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Abstract
Background—Ketamine has rapid antidepressant effects lasting as long as 1 week in patients
with major depressive disorder (MDD) and bipolar depression (BD). Ketamine is extensively
metabolized. This study examined the relationship between ketamine metabolites and response,
diagnosis, and psychotomimetic symptoms in MDD and BD patients.

Methods—Following a 40-minute ketamine infusion (.5 mg/kg), plasma samples were collected
at 40, 80, 110, and 230 minutes and day 1 postinfusion in 67 patients currently experiencing a
major depressive episode (MDD, n = 45; BD, n = 22). Concentrations of ketamine, norketamine
(NK), dehydronorketamine (DHNK), six hydroxynorketamine metabolites (HNK), and
hydroxyketamine (HK) were measured. Plasma concentrations were analyzed by diagnostic group
and correlated with patients’ depressive, psychotic, and dissociative symptoms. The relationship
between cytochrome P450 gene polymorphisms and metabolites, response, and diagnosis was also
examined.

Results—Ketamine, NK, DHNK, four of six HNKs, and HK were present during the first 230
minutes postinfusion. Patients with BD had higher plasma concentrations of DHNK, (2S,6S;2R,
6R)-HNK, (2S,6R;2R,6S)-HNK, and (2S,5S;2R,5R)-HNK than patients with MDD, who, in turn,
had higher concentrations of (2S,6S;2R,6R)-HK. Higher (2S,5S;2R,5R)-HNK concentrations were
associated with nonresponse to ketamine in BD patients. Dehydronorketamine, HNK4c, and
HNK4f levels were significantly negatively correlated with psychotic and dissociative symptoms
at 40 minutes. No relationship was found between cytochrome P450 genes and any of the
parameters examined.
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Conclusions—A diagnostic difference was observed in the metabolism and disposition of
ketamine. Concentrations of (2S,5S;2R,5R)-HNK were related to nonresponse to ketamine in BD.
Some hydroxylated metabolites of ketamine correlated with psychotic and dissociative symptoms.

Keywords
Bipolar disorder; dehydronorketamine; depression; hydroxynorketamine; norketamine; psychosis;
response

In the treatment of major depressive disorder (MDD) and bipolar depression (BD), little
progress has been made over the last several decades in developing new antidepressants
whose mechanism of action is markedly different or whose efficacy is superior to those
discovered several decades ago (1). In particular, the considerable lag of onset of
antidepressant action has remained essentially unchanged since the first antidepressant was
introduced. Current antidepressants largely modulate the serotonergic and noradrenergic
systems and usually take several weeks to exert an appreciable response (2). A promising
alternative target is the glutamatergic system (3). Notably, studies indicate that
antidepressant effects can appear within hours of a single intravenous infusion of the N-
methyl-D-aspartate antagonist ketamine (4 –7). Controlled studies from our laboratory
observed that, for individuals with MDD, response rates to ketamine are initially robust and
fade over the course of a week; response rates at 4 hours, 24 hours, and 72 hours were 56%,
71%, and 35%, respectively (8). Similar studies conducted in patients with BD found that
response rates at 4 hours, 24 hours, and 72 hours were 61%, 41%, and 30%, respectively (9);
a recent replication study in BD found comparable response rates (10). The most significant
side effects associated with ketamine in these studies were its psychotomimetic and
dissociative effects, which occurred only at the 40-minute postinfusion time point.

A key step in optimizing the clinical use of ketamine is determining the mechanism by
which ketamine exerts its rapid antidepressant effects. Ongoing studies are investigating the
molecular, cellular, neurochemical, brain circuit, and pharmacological mechanisms of this
agent (11–14). These studies have primarily concentrated on ketamine and its initial N-
demethylated metabolite, norketamine (NK). Horacek et al. (15) reported that in healthy
volunteers, ketamine and NK blood plasma concentrations decreased prefrontal theta
cordance and that this might be key to ketamine’s antidepressant effects. Lahti et al. (16)
found no significant correlation between ketamine-induced symptom changes (i.e.,
psychotomimetic effects) and plasma ketamine concentrations in either normal control
subjects or individuals with schizophrenia. Finally, in a controlled study of patients with
treatment-resistant BD, no significant relationship was found between ketamine and NK
plasma concentrations and antidepressant efficacy (9). In this and in earlier work from our
laboratory (8), we noted that the relatively prolonged antidepressant effect associated with a
single ketamine infusion (about 1 week) was remarkable given the short half-lives of
ketamine and NK (2 hours [17] and 5 hours [18], respectively). These data raise the
intriguing question of whether the sustained antidepressant effects observed after a single
ketamine infusion might thus be due to active ketamine metabolites whose effects last
beyond the timeframe of ketamine and NK.

