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Abstract

(R,S)-ketamine (ketamine) and its enantiomer (S)-ketamine (esketamine) can produce rapid

and substantial antidepressant effects. However, individual response to ketamine/esketamine is
variable, and there are no well-accepted methods to differentiate persons who are more likely

to benefit. Numerous potential peripheral biomarkers have been reported, but their current

utility is unclear. We conducted a systematic review/meta-analysis examining the association
between baseline levels and longitudinal changes in blood-based biomarkers, and response to
ketamine/esketamine. Of the 5611 citations identified, 56 manuscripts were included (V=

2801 participants), and 26 were compatible with meta-analytical calculations. Random-effect
models were used, and effect sizes were reported as standardized mean differences (SMD). Our
assessments revealed that more than 460 individual biomarkers were examined. Frequently studied
groups included neurotrophic factors (7= 15), levels of ketamine and ketamine metabolites (7=
13), and inflammatory markers (7= 12). There were no consistent associations between baseline
levels of blood-based biomarkers, and response to ketamine. However, in a /ongitudinal analysis,
ketamine responders had statistically significant increases in brain-derived neurotrophic factor
(BDNF) when compared to pre-treatment levels (SMD [95% CI] = 0.26 [0.03, 0.48], p=0.02),
whereas non-responders showed no significant changes in BDNF levels (SMD [95% CI] = 0.05
[-0.19, 0.28], p=0.70). There was no consistent evidence to support any additional longitudinal
biomarkers. Findings were inconclusive for esketamine due to the small number of studies (7= 2).
Despite a diverse and substantial literature, there is limited evidence that blood-based biomarkers
are associated with response to ketamine, and no current evidence of clinical utility.
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INTRODUCTION

Major depressive disorder (MDD) and bipolar depression are common, disabling, and

often difficult to treat. Placebo-controlled trials reveal that only about half of individuals
with MDD or bipolar depression treated with conventional/commonly-used agents have
significant (at least 50%) improvement in depressive symptoms [1-5]. Even when effective,
conventional treatments may take weeks to provide significant symptomatic relief [5, 6],
extending the personal and social burden of depression and increasing risk of negative
consequences such as suicide [7]. Several hypotheses have been proposed to explain the
low success rates of current antidepressant treatment, including the intrinsic heterogeneity
of depression, and the largely monothematic mechanism of action of conventional drugs by
modulation of monoamines (serotonin, norepinephrine, and dopamine) [8-10].

There is growing evidence that (R, S)-ketamine (ketamine) and its (S)-ketamine enantiomer
(esketamine) have rapid and substantial antidepressant effects in major depressive episodes
(MDE) in MDD or bipolar disorder (BD) [11, 12], including in subjects previously
unresponsive to conventional treatments. Initially developed in the early 1960s as an
anesthetic agent [13], ketamine is a NMDA receptor antagonist with a unique antidepressant
mechanism of action that may ultimately result in enhanced glutamatergic neurotransmission
and strengthening of excitatory synapses [14, 15]. Esketamine has also been shown to have
efficacy in treating MDD [16-18], and its intranasal formulation was approved in 2019

by the United States Food and Drug Administration (FDA) for use in treatment-resistant
depression (TRD) [19]. However, the use of ketamine or esketamine can be associated with
potentially problematic side effects including short term dissociative, psychotomimetic, and
cardiovascular symptoms (particularly elevated blood pressure). Moreover, approximately
30 to 60% of the individuals with treatment-resistant depression treated with ketamine or
esketamine show limited response to treatment [16, 20-27], highlighting the importance

of potentially identifying the individuals for whom the risk-benefit ratio of ketamine and
esketamine treatment may be most favorable.

The ability to predict which treatment will be most beneficial for a specific individual is a
central tenet of precision medicine [28]. However, despite a growing research base, there
remains no well replicated means to identify which depressed individuals are more likely to
benefit from specific therapeutic interventions, including ketamine and esketamine [29-31].
Clinical variables, such as prior longitudinal course or current symptom profile, have so far
shown modest utility in predicting therapeutic response [32—38]. As a result, treatment with
both traditional and rapid-acting medications still largely relies on a trial-and-error approach
[29, 30]. Consequently, there has been increasing interest in identifying potential biomarkers
that could help identify subsets of depressed patients who are more likely to respond to a
specific treatment [39, 40].

