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Ketamine metabolites, clinical response, and gamma power
in a randomized, placebo-controlled, crossover trial
for treatment-resistant major depression
Cristan A. Farmer1, Jessica R. Gilbert1, Ruin Moaddel2, Jomy George3, Lilian Adeojo3, Jacqueline Lovett2, Allison C. Nugent1,4,
Bashkim Kadriu1, Peixiong Yuan1, Todd D. Gould5,6, Lawrence T. Park 1 and Carlos A. Zarate Jr.1

A single, subanesthetic dose of (R,S)-ketamine (ketamine) exerts rapid and robust antidepressant effects. Several groups previously
reported that (2S,6S;2R,6R)-hydroxynorketamine (HNK) had antidepressant effects in rodents, and that (2R,6R)-HNK increased
cortical electroencephalographic gamma power. This exploratory study examined the relationship between ketamine metabolites,
clinical response, psychotomimetic symptoms, and gamma power changes in 34 individuals (ages 18–65) with treatment-resistant
depression (TRD) who received a single ketamine infusion (0.5 mg/kg) over 40 min. Plasma concentrations of ketamine,
norketamine, and HNKs were measured at 40, 80, 120, and 230 min and at 1, 2, and 3 days post-infusion. Linear mixed models
evaluated ketamine metabolites as mediators of antidepressant and psychotomimetic effects and their relationship to resting-state
whole-brain magnetoencephalography (MEG) gamma power 6–9 h post-infusion. Three salient findings emerged. First, ketamine
concentration positively predicted distal antidepressant response at Day 11 post-infusion, and an inverse relationship was observed
between (2S,6S;2R,6R)-HNK concentration and antidepressant response at 3 and 7 days post-infusion. Norketamine concentration
was not associated with antidepressant response. Second, ketamine, norketamine, and (2S,6S;2R,6R)-HNK concentrations at 40 min
were positively associated with contemporaneous psychotomimetic symptoms; post-hoc analysis revealed that ketamine was the
predominant contributor. Third, increased (2S,6S;2R,6R)-HNK maximum observed concentration (Cmax) was associated with
increased MEG gamma power. While contrary to preclinical observations and our a priori hypotheses, these exploratory results
replicate those of a recently published study documenting a relationship between higher (2S,6S;2R,6R)-HNK concentrations and
weaker antidepressant response in humans and provide further rationale for studying gamma power changes as potential
biomarkers of antidepressant response.
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INTRODUCTION
(R,S)-ketamine (ketamine), a racemic mixture comprising (S)- and
(R)-ketamine, produces antidepressant effects within a few hours
in individuals with major depressive disorder (MDD) [1], bipolar
depression [2, 3], and treatment-resistant depression (TRD) [2–8]
but is also associated with psychotomimetic side effects, neuronal
loss, and abuse liability [9–11]. As a result, recent research efforts
have focused on identifying safer forms of ketamine by exploring
its enantiomers and metabolites as well as alternate routes of
administration [12–14].
Ketamine is rapidly and stereoselectively metabolized into (R,

S)-norketamine (NK), (R,S)-dehydronorketamine, hydroxyketa-
mines, and hydroxynorketamines (HNKs) [15–18], among others.
A number of HNK metabolites have been described, including
the (2,4)-, (2,5)-, and (2,6)-HNKs [17–19]. (2R,6R;2S,6S)-HNK is the
most prevalent ketamine metabolite in human plasma [20] and
in the plasma and brain of rodents [12, 21, 22]. Although early
studies classified (2R,6R;2S,6S)-HNK as an inactive metabolite

due to its lack of anesthetic effects [23], more recent studies
have established its biological activity [12, 24–41]. Notably,
(2R,6R)-HNK was found to exert rapid and sustained
antidepressant-relevant behavioral effects in mice and rats
[12, 25, 28, 32, 37, 39, 41] while lacking the adverse effects and
abuse potential associated with ketamine [12, 41]. These
antidepressant actions occurred independently of direct N-
methyl-D-aspartate receptor (NMDAR) inhibition but involved
early and sustained activation of α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptors (AMPARs) by presynaptically
released glutamate [12, 38] via a mechanism convergent with
metabotropic glutamate receptor 2/3 signaling [39].
Both animal [42–44] and human [45–47] studies found that