Key to understanding the mechanism of ketamine’s clinical effects is determining whether it
does indeed have active metabolites and, if so, characterizing their pharmacologic activity.
Similarly, genetic polymorphisms of cytochrome P450 (CYP) enzymes and anti-depressant
metabolism have been increasingly studied as an important variable in clinical outcome
(19); however, no information is presently available on CYP enzymes and antidepressant
response to ketamine. Ketamine was approved by the US Food and Drug Administration for
use as an anesthetic agent in the 1970s; since that time, very little systematic research has
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been conducted into the pharmacologic effects of ketamine metabolites on the central
nervous system (i.e., therapeutic effects, adverse events, or neurobiological changes).
However, the potential for metabolite-associated effects arises from the observation that
ketamine and NK are extensively hydroxylated to a series of six hydroxynorketamine
metabolites (HNK4a–4f), as well as two hydroxyketamine metabolites (HK5a,5b);
furthermore, NK is also transformed into a dehydronorketamine (DHNK) metabolite (20 –
22) (Figure 1; Table S1 in Supplement 1). Initial pharmacologic studies of NK and the (2S,
6S;2R,6R)-HNK metabolite (HNK4a in Figure 1, Table S1 in Supplement 1) demonstrated
that NK exerted both anesthetic (23) and antinociceptive effects (24,25), while HNK4a had
no anesthetic effects in rats (23). No further characterization of the pharmacologic activity
of these metabolites or any of the other downstream metabolites of ketamine and NK has
been conducted.

In an initial population pharmacokinetic study of ketamine in BD patients, quantifiable
concentrations of ketamine, NK, DHNK, HNK4a, and (2S,6R;2R,6S)-HNK (HNK4b, Table
S1 in Supplement 1) were found to be present up to 3 days postketamine infusion (26).
Building on these preliminary findings, we designed the present study to examine the
relationship between plasma concentrations of ketamine, NK, DHNK, six HNK metabolites
(HNK4a–4f), and HK5a,5b and antidepressant efficacy (response), diagnosis, and
psychotomimetic effects in patients with treatment-resistant depression (TRD). In addition,
we investigated the relationship of CYP gene polymorphisms on pharmacokinetic
parameters, response, and diagnosis.

Methods and Materials
Participants

Sixty-seven patients with TRD (MDD = 45; BD = 22) currently experiencing a major
depressive episode without psychotic features were enrolled in this study; diagnosis was
confirmed by the Structured Clinical Interview for Axis I DSM-IV Disorders–Patient
Version (27). The efficacy and side effects of ketamine in a subset of these patients were
previously published (9,10,28,29). All subjects were studied as inpatients at the National
Institute of Mental Health Clinical Research Center, Mood Disorders Research Unit in
Bethesda, Maryland. Briefly, inclusion criteria were a Montgomery–Åsberg Depression
Rating Scale (MADRS) (30) score of at least 20 or greater, a current or past history of not
responding to specific treatments, and a current major depressive episode lasting at least 4
weeks. Patients with a DSM-IV diagnosis of drug or alcohol dependence or abuse within the
past 3 months; serious, unstable illness; or uncorrected hypothyroidism or hyperthyroidism
were excluded. Additional study details have been previously published (9,10,28,29).

Over the course of the study, MDD patients were required to be medication-free for at least
2 weeks (5 weeks for fluoxetine) before and during the infusion. Patients with BD were
required to take either lithium or valproate within a specified range (serum lithium, .6 –1.2
mEq/L, or valproic acid, 50 –125 μg/mL) and no other psychotropic medications, also for 2
weeks before and during the infusion.

The study was approved by the Combined Neuroscience Institutional Review Board of the
National Institutes of Health. All subjects provided written informed consent.

