size using a meta-
analytic estimate of effect size=0.85 for the change in
clinician-rated suicidal ideation score for a single dose of
ketamine vs control [5]. This effect size requires a sam-
ple size of 22 participants per treatment group to achieve
80% power at two-sided significance level of 0.05. Assum-
ing a 10% dropout rate after the first infusion, at least a
sample size of 25 participants was needed for each treat-
ment group.

All analyses were conducted in IBM SPSS Statistics
version 27, with a significance level set to 0.05. Statistical
analysis including participants who lacked a Day 12 visit
was performed in accordance with the intention-to-treat
(ITT) principle.
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Demographic and clinical characteristics at baseline
were compared between groups using the Student’s t-test
for continuous variables and Chi-squared test for cat-
egorical variables.

Then, a mixed-effects repeated measures model was
conducted to examined differences in MADRS score,
SSI-5 score and each dimension of MCCB between
groups from baseline to endpoint (Day 12). The model
included time (baseline, Days 6 and 12), drug (esketa-
mine and midazolam) and time-by-drug interaction as
fixed factors, oral antidepressant class [selective sero-
tonin reuptake inhibitor (SSRI) or non-SSRI], plus aug-
mentation therapy (yes or no) and the respective baseline
score for the measurement as covariates. Bonferroni-cor-
rected simple effects post hoc tests were used to exam-
ine changes of each measurement from baseline to each
follow-up point in each group as well as drug differences
in timing. Effect sizes (Cohen’s d) were calculated using
mean difference between two groups at each time point,
and difference between baseline and follow-up point.

Finally, a generalized estimation equation was used
to assess the influence of baseline cognitive perfor-
mance on esketamine’s effect at Days 6 and 12. In this
model, follow-up (Days 6 and 12) was within-subject
variable, antidepressant response (defined as an improve-
ment >50% from baseline in MADRS total score), remis-
sion of depressive symptoms (defined as a MADRS total
score<12) and being free of suicidal ideation (defined
as SSI-5 score of 0) was included as dependent vari-
able respectively, and four dimensions of baseline MCCB
score were included as independent variables, with study
drug, oral antidepressant class and plus augmentation
therapy as covariates. The similar generalized estimation
equation was conducted in each subgroup (esketamine
and midazolam) sample, while study drug was excluded
from covariates.

Results
Participants characteristics
From the original trial, a total of 155 participants were
screened for eligibility, and 54 were enrolled and received
at least one infusion of study drug, but 5 participants
failed to complete all three infusions (3 in the midazolam
group and 2 in the esketamine group). 51 participants (25
in the midazolam group and 26 in the esketamine group)
who completed measurements of cognitive performance
and clinical symptoms both at baseline and Day 6 were
included in the final analyses. 88.2% of them (N=45)
completed the last follow-up assessment (Day 12). The
flow chart of the study was presented in Fig. 1.
Demographics and clinical details of participants were
shown in Table 1. The esketamine and midazolam groups
were well matched in age, education, gender, body mass
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Screened (N=155)

| Screen failures

A

(N=101)

Enrolled adolescents with MDD
and suicidal ideation (N=54)

v

v

Intravenous esketamine plus
oral medication (N=27)
Completed three infusions (N=25)

Discontinued infusions (N=2)
--Completed 2 infusions (N=2)

Intravenous midazolam plus
oral medication (N=27)
Completed three infusions (N=24)

Discontinued infusions (N=3)
--Completed 1 infusion (N=3)

Withdrawn | .| Withdrawn
(N=1) v v (N=2)
Completed assessment at Day 6 Completed assessment at Day 6
(N=26) (N=25)

Withdrawn | .| Withdrawn
(N=3) \ \ (N=3)
Completed assessment at Day 12 Completed assessment at Day 12
(N=23) (N=22)

Fig. 1 Flow chart of the patient inclusion process

index (BMI), duration of illness, and current oral medi-
cation types. Baseline MADRS total score, SSI-5 score
and four dimensions of MCCB did not differ significantly
between groups.

Clinical outcomes

Three infusions of esketamine were significantly associ-
ated with reductions in MADRS total score and SSI-5
score, which have been reported detailedly elsewhere
[45]. The proportions of the antidepressant responders
and remitters as well as being free of suicidal ideation at
Day 12 were 20.0%, 8.0% and 16.0% in midazolam group,
and 38.5%, 26.9% and 30.8% in esketamine group.