subanesthetic-dose ketamine infusion robustly increases gamma
power. In addition to being a putative measure of cortical
disinhibition, this finding indicates activation of fast ionotropic
excitatory receptors, including AMPARs [48–50]. The decreased
activity in gamma aminobutyric acid-ergic interneurons and the
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resulting disinhibition of excitatory pyramidal neurons [51]
seemingly provides the mechanism for increased gamma oscilla-
tions in response to ketamine [52, 53]; thus, increases in stimulus-
evoked somatosensory cortical gamma power might, by exten-
sion, be a biomarker of synaptic plasticity and of antidepressant
response to ketamine [53, 54]. Previous findings suggested that
depressed participants who experienced robust increases from
very low baseline levels of resting-state gamma power also
experienced better clinical response to ketamine compared with
those with higher baseline gamma [47]. In addition, previous
studies observed that (2R,6R)-HNK increased cortical electroence-
phalographic (EEG) gamma power when administered to rodents
[12, 39]. Such high-frequency oscillations, in vivo, have parallels to
many forms of activity-dependent plasticity, such as long-term
potentiation, in which high-frequency stimuli induce sustained
strengthening of excitatory synapses via enhanced synchrony
between limbic-connected brain regions [55]. The finding that
(2R,6R)-HNK enhances cortical gamma EEG oscillations suggests
that this metabolite engages endogenous processes that promote
synaptic strengthening. This, in turn, suggests that enhanced
gamma EEG oscillations may be directly involved in rapid
antidepressant response [39].
This exploratory analysis sought to assess the relationship of

ketamine’s primary metabolites to their antidepressant and
psychotomimetic effects as well as their effects on gamma
oscillations. The primary hypothesis was that increased ketamine
and NK plasma concentrations would be preferentially related to
improved acute response (i.e., at 230 min), while increased
(2S,6S;2R,6R)-HNK concentrations would be related to improved
extended response (i.e., at Day 7). As a secondary goal, the
relationship between ketamine concentration and the concentra-
tions of its metabolites to increases in magnetoencephalography
(MEG) gamma power was also explored. Because prior preclinical
work indicated that (2R,6R)-HNK significantly and acutely increases
gamma power, we hypothesized that (2S,6S;2R,6R)-HNK—but not
ketamine or NK—concentrations would positively correlate with
greater increases in resting-state gamma power measured during
an antidepressant response window 6–9 h post-ketamine admin-
istration. A tertiary goal explored how ketamine’s primary
metabolites were related to its dissociative side effect profile.
We hypothesized that at 40 min post-infusion, concentrations of
ketamine and NK would be positively related to dissociative side
effects, but that no such association would be observed for the
HNK metabolites.

MATERIALS AND METHODS
Participants
Men and women (18–65 years old) participated in an inpatient,
randomized, placebo-controlled, crossover trial of ketamine
conducted on the Mood Disorders Research Unit of the National
Institutes of Health (NIH) in Bethesda, MD from 2011 to 2017.
Thirty-four participants with TRD and 23 healthy controls (HCs) for
whom plasma levels of ketamine and its metabolites were
obtained as part of a larger study (NCT00088699, NIH Protocol
No. 04-M-0222, substudy 4) were included in the current analysis.
The goal of the original study from which the TRD and HC data
were drawn was to investigate ketamine’s mechanism of action;
the current analysis is exploratory. In the current study, HC data
were used only to assess the effects of ketamine and its
metabolites on dissociative symptoms. All participants provided
written consent prior to study entry, and this study was approved
by the Combined Neuroscience Institutional Review Board of the
NIH. Most of the participants in this sample have been previously
described [47], but an additional three unmedicated participants
with bipolar disorder were included in this analysis. All participants
were free of psychotropic medications for at least 2 weeks before
randomization (5 weeks for fluoxetine and 3 weeks for

aripiprazole) and remained drug-free for the duration of study.
Participant demographics appear in Table 1. Full eligibility criteria
and a CONSORT diagram can be found in the Supplementary
materials.

Procedures
This was a two-arm, two-period, crossover design. In randomized
(1:1) order, 40-min intravenous infusions of 0.5 mg/kg of ketamine
hydrochloride or saline were administered 2 weeks apart in an
inpatient setting.