Biomarkers, defined as any “characteristic that is measured as an indicator of normal
biological processes, pathogenic processes or responses to an exposure or intervention”
[41], may predict response to treatment in two ways: (1) as baseline (pre-treatment) markers
that identify individuals who are more likely to respond to a future intervention (i.e., before
the initiation of a treatment), or (2) as dynamic markers that are longitudinally measured
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and reflect biological changes potentially related to therapeutic mechanisms of action (i.e.,
indicators of target engagement) [41]. Importantly, the study of biomarkers associated with
rapid antidepressant effect presents the novel opportunity to feasibly study either state or
mediating biomarkers, and to correlate them with clinical improvement [31, 42, 43].

Several biomarker modalities have been studied in psychiatric disorders (including
depression and its treatment), and they can be broadly divided into peripheral (generally
blood-based studies) and brain-based (electrophysiological, neuroimaging) biomarkers.
Despite the appeal of brain-based studies, blood-based predictors have the significant
advantages of being more easily obtained, more widely accepted by patients, and more
likely to be more cost-effective [44, 45]. There is now a significant number of studies

on biomarkers of response to ketamine, most of which consist of blood-based assays [31,
42]. Initial studies have provided some evidence for blood-based biomarkers as potential
moderators and/or mediators of response to ketamine and/or esketamine [46-56], however,
there has been significant inconsistency in findings to date. Hence, in the current study;,
we have performed a pre-registered systematic review and meta-analysis addressing the
following questions:

1 1) Are baseline (pre-treatment) levels of blood-based biomarkers associated with
antidepressant response to ketamine and/or esketamine in individuals with a
MDE in MDD and BD?

2. 2) Are longitudinal changes in blood-based biomarkers associated with
antidepressant response to ketamine and/or esketamine in individuals with a
MDE in MDD and BD?

METHODS

The protocol of this systematic review and meta-analysis was registered in the International
Prospective Register of Systematic Reviews — PROSPERO [57] database prior to initiation

of the screening process (ID: CRD42020210941). This study followed the guidelines of the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [58].

Search strategy

The search strategy was run in the electronic databases MEDLINE (PubMed), Embase
(Embase.com), The Cochrane Library (Cochrane Database of Systematic Reviews,
Cochrane Central Register of Controlled Trials - CENTRAL, Cochrane Methodology
Register), PsycINFO (EBSCOhost), and Web of Science (Science and Social Science
Citation Index). Searches were initially run on September 8, 2020 and were updated

on August 27, 2021. For the search strategies designed for MEDLINE (PubMed), the
Cochrane Library, PsycINFO, and Embase, controlled vocabulary terms were identified and
combined with keyword synonyms. Web of Science was searched using keyword terms only.
Results were limited to human studies in PubMed and Embase. There were no restrictions
in publication date in any of the databases. See Supplementary Table 1 for additional
information regarding search terms.

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.
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The electronic searches were complemented by manual searches. We manually evaluated the
references of the included articles, review papers and grey literature obtained in the initial
electronic searches (backward manual search). Using Google Scholar, we also examined
manuscripts that cited the articles included in this review (forward manual search). In
addition, studies obtained through personal communication were included.

Inclusion and exclusion criteria

This systematic review and meta-analysis included manuscripts that (1) examined adult
human subjects (i.e. individuals aged 18 years or older), (2) studied individuals with

a MDE in MDD or BD, (3) were published in English, (4) reported on clinical trials
(randomized controlled and/or open label) that administered at least one dose of ketamine
or its S-enantiomer esketamine, (5) measured improvement of depressive symptoms with a
standardized depression tool, and (6) assessed the association between levels of blood-based
biomarkers and improvement of depressive symptoms after ketamine/esketamine treatment.

We excluded articles that (1) investigated individuals with current psychotic symptoms,

(2) examined persons with depressive symptoms due to other disorders besides MDD and
BD, (3) allowed concurrent neuromodulatory treatments including repetitive transcranial
magnetic stimulation, electroconvulsive therapy, and vagal nerve stimulation (concurrent
medications and psychotherapy were allowed), (4) studied individuals with serious comorbid
medical or neurological diseases such as conditions requiring treatment in an intensive

care unit or with palliative care, Parkinson’s disease, Alzheimer’s disease, central nervous
system (CNS) neoplasia, epilepsy, multiple sclerosis, significant traumatic brain injury, (5)
assessed individuals in surgical/perioperative settings, and 6) reported on non-treatment
related (naturalistic) studies.