The MADRS total score showed a significant time
by drug interaction effect (F=3.345, P=0.039), time
main effect (F=64.685, P<0.001), and drug main effect
(F=4.409, P=0.041) (Additional file 1: Table S1). Post
hoc pairwise comparison found the esketamine group
had significantly lower MADRS score compared with
the midazolam group at Days 6 and 12, and both groups
showed a significant decrease in MADRS score from
baseline to Days 6 and 12 (Fig. 2A, Additional file 1:
Table S2).

The SSI-5 score showed a significant time main effect
(F=71.136, P<0.001) and drug main effect (F=5.989,
P=0.018), but no significant time by drug interaction
effect (F=1.816, P=1.816) (Additional file 1: Table S1).
Post hoc pairwise comparison found the esketamine
group had significantly lower SSI-5 score compared with
the midazolam group at Days 6 and 12, and both groups
showed a significant decrease in SSI-5 score from base-
line to Days 6 and 12 (Fig. 2B, Additional file 1: Table S2).

Cognitive performance

Processing speed showed a significant time main effect
(F=12.803, P<0.001), drug main effect (F=6.607,
P=0.013), and interaction effect in time by drug
(F=3.315, P=0.041) in the linear mixed model (Addi-
tional file 1: Table S1). Esketamine group showed sig-
nificant increases in the mean score of processing speed
from baseline to Days 6 and 12, with the effect size 0.566
and 1.032 respectively, suggesting that processing speed
had an improvement after esketamine infusions (Addi-
tional file 1: Table S2). However, midazolam group did
not show any changes in processing speed from baseline
to Day 12 (Additional file 1: Table S2). Esketamine group
showed significantly better processing speed compared



Lan et al. Child and Adolescent Psychiatry and Mental Health (2023) 17:108 Page 6 of 10
Table 1 Demographic and baseline characteristics

Midazolam (N =25) Esketamine (N=26) t df P

Mean SD Mean SD
Age (years) 14.6 1.3 15.0 14 -1.063 49 0.293
Education (years) 8.5 14 8.8 16 -0.766 49 0.447
Duration of illness (months) 19.7 145 217 104 —0.550 49 0.585
BMI (kg/mz) 19.5 4.1 21.1 33 —1.524 49 0.134
MADRS score 36.1 74 355 6.5 0.298 49 0.767
SSI-5 score 8.6 1.5 8.1 14 1.396 49 0.169
Processing speed 422 116 412 8.8 0.364 49 0.717
Working memory 439 12.6 422 104 0.535 49 0.595
Verbal learning 432 11.6 46.7 99 -1.134 49 0.262
Visual learning 429 10.3 44.6 74 —-0.661 49 0.512

N % N % x> df P
Female 23 92.0 22 84.6 0.670 1 0.668
Current nonsuicidal self-injury 25 100 26 100 - - -
Mood disorder in first degree relative 10 40.0 7 269 0.981 1 0322
Firstin hospital 15 60.0 17 654 0.158 1 0.776
First episode 18 72.0 20 76.9 0.163 1 0.755
Current antidepressant 31 100 30 100 - - -

SSRIs 23 920 20 76.9 2.191 1 0.248
SNRIs 2 8.0 5 19.2 = - 0419

Current antipsychotic 12 48.0 19 73.1 3.362 1 0.089
Current benzodiazepine 21 84.0 16 615 3.229 1 0.116

BMI Body mass index, MADRS Montgomery-Asberg Depression Rating Scale, S5/ Beck Scale for Suicide Ideation, SSRIs Selective serotonin reuptake inhibitors, SNRIs

Serotonin norepinephrine reuptake inhibitor

2 Fisher’s exact test
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Fig. 2 Overall changes in clinical symptoms between groups at Days 0, 6, and 12. A A significant decrease in MADRS score in both groups
from baseline to Days 6 and 12. B A significant decrease in SSI-5 score in both groups from baseline to Days 6 and 12. Asterisk (¥) represents
significant difference between groups (*P < 0.05). MADRS Montgomery-Asberg Depression Rating Scale, SS/ Beck Scale for Suicide Ideation

with midazolam group at Days 6 and 12 (Fig. 3A, Addi-
tional file 1: Table S2).