Clinical ratings. Blinded clinical ratings in the TRD group were
conducted 60min prior to each infusion, at 40, 80, 120, and
230 min post-infusion, and at Days 1, 2, 3, 7, and 11 post-infusion.
Montgomery-Asberg Depression Rating Scale (MADRS) [56] total
score was the primary outcome measure. Timepoints prior to
230min post-infusion were excluded from the primary efficacy
analysis. Dissociative symptoms were assessed using the Clinician
Administered Dissociative States Scale (CADSS) [57] total score at
40min post-infusion.

Bioanalytical methods. Plasma samples were obtained during
both study arms at baseline, at 40, 80, 120, and 230 min post-
infusion, and at Days 1, 2, and 3 post-infusion. HCs did not provide
plasma samples at Days 2 and 3. Whole blood samples were
collected using BD vacutainer tubes with sodium heparin and
centrifuged at 3000 rpm at 4 °C for 10min; separated plasma
samples were aliquoted and stored at −80 °C until assay. Plasma
concentrations of ketamine, NK, and HNK were determined as
previously described; additional methods can be found in the
Supplementary materials [17, 20] (assignment standards are found
in Supplementary Figs. S1–S3). While circulating levels of
ketamine, NK, and (2S,6S;2R,6R)-HNK were quantitative, only
relative concentrations of (2R,4R;2S,4S-2S,6R;2R,6S)-HNK and
(2R,4S;2S,4R-2S,5S;2R,5R)-HNK are reported.

Pharmacokinetic methods. Pharmacokinetic parameters for keta-
mine, NK, (2S,6S;2R,6R)-HNK, (2R,4R;2S,4S-2S,6R;2R,6S)-HNK, and
(2R,4S;2S,4R-2S,5S;2R,5R)-HNK were calculated by direct observa-
tion and by noncompartmental analysis using Phoenix WinNonlin
(version 8, Certara USA, Inc.). The area under the plasma
concentration-time curve (AUC) was determined using the “linear
up, log down” trapezoidal rule; data through Day 1 were available
for all participants, so AUC0–1440 min was used for analysis. Other
parameters of interest included plasma elimination half-life (T1/2)
and the maximum observed concentration (Cmax). Additional
information can be found in the Supplementary materials.

Table 1. Participant demographics.

TRD (N= 34) HC (N= 23)

n (%) n (%)

Female sex 22 (65%) 16 (70%)

Diagnosis

Major depressive disorder 31 (91%) –

Bipolar disorder 3 (9%) –

M ± SD M ± SD

Age (years) 36.12 ± 10.4 34.65 ± 10.82

BMI 27.28 ± 6.83 27.53 ± 4.59

MADRS total score at study baseline 33.65 ± 4.83 1.57 ± 1.67

TRD treatment-resistant depression, HC healthy control, BMI body mass
index, MADRS Montgomery-Asberg Depression Rating Scale.
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MEG
Resting-state neuromagnetic data were collected from all TRD
participants in one or two sessions ~6–9 h after ketamine infusion.
Data were acquired at 1200 Hz with a bandwidth of 0–300 Hz
using a 275-channel CTF system with SQUID-based axial
gradiometers (VSM MedTech Ltd, Couquitlam, BC, Canada) housed
in a magnetically shielded room (Vacuumschmelze, Germany).

Statistical analysis
Clinical outcomes. Linear mixed models were used to evaluate
the effects of time, drug, mean-centered metabolite value, and the
full factorial expression of their three-way interaction on MADRS
total score. Model details are provided in the Supplementary
materials. Mediation was defined using the MacArthur guidelines
[58]; the mediation hypotheses were evaluated using contrast
statements to test the degree of difference from zero in the
mediator-by-drug interaction at each timepoint.
A linear model was used to evaluate whether metabolite

concentrations predicted CADSS total scores at 40 min post-
ketamine. Both TRD and HC participants were included in this
analysis, so diagnostic group was added as a covariate. Because
there was no a priori hypothesis regarding potential relation-
ships between metabolites and dissociative side effects based
on diagnosis, the parameter of interest for the secondary
hypothesis was the main effect of the mediator on CADSS score
within the ketamine condition, averaged across diagnostic
groups.
Restricted maximum likelihood estimation was used for all

analyses; this method accommodates missing data, so no
imputation of missing values was performed. Because this was
an exploratory analysis, no a priori power calculation was
performed. Consistent with the current recommendations of the
American Statistical Association [59], specific uncorrected p values
are provided, and parameter estimates and their 95% confidence
intervals are interpreted rather than employing a threshold for
“statistical significance.” The SAS/STAT 9.4 syntax for these
analyses and complete results are provided in the Supplementary
materials.