Screening and selection

Two investigators (GCM and FSG) independently screened the titles and abstracts and, then,
the full-text manuscripts that seemed eligible for inclusion. Discrepancies between the two
reviewers were solved by consensus discussion. The Covidence [59] software was used to
facilitate the screening process. If there were duplicated publications reporting on the same
findings in the same sample (e.g., conference abstract and full-research article), only the
more comprehensive report was included. Two independent investigators (GCM and FSG)
extracted the main findings of the manuscripts. Other data (assay, design, sample, age,
gender, depression measure, etc) were extracted by GCM and verified by FSG.

Risk of bias assessment

Risk of bias was determined by the Quality in Prognostic Studies (QUIPS) tool, which

is a standardized assessment of six domains of bias (participants, attrition, prognostic

factor measurement, outcome measurement, confounders, and analysis/report) as well as
the overall risk of bias [60]. The QUIPS tool categorizes the risk of bias as “low risk”,
“moderate risk” or “high risk”. Two reviewers (GCMand WP) independently assessed the
risk of bias of the included studies, and disagreements were solved by consensus discussion.

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.
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The main goal of this study was to investigate associations between blood-based biomarkers
and improvement of depressive symptoms in individuals who were treated with ketamine

or esketamine. In order to address our research questions, we reported two different types
of associations: (1) associations between baseline levels of blood-based biomarkers and
improvement of depressive symptoms, and (2) associations between longitudinal changes

in blood-based biomarkers and improvement of depressive symptoms, i.e., comparison
between baseline (pre-treatment) and post-treatment levels.

In the qualitative summary, we reported on the association between levels of blood-
based biomarkers and any measure of improvement, including continuous improvement
in depression scores (such as absolute and percentage changes in depression scores) and
categorical improvement (such as response and remission). In the quantitative summary,
results across studies were compared using response status as primary outcome (i.e.,
responder versus non-responder where response is defined as at least 50% improvement
in standardized depression measures).

If the data needed to conduct meta-analytical calculations were available in graphic
format, the values were extracted using WebPlotDigitizer [61]. If there was a need for
additional data not reported in the manuscript or for further clarifications, we contacted the
corresponding authors.

Statistical analyses

Meta-analytical calculations were conducted if there were at least three comparable studies
on the same blood-based biomarker. If there were studies with overlapping samples, only

the study with the largest sample was included in the quantitative summary. Baseline levels
and longitudinal changes of blood-based biomarkers were compared between responders and
non-responders using standardized mean differences (SMD) and 95% confidence intervals
(CI). SMD values of 0.2, 0.5, and 0.8 are considered thresholds for small, medium, and

large effect size, respectively [62]. A significant degree of heterogeneity between studies
was previously anticipated, therefore, random-effects models were used (inverse-variance
weighting).

If only log-transformed values were provided, logarithmic values were converted to raw
scale using the methods previously described by Higgins et al. (2008) [63]. If standard
deviation (SD) was zero, the value was estimated using the average variance of other similar
studies examining the same biomarker [64]. Heterogeneity between studies was examined
using 12 where values between 0 and 40% are considered trivial heterogeneity, values
between 30 and 60% are considered moderate heterogeneity, values between 50 and 90%
are considered substantial heterogeneity, and between 75 and 100% are seen as considerable
heterogeneity [65].

Publication bias was visually assessed by inspection of funnel plots, and objectively
measured by Egger’s tests. Meta-regressions were performed to identify potential effect
modifiers, and individually examined the impact of (1) number of treatments (single
versus multiple), (2) blood fraction (serum versus plasma), (3) primary diagnosis (MDD

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.
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versus bipolar depression), and (4) overall risk of bias. As recommended by Cochrane,
meta-regressions were conducted only if the number of studies was ten or more in the
meta-analytical calculation [65]. In order to assess the impact of each study on SMD
estimates, sensitivity analyses were conducted by serially excluding individual studies.
Statistical analyses were performed using the softwares R studio version 4.0.3 (“metafor”
package — version 3.0-2), and Review Manager 5.4.

RESULTS

The initial search identified 5611 citations (database searching: 5481; manual searching:
116; personal communication: 14), of which 103 were potentially eligible for inclusion
and were reviewed in full (Fig. 1). Ultimately, 56 manuscripts met criteria for inclusion in
the qualitative evaluation, and 26 articles had available data compatible with a quantitative
synthesis. The total combined sample of all manuscripts included in the study was 2801
individuals. Analyses of the 56 included studies revealed that the research base on blood-
based biomarkers of response to ketamine/esketamine is progressively growing with the
number of publications per year increasing over time (F = 18.89, p=0.001).