Ketamine Administration
Ketamine infusion was conducted as previously described (8). Briefly, patients received a
single intravenous infusion of .5 mg/kg of ketamine hydrochloride over the course of 40
minutes. Symptoms were assessed at 40, 80, 110, and 230 minutes following ketamine
infusion. Baseline and postketamine scores for depressive and psychotic symptoms were
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obtained using the MADRS and the Brief Psychiatric Rating Scale (BPRS) positive and total
symptoms subscales (31), as well as the Clinician Administered Dissociative States Scale
(CADSS) (32); the latter two scales measure psychotic and dissociative symptoms.

Response was considered a 50% or greater improvement from baseline on the MADRS. We
did not assess treatment response later than 230 minutes because extensive analyses of
previous data (8,9) showed that most patients (~90%) with TRD who will respond to
ketamine do so by 230 minutes postinfusion. We also reasoned that if no relationship was
present between metabolite concentration and response to ketamine or ketamine-induced
psychotomimetic side effects at the 230-minute time point, it would be unlikely to be present
at later time points when response rates, sides effects, and quantifiable concentrations of
ketamine metabolites begin to diminish (8,9,26).

Bioanalytical Methods
Plasma samples were collected before the ketamine infusion; at 40 minutes (end of the
infusion); at 80, 110, and 230 minutes postinfusion; and at day 1 postinfusion. These
samples were collected via a separate intravenous line than the one used to administer
ketamine. Samples were frozen at −80°C until analysis.

Plasma concentrations of ketamine, NK, DHNK, HNK4a– 4f, and HK5a,5b were
determined using a previously described and validated liquid chromatography-mass
spectrometry method (33). The chromatographic experiments were carried out on a
Shimadzu Prominence high-performance liquid chromatography system (Shimadzu,
Columbia, Maryland), and total analyte concentrations were determined using an Eclipse
XDB-C18 guard column and a Varian Pursuit XRs 5 C18 analytical column (Varian, Inc.,
Palo Alto, California). The tandem mass spectrometry analysis was performed using a triple
quadrupole mass spectrometer model API 4000 system from Applied Biosystems/MDS
Sciex equipped with Turbo Ion Spray (Applied Biosystems, Foster City, California). Data
were acquired and analyzed using Analyst version 1.4.2 (Applied Biosystems). Positive
electrospray ionization data were acquired using multiple reaction monitoring, and
quantification was accomplished using area ratios calculated using D4-ketamine as the
internal standard, where the concentration of the internal standard was set at 50 ng/mL.

Genotyping the CYP Variants
A number of cytochrome P450 enzymes have been identified that contribute to the
metabolism of ketamine, including CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP3A4, and
CYP3A5 (Table S1 in Supplement 1). This study determined the genotypes of CYP2A6,
CYP2B6, CYP2C19, and CYP3A5. These CYPs are highly polymorphic, and many alleles
and allelic subvariants that affect enzymatic activity have been reported (Human
Cytochrome P450 [CYP] Allele Nomenclature Committee; www.cypalleles.ki.se/) (34). The
alleles probed in this study are listed in Table S2 in Supplement 1. Because most (93%) of
our subjects were Caucasian, these alleles were chosen to cover a high percentage of the
known reduced functional and nonfunctional alleles in the Caucasian population (Human
Cytochrome P450 [CYP] Allele Nomenclature Committee and the Pharmacogenomics
Knowledge Base [PharmGKB] - http://www.pharmgkb.org/) (35). Genotyping was
performed for 11 CYPs and their corresponding alleles (except CYP2B6*4) using TaqMan
Genotyping Assays (Applied Biosystems); the CYP2B6*4 allele was assayed by modifying
a previously described polymerase chain reaction-restriction fragment length polymorphism
protocol (36), as described in Table S2 in Supplement 1. As a quality control measure, 10%
to 20% of randomly selected samples were re-genotyped for each of the CYPs. In this study,
individuals carrying wild-type alleles and alleles that do not affect enzymatic activity were
compared with individuals carrying one or more alleles that affect this activity. We
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specifically examined the influence of these CYPs on ketamine metabolite concentrations,
response, and diagnosis.