MEG data analysis. Data were processed using CTF software
(http://www.ctf.com), MNE-python [60], Analysis of Functional
NeuroImages (AFNI) [61], and routines developed in-house. Each
MEG dataset was automatically filtered using a high pass filter of 2
Hz and visually inspected to identify and mark time periods with
significant muscular, ocular, or movement artifacts. Up to

10 segments lasting 15 s outside marked artifacts were identified
in an automated fashion. Datasets were discarded if at least five
15-s artifact-free segments could not be defined. The final analysis
included 25 TRD participants with adequate, artifact-free data. All
further analyses were carried out on these clean epoched
datasets.
Data were localized to source space on a 5mm grid using

synthetic aperture magnetometry [62] (see Supplementary
materials for more information), and a multisphere head model
was calculated from co-registered MRI scans. Beamformer weights
were calculated using a bandpass frequency of 2–100 Hz, and
power was normalized by the projected noise floor of the virtual
sensor. Data were then projected in the gamma (30–50 Hz) band,
normalized by the square root of the sum of squared images for
the six canonical bands between 2 and 100 Hz. All images were
subsequently warped to Talairach space using AFNI and masked
to remove nonbrain matter and cerebellum. From this point
forward, “gamma power” refers to the normalized root mean
square gamma power images.
A linear mixed-effects model implemented in the AFNI routine

3dLME [63] was used to measure associations between gamma
power during the ketamine study arm and ketamine, NK, and HNK
concentrations. Separate models were constructed for Cmax and
AUC values. Gamma power was modeled by metabolite (a within-
subject factor with values for ketamine, NK, and the HNK
metabolites) and MADRS total score. Post-hoc tests were
performed within the 3dLME routine to assess individual contrasts
for ketamine, NK, and HNK concentrations. Images are shown at a
voxel-corrected threshold of pFDR < 0.05.

RESULTS
Descriptive statistics for all metabolites are shown in Supplemen-
tary Table S1; raw concentration curves appear in Supplementary
Fig. S4. Because results of the exploratory data analysis indicated
that some pharmacokinetic parameters were not sufficiently
variable, several were excluded from further analysis; in particular,
Cmax, T1/2, and AUC were analyzed for both ketamine and NK, but
only Cmax and AUC0–1440 were analyzed for the HNKs.

Mediation of ketamine’s antidepressant effects in TRD
The average antidepressant response to ketamine versus placebo
at Day 1 was −7.11 (95% CI: −11.04, −3.19) points on MADRS total
score. The results for all mediational models of this effect are
illustrated in Fig. 1 (full model results are provided in

Fig. 1 Relationship between pharmacokinetic parameter value and treatment effects. The figure plots the results of specific contrasts
testing the parameter*drug interaction at each timepoint; slopes are multiplied by the standard deviation of the parameter to yield change in
treatment effect associated with a one standard deviation increase in pharmacokinetic parameter. K ketamine, NK norketamine, HNK
(2S,6S;2R,6R)-hydroxynorketamine, AUC area under the curve from 0 to 1440min, CMAX maximum concentration, HL half-life.
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Supplementary Tables S2 and S3). While ketamine concentration
did not mediate antidepressant response at the acute timepoints,
it was positively related to antidepressant response at Day 11
post-infusion [AUC0–1440: t(51.60)=−3.22, p= 0.002; Cmax:
t(54.40)=−2.69, p= 0.009], such that higher ketamine concentra-
tion was associated with better antidepressant response. Using
model parameters to generate an example, TRD participants with
ketamine AUC0–1440 that was one standard deviation above
average experienced an average 10.13-point [95% CI: 5.40, 14.85]
better antidepressant response at Day 11 than participants with
sample-average ketamine AUC0–1440. No meaningful relationship
to response was observed for NK concentration, nor for (S)-NK or
(R)-NK (Supplementary Tables S4 and S5).
Similar results were obtained for (2S,6S;2R,6R)-HNK Cmax and