Three additional cognitive dimensions, including work-
ing memory and verbal learning but not visual learn-
ing showed significant time main effect (P <0.05), but
not significant drug or time by drug interaction effect
(all P>0.05, Additional file 1: Table S1). Esketamine
group showed an improvement in working memory

from baseline to Day 12 in post hoc pairwise compari-
son (P=0.006, Additional file 1: Table S2). Both esketa-
mine and midazolam groups did not show any changes in
verbal and visual learning from baseline to Day 12(both
P>0.05, Additional file 1: Table S2). Additionally, no sig-
nificant differences were observed in these three cogni-
tive dimensions between groups (all P>0.05, Fig. 3B-D,
Additional file 1: Table S2).
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Fig. 3 Overall changes in cognitive performance between groups at Days 0, 6, and 12, with significant differences in processing speed

between groups at Days 6 and 12. A A significant increase in the score of processing speed in esketamine group from baseline to Days 6 and 12.
B A significant increase in the score of working memory in esketamine group from baseline to Day 12. C No significant change of verbal learning
in either group from baseline to Day 6 or 12. D No significant change of visual learning in either group from baseline to Day 6 or 12. Asterisk (*)

represents significant difference between groups (*P <0.05)

Association between baseline cognitive performance

and clinical effect over time

The generalized estimation equation showed no signifi-
cant relationships between baseline cognitive function
and anti-depressant response, remission as well as being
free of suicidal ideation post-treatment (all P >0.05). Sim-
ilar results were also observed in each subgroup sample.

Discussion

This randomized controlled trial showed that three
infusions of esketamine at a subanesthetic dose did not
impair cognitive function among depressed adolescents
with suicidal ideation. Improvement in processing speed
was observed in esketamine-treated patients, and esketa-
mine may be associated with this improvement. Baseline
cognitive performance was not associated with esketa-
mine’s antidepressant or antisuicidal effects.

The present findings supported our hypothesis that
three-dose of esketamine was safe for cognitive function
in adolescents for a 12-day follow-up, while improvement
in processing speed was observed, which was consistent
with most adult studies. Available studies using single
subanesthetic dose ketamine in adults with TRD have
not found cognitive impairment in processing speed,
working memory, verbal learning and visual learning
up to a 14-day follow-up [16-19]. Results from studies
with repeated doses of ketamine, such as 4—6 infusions

of ketamine over 2—4 weeks also suggest the safety, even
some improvement on cognitive function in adults,
including visual memory, processing speed, simple work-
ing memory, and complex working memory [18, 20, 21,
23, 24]. Up to now only an open-label trial of intranasal
ketamine in 12 adolescents with treatment-refractory
bipolar depression showed marked improvement in mul-
tidimensional symptoms, including mood symptoms,
sleep, attention and executive functions [9]. Case report
by Dwyer et al. reported a 16-year-old MDD patient with
suicidal ideation received seven infusions of ketamine
(0.5 mg/kg) over an 8-week hospitalization and stand-
ard neurocognitive assessments was evaluated [11]. The
detail changes in cognitive function were not reported
but mentioned that the patient had returned full-time to
school and cognitive assessments had remained stable
during outpatient follow-up.

Although the cognitive effect of ketamine in adoles-
cents with depression is less clearly understood, data
from pediatric surgery using ketamine as an anaesthetic
could be additional evidence to suggest that ketamine
does no harm to adolescents’ cognitive function. Keta-
mine is often used in combination with sleeping pills in
order to induce and implement general anesthesia, and
can be also used as a supplement of local anesthetics in
pediatric anesthesia, with good effect [38]. A controlled
study of children aged 9-14 years with lower extremity
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fractures showed that ultrasound-guided nerve block
combined with esketamine showed more postoperative
increasing mini-mental state examination (MMSE) score
compared with those combined with general anesthesia
[39]. An open-label study of adolescents aged 11-19 with
chronic pain reported that no significant decline in neu-
rocognitive abilities was observed after low dosage (0.25,
0.5, 1.0, or 1.5 mg/kg/dose three times a day) oral keta-
mine for 14 days [40]. Instead, a statistically significant
improvement in executive functioning and memory was
measured at 24—48 h and three months after the last dose
of ketamine compared to baseline, along with pain relief.