Data Analysis
Linear mixed models with compound symmetry covariance structure and restricted
maximum likelihood estimation were used in a full factorial model to examine the influence
of response, diagnosis, and time on various metabolites. Time included all five time points
observed from 40 minutes through day 1. Metabolite concentrations became very low or
nonexistent after day 1, so they were not included in the analysis. The fixed intercept was
included in the model, but random effects were not, given that they did not contribute to the
model. Significance was evaluated at p < .05, two-tailed, but following Bonferroni
correction for the seven outcomes (NK, DHNK, HNK4a, HNK4b, HNK4c, HNK4f, and
HK5a), the cutoff was p < .007. Only values that remained significant after correction were
reported, although p values are given before correction. Bonferroni-corrected simple effects
tests were used to examine significant omnibus effects; p values for post hoc tests are
following multiple comparison correction.

Secondary analyses using Pearson correlations examined the relationship between
metabolite levels and psychotomimetic or dissociative side effects at 40 minutes
postinfusion.

Results
Subject Characteristics

The subject population in this study included 67 subjects (33 female subjects, 34 male
subjects; age range: 21 to 65 years [mean 46.1 ± 12.5 years]; Table 1).

Differences were observed between diagnostic groups in both the proportion of female
subjects and the response rate at 230 minutes.

Plasma Concentrations of Ketamine and Metabolites
Patients with BD—Concentrations of ketamine and its major metabolites were analyzed
in the plasma samples obtained from BD patients using the liquid chromatography-tandem
mass spectrometry assay; a representative chromatogram is presented in Figure S1 in
Supplement 1, and the structure of these compounds is listed in Table S1 in Supplement 1.
Significant concentrations of ketamine, NK, DHNK, HNK4a, and HNK4b were present
during the first 230 minutes postinfusion, and quantifiable concentrations (≥4 ng/mL) were
observed on day 1 in patients with BD (Figure 2A, Table S3 in Supplement 1). At 230
minutes, NK was the major metabolite in 9 of 22 BD patients (41%), DHNK was the major
metabolite in another 9 of 22 patients (41%), and HNK4a was the major metabolite in the
remaining 4 patients (18%). Measurable concentrations of HNK4c, HNK4d, and HNK4e
were present in the 230-minute plasma sample of all the patients; of these, HNK4c was the
most predominant. Detectable, but not quantifiable, concentrations (<4 ng/mL) of HK5a
were observed in 9 of 22 (41%) patients. Hydroxynorketamine 4d, HNK4e, and HK5b were
not detected in any of the samples.

Patients with MDD—A representative chromatogram of ketamine and its major
metabolites in the plasma samples obtained from MDD patients is presented in Figure S2 in
Supplement 1. Significant concentrations of ketamine, NK, DHNK, HNK4a, and HNK4b
were present during the first 230 minutes postinfusion, and quantifiable concentrations (<4
ng/mL) were observed on day 1 (Figure 2B, Table S3 in Supplement 1). The metabolite
pattern of 44 of the 45 MDD patients was determined at 230 minutes, as this sample was
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missing from 1 patient. At this time point, NK was the major metabolite in 37 of 44 patients
(84%), and HNK4a was the major metabolite in the remaining 7 patients (16%). In the MDD
patients, measurable concentrations of HNK4c, HNK4d, and HNK4e were present in the
230-minute plasma samples; of these, HNK4c was the most predominant. Measurable
concentrations (≥4 ng/mL) of HK5a were observed in 41 of 44 patients (93%).
Hydroxynorketamine 4d, HNK4e, and HK5b were not detected in any of the samples.

Response and Diagnosis
The linear mixed models showed no significant main effects or interactions of response and
diagnosis for ketamine (response [R]: F = .15, df = 1,60, p = .70; diagnosis [D]: F = .49, df =
1,60, p = .49; R × D: F = .01, df = 1,60, p = .95), NK (R: F = .04, df = 1,62, p = .85; D: F = .
15, df = 1,62, p = .70; R × D: F = .07, df = 1,62, p = .79), or HNK4f levels (R: F = .36, df =
1,62, p = .55; D: F = 4.08, df = 1,62, p = .048; R × D: F = .02, df = 1,62, p = .88). However,
significant diagnosis— but not response— effects were present for DHNK (D: F = 27.37, df
= 1,63, p < .001; R: F = .56, df = 1,63, p = .46; R × D: F = 1.14, df = 1,63, p = .29), HNK4a
(D: F = 79.63, df = 1,64, p < .001; R: F = .02, df = 1,64, p = .88; R × D: F = .03, df = 1,64, p
= .87), HNK4b (D: F = 16.07, df = 1,61, p < .001; R: F = .15, df = 1,61, p = .70; R × D: F = .
40, df = 1,61, p = .53), and HK5a (D: F = 26.37, df = 1,63, p < .001; R: F = .26, df = 1,63, p
= .62; R × D: F = .95, df = 1,63, p = .33). The BD group had higher DHNK (d = 1.32)
(Figure 3), HNK4a (d = 2.23) (Figure 4), and HNK4b (d = 1.03) (Figure S3 in Supplement
1) levels than the MDD group, but the MDD group had higher HK5a levels (d = −1.29)
(Figure 5).