HNK AUC0–1440 (Supplementary Tables S2 and S3), in that lower
(2S,6S;2R,6R)-HNK concentration was associated with better
antidepressant response and higher (2S,6S;2R,6R)-HNK concentra-
tion was associated with attenuated response; this relationship
was stronger at the middle timepoints (Days 3 and 7) but was not
observed at Day 11 (Fig. 2). This result was most robust for Cmax;
using model parameters to compare participants with sample
average (2S,6S;2R,6R)-HNK Cmax to those with a one standard
deviation decrease in Cmax, the decrease in Cmax was associated
with a 7.97-point [95% CI: 3.65, 12.30] better antidepressant
response at Day 7 [t(39.3)= 2.99, p= 0.005].
Given previous preclinical (2R,6R)-HNK findings, an initial pilot

analysis of 10 participants who were extreme examples of either
antidepressant response or nonresponse found trends suggesting
that (2R,6R)-HNK and (2S,6S)-HNK concentrations measured at
230min correlated with antidepressant response. Based on this,
the analysis was repeated in the full sample; however, in the full
sample, the correlation with antidepressant response for (2R,6R)-
HNK and (2S,6S)-HNK was lost. The remaining HNKs—(2R,4R;2S,4S-
2S,6R;2R,6S)-HNK and (2R,4S;2S,4R-2S,5S;2R,5R)-HNK—also did not
mediate ketamine’s antidepressant effects (Supplementary
Tables S4 and S5).

Mediation of ketamine’s dissociative side effects
Higher concentrations of ketamine [t(48)= 3.36, p= 0.002], NK
[t(48)= 1.89, p= 0.07], and (2S,6S;2R,6R)-HNK [t(48)= 2.09, p=
0.042] at 40min post-infusion were related to higher CADSS total
scores (Supplementary Tables S6 and S7 and Supplementary
Fig. S5). Given the similar trend observed across ketamine, NK, and

(2S,6S;2R,6R)-HNK concentrations, a post-hoc analysis was con-
ducted to determine whether one was more important than the
others. After confirming sufficient lack of collinearity, ketamine, NK,
and (2S,6S;2R,6R)-HNK concentrations were contemporaneously
entered into a model predicting CADSS total score. Ketamine
concentration remained positively related to dissociation (B= 0.11
[95% CI: 0.02, 0.21], p= 0.018) but (2S,6S;2R,6R)-HNK did not (B=
−0.02 [95% CI: −0.31, 0.28], p= 0.91). While the point estimate for
NK remained positive, the confidence interval was wide and
included zero (B= 0.46 [95% CI: −0.29, 1.22], p= 0.22). When the
relationship between dissociation and the additional HNKs were
evaluated in TRD participants, only (2R,4R;2S,4S-2S,6R;2R,6S)-HNK
was found to be related (Supplementary Table S8).

Associations with gamma power
The linear mixed-effects model of ketamine-arm data identified a
network of brain regions showing significant (pFDR < 0.05)
associations between gamma power and Cmax metabolite levels
but not AUC metabolite levels (Fig. 3). In particular, (2S,6S;2R,6R)-
HNK Cmax values were found to be positively associated with
gamma power in parts of the occipital, temporal, and frontal
cortices, though no interaction with MADRS total score was
observed. In contrast, NK Cmax values were negatively associated
with gamma power in the same core regions. No meaningful
associations between ketamine Cmax values and gamma power
were noted.

DISCUSSION
This study examined the relationship between ketamine and its
metabolites with clinical response and gamma power changes in
individuals with TRD and with psychotomimetic symptoms in HCs
and TRD participants. In direct contrast with our a priori
hypothesis, lower (2S,6S;2R,6R)-HNK concentrations were asso-
ciated with better antidepressant response at Days 3 and 7 post-
ketamine infusion. Our exploratory efforts to localize the effects of
(2S,6S;2R,6R)-HNK to (2R,6R)-HNK or (2S,6S)-HNK did not provide
clarity. This finding replicates a recently published clinical study
that found that individuals with suicidal depression who had
higher (2S,6S;2R,6R)-HNK concentrations immediately after keta-
mine infusion experienced less improvement in both the short
and long term [64]; neither ketamine concentration nor NK
concentration were related to clinical improvement.