The available clinical evidences suggested low-dose ket-
amine administration in adolescents did not lead to sig-
nificant cognitive impairments, however, animal research
showed that low-dose NMDAR antagonists such as keta-
mine can induce adverse cognitive changes in adolescent
rodents [41]. Repeated low-dose (0.1 mg/kg/d for 5 days)
NMDAR antagonists administrated to adolescent rats
could impair parvalbumin maturation and decrease the
number of parvalbumin neurons in the medial prefrontal
cortex (PFC), which may result in the neurodevelopmen-
tal damage and the potential long-term adverse cognitive
changes [42]. In addition, repeated administration of ket-
amine at low doses (e.g., 5 mg/kg/d for 5 days) to adoles-
cent mice could induce hippocampal CA3 cell death that
possibly contributed to lasting cognitive deficits [42]. The
PEC and hippocampus play a crucial role in memory pro-
cessing and executive function. In humans, these brain
areas do not fully mature until around age 25, thus prior
to maturity they are more sensitive to ketamine-induced
cognitive impairments [43]. Although it is possible that
the three-dose subanesthetic esketamine infusions para-
digm in the present study are conservative enough to
preserve normal neurodevelopmental processes in ado-
lescent populations, comprehensive researches need to
conduct to examine its long-term cognitive-impairing
effects.

Notably, there may be another possible effect, weaker
effect on cognitive function induced by low-dose keta-
mine in developing brains. Drug metabolism is typically
faster in adolescents, suggesting adolescents require
higher doses of ketamine to achieve antidepressant
effects than adults [43]. The 0.25 mg/kg dose adminis-
tered to adolescents in present study was based on the
dosage administrated in adult studies. We suspected
that the same ketamine/esketamine dosage would have
weaker effects on cognitive function in adolescents com-
pared with adults. In addition, NMDA receptors expres-
sion peaks during adolescence and steadily drops-off
thereafter, which play a role in learning and memory
function. Different concentrations of NMDA receptors
between adolescents and adults may result in varying
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degrees of effects on cognitive function in the context of
receiving the same ketamine/esketamine dosage.

Regarding the above-mentioned complex relationships
between ketamine dosage and effects on cognitive func-
tion in the developing brain, clinical trials evaluating
the effects of ketamine across a wide range of doses are
need to provide insight on the dosage to strike a balance
between antidepressant response and safety.

Limitations

Several methodological limitations warrant considera-
tion. First, this is a secondary analysis of a randomized
trial that was not powered to detect changes in cognition
due to its relatively small sample size. However, our sam-
ple size met the initial research purpose according to the
sample size calculation described detailedly in the trial
protocol [31]. It is very important to examine the side
effects of esketamine in adolescents, but no studies have
explored the impact of repeated infusions of esketamine
on adolescents’ cognition. Although the sample size of
this study was relatively small, we for the first time gave a
full report of the effects of repeated esketamine infusions
on cognition of adolescents, which was of great value. A
larger sample are needed to validate these findings in the
future. Second, cognitive performance was only assessed
at baseline, Days 6 and 12, lacking acute (e.g., within
hours post-initial infusion) and long-term (e.g., months
after treatment) assessments. As mentioned above, slight
decreases in delayed recall performance at 40 min after
a single infusion were found among adult TRD patients
[19]. Ketamine on cognition in different measurement
time would likely be different. Second, four dimensions
of cognitive function from MCCB were measured in
this study, but not including sustained attention, social
cognition and other common cognitive impairments in
adolescents with depression [44]. Third, suicidal idea-
tion was assessed using the first five items of SSI, but
not the entire SSI. Fourth, oral antidepressant medica-
tions were provided concomitantly with esketamine or
midazolam during the infusion phase, which may cre-
ate synergies between them as the cause of changes in
cognition. Finally, repeated measures of MCCB within
12 days may have learning/practice effects. We have tried
to reduce potential learning effect in patients by using
different versions (version A, B and C) of visual learning
and verbal learning at different timepoints, as described
in Method section. However, the other dimensions, pro-
cessing speed and working memory, have only one ver-
sion, which might have learning/practice effects. Further
studies may be necessary to use a more flexible and com-
prehensive cognitive battery measuring acute and long-
term effect in a larger adolescent sample to validate the
present findings.
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Conclusions

Our findings suggested that three low-dose esketamine
infusions did not impair the short-term cognitive func-
tion of adolescents with MDD and current suicidal ide-
ation; conversely, improvement in processing speed was
observed post-infusion. Additional studies are required
to clarify the long-term effects of repeated low-dose
esketamine infusions on the cognitive function of this
population.
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