In addition, a significant diagnosis by response interaction was noted for HNK4c (D: F =
122.02, df = 1,62, p < .001; R: F = 11.31, df = 1,62, p = .001; R × D: F = 10.68, df = 1,62, p
= .002). BD patients had higher levels of HNK4c than MDD patients in general (df = 2.81)
(Figure 6). BD patients who did not respond to ketamine had higher levels of HNK4c than
BD patients who did respond to ketamine (p < .001; d = 1.00), but no significant difference
was observed between MDD responders and nonresponders (p = .93; d = .02).

Additional linear mixed models were run to determine whether gender might play a role in
diagnostic and response differences. Only variables with significant diagnosis or response
effects were included. Female subjects had significantly higher DHNK (p = .006), HNK4a
(p < .001), and HNK4c levels (p = .008) than male subjects. Male subjects, in turn, had
significantly higher HK5a levels than female subjects (p = .006). No difference in HNK4b
levels was noted (p = .99). The observed gender difference in the downstream NK
metabolites is consistent with data from an earlier pharmacokinetic-pharmacodynamic study
in which 10 men and 10 women received a 120-minute infusion of (S)-(+)- ketamine (.95
mg/kg); in that study, female subjects had a 20% higher plasma elimination clearance for
(S)-(+)- ketamine and (S)-(+)-norketamine (37). However, the plasma concentrations of
DHNK and HNK were not determined, nor were the clearance of (S)-(+)-ketamine to the
corresponding HK5a levels.

For metabolites with significant gender effects, models were examined to identify any
possible interaction between gender, response, and diagnosis. Given sample size limitations,
only diagnosis and response could be included in a single model with gender. When
diagnosis and gender were examined together, all the effects previously associated with
diagnosis remained significant (DHNK: p < .001; HNK4a: p < .001; HNK4c: p < .001;
HK5a: p < .001). When gender was included in the same model with response, the response
effect was not significant (p = .46), but the gender effect was significant (p = .009).

Further analyses were performed with the BD group alone to explore the effects of mood
stabilizers. Significant interactions were observed between mood stabilizer and time for NK
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(p = .02) and HK5a (p = .01). Norketamine levels were higher in BD patients receiving
lithium, but this was observed only at the 120-minute time point. Hydroxyketamine 5a levels
were higher in BD patients receiving valproate; this result was seen at the 40-minute, 80-
minute, and 230-minute time points.

Primary Metabolite
The primary metabolite was identified for each patient. NK was the primary metabolite for
84% (37/44) of the MDD group and 41% (9/22) of the BD group (χ2 = 10.50, p = .001).
Thus, the odds of having NK as the major metabolite were 6.14 times greater in the MDD
group.

Psychotomimetic and Dissociative Side Effects
DHNK, HNK4c, and HNK4f levels were significantly correlated with BPRS total score,
BPRS positive symptom subscale score, and/or CADSS score at 40 minutes (DHNK: BPRS
total, r = −.27, p = .04; HNK4c: CADSS: r = −.29, p = .03; HNK4f: BPRS total: r = −.38, p
= .003, BPRS positive: r = −.28, p = .03, CADSS: r = −.35, p = .006). For all of these
correlations, higher levels of the metabolite were associated with fewer symptoms.
Correlations with other metabolites were not significant.