Fig. 2 Relationship between (2S,6S;2R,6R)-hydroxynorketamine (HNK) Cmax and antidepressant response to ketamine. The figure plots
the difference in MADRS total score between ketamine and placebo arms (response; placebo minus ketamine) by (2S,6S;2R,6R)-HNK Cmax, at
each timepoint. The slope for each relationship (with 95% confidence interval) is provided (see also Supplementary Table S2). Increased
(2S,6S;2R,6R)-HNK maximum concentration was associated with less clinical response, but this relationship was most robust at later timepoints.
MADRS: Montgomery-Asberg Depression Rating Scale.
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Notably, both the work by Grunebaum et al. and the present
study produced similar results despite major methodological
differences; Grunebaum et al. had a larger sample that included
participants with significant suicidal ideation, sampled metabolite
concentrations only once, and pooled both open-label and
randomized data [64]. In contrast, an earlier study found no
relationship between (2S,6S;2R,6R)-HNK concentration and clinical
response rate at 230min post-ketamine infusion [20]. However,
that study included TRD participants with either MDD or bipolar
disorder, some of whom concomitantly received riluzole, valpro-
ate, or lithium, and response was defined categorically based on
change at 230min post-ketamine (i.e., degree of placebo response
was not considered). Furthermore, in that study, only (2S,6S;2R,6R)-
HNK and (2R,5R;2S,5S)-HNK were correctly assigned based on
presently available analytical standards, limiting comparison with
more recent studies [20].
Thus, both the current study and a previous clinical one [64]

appear to contrast with preclinical findings, namely that, in
rodents, (2R,6R)-HNK exerts antidepressant-like effects [12, 37].
Other differences between preclinical and clinical ketamine data
have been reported in clinical pharmacological studies, which can
be largely explained by species differences, metabolite formation,
dosing, and route differences [65]. In the current study, ketamine
and its metabolites were quantified in the plasma compartment,
but the target of interest is the CNS. Perhaps, as suggested by
others [64], (2S,6S;2R,6R)-HNK has preferential distribution in
humans outside of the plasma compartment. Any prospective
study of HNK’s putative antidepressant effects should quantify
HNK in CSF. It should be noted that the finding of a relationship
between ketamine concentration and better long-term antide-
pressant response (here, Day 11) was not observed in prior clinical
studies. As described above, differences between our participant
sample and those used in previous studies may account for this
discrepant finding; nevertheless, this work needs replication.
The present results support our second hypothesis that

(2S,6S;2R,6R)-HNK concentrations would positively correlate with
greater increases in resting-state gamma power. Unexpectedly, the
Cmax of NK was also found to be associated with lower levels of
gamma power throughout the cortex. The significance of this
second finding is unclear, though it is important to note that the
gamma power measurement occurred 6–9 h post-ketamine
infusion. Nevertheless, the direction of the association between
(2S,6S;2R,6R)-HNK and gamma power observed here supports

previous preclinical findings [12, 37], suggesting that (2S,6S;2R,6R)-
HNK is critical to ketamine’s antidepressant effects because of its
association with increased cortical excitation. While this contrasts
with the findings of an inverse relationship between HNK and
clinical response reported here, recent findings have nevertheless
demonstrated that baseline gamma power moderates the relation-
ship between ketamine-mediated increases in gamma power and
antidepressant response [47]. It is possible that baseline gamma
levels might also influence the relationship between HNK and
antidepressant response, a hypothesis that merits further study.
Taken together, the findings suggest that gamma power is
associated with (2S,6S;2R,6R)-HNK concentration measured during
an antidepressant response window not influenced by acute
dissociative effects. It remains to be seen whether similar findings
occur at the time of ketamine administration or whether these
findings extend to task-mediated, evoked gamma responses.
Finally, individual concentrations of ketamine, NK, and