Fifty-four studies (96%) reported on the association between blood-based biomarkers and
response to ketamine, one study (2%) reported only on response to esketamine [66], and
one study (2%) reported on responses to both ketamine and esketamine [67]. All studies
investigating ketamine used intravenous (/7= 55) delivery. The two manuscripts that reported
on esketamine examined the intranasal formulation. The included studies described results
on baseline levels of 464 biomarkers, and on longitudinal changes of 470 biomarkers.

The most frequently studied groups of biomarkers were neurotrophic factors (7= 15,

27%), ketamine related metabolites (7= 13, 23%), inflammatory markers (n=12, 21%),
metabolites of the tryptophan-kynurenine pathway (7= 10, 18%), genetic markers (n=

7, 12%), and amino acids and derivates (7= 5, 9%). Thirty studies (54%) reported both
baseline and longitudinal changes in biomarkers, fourteen (25%) reported only longitudinal
changes, and twelve (21%) only baseline levels. Supplementary Table 2 summarizes the
characteristics of the included articles.

Forty-three studies (74%) examined a single infusion of ketamine and the most frequent
regimen was a dose of 0.5 mg/kg delivered over 40 min (40 of the 43 single-infusion studies
included at least one treatment arm with this regimen). The timepoint most commonly

used to define response was 1 day post-infusion(s) (25%, 14 studies). After accounting for
overlapping samples, the combined response rate after a single ketamine infusion (0.5 mg
over 40 min) at 1 day post-infusion was 46% (7= 95/208). At this timepoint, there were no
statistically significant differences in response between individuals with MDD and bipolar
depression (response rates, respectively, of 45% and 48%, odds-ratio [95% CI] = 0.90 (0.38,
2.16), p=0.83).

The risk of bias assessment revealed that the overall risk of bias was moderate in 21

studies (37%), and high in 35 studies (63%) (Supplementary Fig. 1). Specifically, the

most problematic dimensions of bias were: (1) potential study confounding due to factors
such as insufficient assessment and control of important confounders including concomitant

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.
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psychiatric and medical treatments; (2) insufficient description of study participants due to
factors such as limited description of recruitment procedures; (3) missing biomarker levels
in a significant proportion of the participants; and (4) variable measurement of prognostic
factors due to lack of standardization in blood collection, and insufficient description of
laboratory procedures.

ASSOCIATION BETWEEN BLOOD-BASED BIOMARKERS AND
ANTIDEPRESSANT RESPONSE TO KETAMINE Neurotrophic factors

Many preclinical models of ketamine’s mechanism of action identified the effect of
increased synaptic plasticity and enhanced production of neurotrophic factors, such as
brain-derived neurotrophic factor (BDNF) [68-71]. Although the preclinical studies are
primarily based on rodent brain tissues, studies in humans have tested the assumption that
such changes would also be reflected by changes in neurotrophic factors in blood.

Fifteen studies reported the relationship between antidepressant response to ketamine and
blood levels of neurotrophic factors [21, 47, 50, 72-82]. All 15 reported on baseline levels,
and 14 examined longitudinal changes. The most studied neurotrophic factors were BDNF
(15 studies) and vascular endothelial growth factor (VEGF) (5 studies). The qualitative
synthesis found significant associations between baseline levels of BDNF and improvement
of depression in only two of 15 studies and, in both cases, higher baseline levels of BDNF
were correlated with a greater improvement in depression scores [79, 81] (Supplementary
Table 3). Nominally significant associations between longitudinal changes in the levels of
BDNF and improvement of depression were observed in three of 14 studies, however, the
specific findings were inconsistent [50, 74, 81] (Supplementary Table 4). Studies of VEGF
and other neurotrophic factors were more limited and no clear pattern was observed. Of
these 15 studies, 12 were appropriate for meta-analyses, with comparable data and non
overlapping participants. These included ten studies of BDNF (A = 332) and three of VEGF
(V= 154). As shown below (Table 1, Supplementary Fig. 2), meta-analyses showed no
statistically significant associations between baseline levels of BDNF or VEGF and response
status.

However, quantitative analyses of /ongitudinal changes in BDNF levels in responders and
non-responders (11 studies, N/ = 331) revealed that responders (SMD [95% CI] = 0.26 [0.03,
0.48], p=0.02) but not non-responders (SMD [95% CI] = 0.05 [-0.19, 0.28], p= 70) had
increased post-treatment levels of BDNF (Fig. 2). There was no evidence for between-study
heterogeneity (12 = 0) and no statistically significant evidence of publication bias (o for
Egger’s test = 0.58; funnel plots for all comparisons are displayed in Supplementary Figs. 3
and 4).