Pharmacogenetic Analysis
We examined CYP genotypes in both the BD and MDD groups. The frequencies of the CYP
polymorphisms were comparable with those observed in the Caucasian population.
Genotypes were not associated with response: CYP2A6 (χ2 = .02, df = 1, p = .88); CYP2B6
(χ2 = .03, df = 1, p = .85); and CYP2C19 (χ2 = 1.84, df = 1, p = .18). The contribution of
CYP genotype to diagnosis was also investigated; no difference between diagnostic groups
(BD, MDD) was observed: CYP2A6 (χ2 = .18, df = 1, p = .67), CPYP2B6 (χ2 = 1.81, df =
1, p = .18), and CYP2C19 (χ2 = .93, df = 1, p = .33). Finally, we examined the influence of
CYP genotype on metabolite levels. Patients with one or more polymorphisms that are
consistent with poor or intermediate ability to metabolize CYP2A6 had significantly higher
NK levels than patients with the wild-type allele or those whose ability to metabolize
CYP2A6 was extensive (F = 4.92, df = 1,49, p = .03); however, this difference was not
significant following correction for multiple comparisons. No other comparisons were
significant for any metabolite, either before or after correction.

Discussion
To our knowledge, this study is the first to examine the relationship between plasma
concentrations of downstream ketamine metabolites and antidepressant efficacy, diagnosis,
and psychotic and dissociative symptoms in patients with TRD.

One of the most interesting findings was that levels of several ketamine metabolites—
specifically, DHNK, HNK4a, and HNK4c—were consistently higher in patients with BD
than in patients with MDD. Only plasma ketamine levels at the 40-minute time point and
HK5a concentrations were found to be higher in patients with MDD than those with BD.
This suggests that the N-demethylation of ketamine to NK is reduced in patients with MDD
relative to BD, while the ring hydroxylation of ketamine to form HK5a is increased in MDD
patients relative to those with BD. This is consistent with the observation that the DHNK
and HNK metabolites are downstream metabolites of NK (Figure 1). The reason for this
difference is unclear. The phenomenon was not related to difference in sex or CYP genotype
and did not appear to be due to drug-drug metabolic interactions, although valproic acid is
known to inhibit the activity of CYP2C9 and weakly inhibit the activity of CYP2C19 and
CYP3A4 (38). One potential reason may be underlying pathophysiological effects on the
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phenotypic expression of some or all of the CYPs examined in this study. A number of
diseases—including diabetes, obesity, inflammation, infection, and liver diseases—affect
CYP expression and activity, thereby altering drug metabolism and disposition (39);
genotype/phenotype comparisons have also been suggested as possible probes for the effect
of disease progression on drug metabolism (40). In particular, inflammation can alter the
liver’s ability to metabolize drugs, an effect thought to be predominantly mediated by
cytokine production (41,42). The results might also be attributable to differences in past
medication history between the diagnostic groups. Thus, future studies of the metabolism
and disposition of ketamine in BD and MDD patients should include metabolic genotype-
probe drug phenotype studies and assess the impact of past treatment (40).

When plasma concentrations of ketamine, NK, and the downstream ketamine metabolites
were studied in conjunction with antidepressant efficacy, diagnosis, and psychotic and
dissociative symptoms, higher concentrations of HNK4c were noted in BD patients who did
not respond to ketamine than BD patients who did respond to ketamine. This suggests that
HNK4c is a pharmacologically active metabolite that may have relevant research and
clinical implications. The reason for this difference was not readily discernable, although it
is possible that the concomitant use of a mood stabilizer (i.e., lithium or valproate) increased
HNK4c plasma concentrations. To fully investigate this possibility, it would be important to
study the effects of ketamine and its metabolites in drug-free BD patients. Nevertheless, the
results suggest that patients with BD who do not respond to ketamine may be overdosed by
having excessively high plasma concentrations of HNK4c. This suggests that we may need
to identify new dosing strategies or alternative drug formulations to optimize metabolite
plasma concentrations and increase the probability of efficacy.

Finally, an inverse relationship was noted between ketamine metabolites and
psychotomimetic or dissociative side effects; higher DHNK, HNK4c, and HNK4f levels
were associated with lower BPRS and CADSS scores.

This study had several strengths. Notably, subjects were well characterized and hospitalized
for several weeks before and after the infusion, thus reducing the number of variables that
could affect drug plasma concentrations (e.g., noncompliance, use of prohibited medications
or substances, etc). In addition, blood samples were drawn at the corresponding time points
of efficacy and side effect measures. Nevertheless, several limitations also exist.
Specifically, BD patients were taking a concomitant mood stabilizer medication and
received ketamine in a crossover design, while patients with MDD received ketamine
openly. However, we did not think this was likely to affect study results, as there were no
differences in demographic and treatment characteristics between the groups. In addition,
the manner in which ketamine was administered and the pattern of antidepressant response
and side effect profile were similar between patients with BD and MDD.