(2S,6S;2R,6R)-HNK at 40min post-ketamine infusion were all found
to be positively related to ketamine’s dissociative effects.
However, a post-hoc analysis demonstrated that ketamine and
NK—but not (2S,6S;2R,6R)-HNK—were uniquely related to dis-
sociation. This finding is consistent with prior findings that
ketamine and NK, but not (2R,6R)-HNK, functionally inhibit the
NMDAR at exposure levels observed in our participants [12, 37].
This supports the conclusion that NMDAR inhibition mediates
ketamine’s dissociative effects [13] and is also consistent with
recent clinical data reporting that NK, but not HNK, was associated
with dissociative symptoms immediately after ketamine infusion
[64]. It should be noted, however, that these results are
inconsistent with a previous clinical study in individuals with
bipolar disorder who were concomitantly treated with valproate
or lithium; that study found that ketamine and NK were not
related to dissociative symptoms and that (2R,5R;2S,5S)-HNK was
negatively correlated with CADSS score [20].
Interestingly, recent preclinical work has suggested that (S)-NK

may be a safer, though perhaps less effective, alternative to
ketamine and esketamine, with less abuse liability and fewer side
effects [66, 67]. However, while the current study found no
relationship between (S)-NK or (R)-NK and dissociative side effects,
it also found no relationship between (S)-NK and antidepressant
response. Given that (S)-NK resulted in antidepressant-like effects
when administered directly to mice [66, 67], additional prospec-
tive work in humans is needed to clarify this issue.
This study had several strengths, including use of placebo-

controlled clinical data, estimation of the treatment effect as a
continuous variable, and a detailed pharmacokinetic analysis of
multiple timepoints. The inclusion of HC data in the analysis of
psychotomimetic symptoms is also a strength. Nevertheless, the
study is also associated with several notable limitations. First,
ketamine metabolism is dynamic, in that this agent is extensively
metabolized to several pharmacologically active metabolites.
Therefore, correlating antidepressant response to any individual
metabolite may not provide an accurate window into ketamine’s
effects. Second, the sample size was relatively small, and some
data were missing (see Supplementary Fig. S6 (CONSORT
diagram)); particularly given the large number of comparisons in
this exploratory study, Type I errors are a risk. All results of this
exploratory study must therefore be confirmed prospectively.
Third, the plasma sampling strategy was not ideally placed to
measure both early and late ketamine metabolites and prevented
the precise calculation of some pharmacokinetic parameters. As a
result, T1/2 of the HNK metabolites was not quantifiable for most
participants, and we were unable to analyze parameters other
than AUC0–1440, Cmax, and T1/2. Fourth, the metabolites were
measured peripherally, which does not necessarily reflect their
activity in the CNS. Finally, gamma power changes were measured
6–9 h post-ketamine infusion rather than contemporaneously with
administration or when metabolites were measured.

Fig. 3 Associations between gamma power and (2S,6S;2R,6R)-
hydroxynorketamine (HNK) and norketamine (NK) Cmax values.
Images of normalized, root mean square gamma power (30–50 Hz)
estimates associated with (a) (2S,6S;2R,6R)-HNK Cmax levels and (b) NK
Cmax levels. Images are superimposed on a high-resolution structural
scan and thresholded at pFDR < 0.05. Reddish colors represent
regions where metabolite levels were positively associated with
gamma power, while bluish colors represent regions where
metabolite levels were negatively associated with gamma power.
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Despite these limitations, the current exploratory analysis builds
on previous work to provide valuable information regarding the
relationship between ketamine metabolites and clinical response,
psychotomimetic symptoms, and gamma power changes among
individuals with TRD. Although the finding that (2S,6S;2R,6R)-HNK
was inversely associated with extended antidepressant response
to ketamine was not predicted by previous preclinical work in
mice, it is consistent with a recent independent finding in humans
[64]. (2S,6S;2R,6R)-HNK was also positively associated with
increases in gamma power in the TRD group, and ketamine was
the analyte most robustly associated with dissociative side effects
for both TRD and HC participants. Future research is needed to
better characterize the antidepressant and side effect profiles of
(2S,6S;2R,6R)-HNK, particularly with regard to CNS levels of the
metabolite and their relationship to gamma power changes
proximal to drug administration.
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