Taken together, the present results support the hypothesis that patients with BD and MDD
may metabolize ketamine differently. In particular, patients with BD appear to be prone to
higher concentrations of DHNK, HNK4a, HNK4b, and HNK4c than patients with MDD. In
addition, one of these metabolites—HNK4c—was associated with nonresponse to ketamine.
In patients with MDD, HK5a levels were found to be consistently higher than in patients
with BD. Finally, it is worth mentioning that the durable antidepressant response—lasting
up to 1 week or more— observed in some patients in response to ketamine may be due to
active metabolites whose effects last beyond the half-life of ketamine and NK. Indeed, in a
previous study, we found that quantifiable concentrations of other ketamine metabolites
were present up to 3 days postketamine infusion (26). Unfortunately, no data on ketamine
metabolite concentrations were collected beyond this time point. Further studies should
continue to explore the influence of ketamine metabolites on efficacy, side effects, and
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neurobiological changes in TRD patients, as well as assess whether the selective delivery of
some metabolites to patients could be more advantageous— both in terms of efficacy and
adverse event profile—than the primary drug ketamine.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The proposed metabolic pathways of ketamine. DHNK, dehydronorketamine; Ket,
ketamine; HK, hydroxyketamine; HNK, hydroxynorketamine; NK, norketamine.
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Figure 2.
Plasma concentrations of ketamine and its metabolites over time in patients with treatment-
resistant depression (bipolar depression [BD] patients [A] and major depressive disorder
[MDD] patients [B]). See Table S1 in Supplement 1 for metabolite identification. DHNK,
dehydronorketamine; Ket, ketamine; NK, norketamine.
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Figure 3.
Dehydronorketamine (DHNK) concentrations by response and diagnosis in patients with
treatment-resistant depression. Dehydronorketamine plasma concentrations were
significantly higher in patients with bipolar depression (BD) than in patients with major
depressive disorder (MDD).
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Figure 4.
Hydroxynorketamine (HNK) 4a plasma concentrations by response and diagnosis in patients
with treatment-resistant depression. Hydroxynorketamine 4a plasma concentrations were
significantly higher in patients with bipolar depression (BD) than in patients with major
depressive disorder (MDD).
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Figure 5.
Hydroxyketamine (HK) 5a plasma concentrations by response and diagnosis in patients with
treatment-resistant depression. Hydroxyketamine 5a plasma concentrations were
significantly higher in patients with major depressive disorder (MDD) than in patients with
bipolar depression (BD).
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Figure 6.
Hydroxynorketamine (HNK) 4c plasma concentrations by response and diagnosis in patients
with treatment-resistant depression. HNK 4c plasma concentrations were significantly
higher in patients with bipolar depression (BD) than in patients with major depressive
disorder (MDD). HNK 4c plasma concentrations were also significantly higher in BD
patients who did not respond to ketamine than in those who did respond to ketamine.
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Table 1

Demographic and Treatment Characteristics of the Patient Sample

MDD (n = 45) BD (n = 22)

χ2, pn (%) n (%)

Gender (Male) 28 (62) 6 (27) 7.22, .007

Response Rate to Ketamine at 230 Minutes 17 (38) 15 (68) 5.48, .02

Mean (SD) Mean (SD) t, p

Age, Years 46.8 (12.9) 44.8 (11.7) .62, .54

Weight 93.3 (23.5) 91.5 (19.0) .33, .75

BMI 30.2 (6.6) 31.8 (5.9) −.96, .34

Clinical Scales

 MADRS 32.8 (4.7) 31.7 (3.8) .98, .33

 BPRS total 36.1 (5.9) 34.9 (4.6) .88, .38

 BPRS positive 9.7 (1.4) 9.9 (1.5) −.45, .65

 CADSS 4.3 (7.5) 2.1 (3.4) 1.36, .18

 Percent change in MADRSa −37.3 (32.1) −46.5 (33.6) 1.08, .28

BD, bipolar depression; BMI, body mass index; BPRS, Brief Psychiatric Rating Scale; CADSS, Clinician Administered Dissociative States Scale;
MADRS, Montgomery–Åsberg Depression Rating Scale; MDD, major depressive disorder; SD, standard deviation.

a
From baseline to end point.
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