Further analyses in responders revealed that the magnitude of the increases in BDNF levels
was greater in studies with multiple infusions (SMD [95% CI] = 0.35 [0.04, 0.66], 3 studies)
than in studies with a single infusion (SMD [95% CI] = 0.16 [-0.15, 0.47], 8 studies,
Supplementary Fig. 5). However, the difference was not statistically significant (8=10.19, p
= 0.41) since the number of studies in each group (single vs multiple) was relatively small.
Other potential effect modifiers investigated were also not significantly different (plasma

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.
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versus serum: p = 0.69; primary diagnosis: p=0.63; and overall risk of bias: p=0.85).
Sensitivity analyses individually excluding each study found that the exclusion of either the
Haile et al. (SMD [95% CI = 0.22 [0.00, 0.45], p=0.05) or Zheng et al. studies (SMD
[95% CI] = 0.19 [-0.19, 0.48], p= 0.19) made the overall findings of increase of BDNF in
responders non-significant; however, the effect size estimates were similar.

Levels of ketamine and ketamine metabolites

Ketamine is rapidly and stereoselectively metabolized by liver p450 enzymes to a number
of metabolites, including at first norketamine, and then to either dehydronorketamine
(DHNK) or one of the 12 hydroxynorketamines (HNKSs) [83]. Thirteen studies have
investigated whether blood levels of ketamine or its metabolites were associated with
antidepressant response to ketamine [21, 25, 84-94]. All thirteen studies measured levels

of ketamine and norketamine, while DHNK was investigated in four studies, and additional
select hydroxynorketamines were assessed in only two studies. Ten studies failed to find
statistically significant associations between levels of ketamine or ketamine metabolites and
response to ketamine (Supplementary Table 4). However, two metabolites showed similar
evidence of association in more than one study: (1) two studies reported that higher levels
of ketamine were correlated with greater improvement in depression scores [91, 92], and (2)
two studies observed that lower levels of (2R-6R)-hydroxynorketamine were correlated with
greater improvement in depression scores [22, 91].

Meta-analysis of data for nine studies (A= 286) did not find statistically significant
associations between levels of ketamine or norketamine and response status (Fig. 3).

Inflammatory markers

Ketamine has anti-inflammatory effects [12, 95, 96], motivating several studies (V= 12)

of biomarkers related to immune function, mostly pro-inflammatory markers, as predictors
of antidepressant response [30, 46—49, 79, 97-102]. Based on this hypothesis, studies have
tested whether ketamine may normalize the elevated levels of pro-inflammatory markers
found in a subset of individuals with depression [30, 46-49, 97, 99, 103]. Pro-inflammatory
markers studied included several interleukins (IL-1p, IL-2, IL-6, IL-8, IL-10), tumor
necrosis factor alpha (TNF-a) and c-reactive protein (CRP).

Eleven manuscripts reported on the association between baseline levels of inflammatory
markers and response to ketamine with no consistent pattern in the findings (Supplementary
Table 3). Among studies looking at longitudinal changes of pro-inflammatory markers

and response to ketaming, only three of the ten studies found an association between
improvement of depressive symptoms and lowered levels of pro-inflammatory factors
(Supplementary Table 4). However, no individual inflammatory biomarker was significantly
associated in more than one study.

Meta-analysis included six studies (/= 260). At baseline, responders had non-

significantly lower levels of pro-inflammatory factors compared to non-responders (Table

1, Supplementary Fig. 6). CRP was the baseline pro-inflammatory marker with the strongest
association with response but the meta-analytic effect size was modest and non-significant
(CRP: SMD [95% CI] = -0.28 [-0.67, 0.10], p= 0.15, 3 studies). There were no statistically
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significant longitudinal changes in inflammatory markers in responders or non-responders
(Fig. 4).

Tryptophan-kynurenine pathway

Preclinical studies have suggested that ketamine may mitigate potentially neurotoxic effects
of kynurenine and its metabolites (quinolinic acid and anthranilic acid) [104, 105], which
have been linked to glutamatergic excitation and the potential reduction of effective synapses
[54, 105]. Therefore, it has been hypothesized that ketamine, potentially via its action as

an NMDA glutamate receptor antagonist, may be protective against these neurotoxic effects
[104]. Ten studies examined the association between antidepressant response to ketamine
and levels of metabolites of the tryptophan-kynurenine pathway [46, 52, 54, 67, 97, 99,

100, 104, 106, 107]. The most studied molecules were tryptophan (nine studies), kynurenine
(nine studies), kynurenic acid (seven studies) and quinolinic acid (three studies) as well as
tryptophan/kynurenine and kynurenic acid/kynurenine ratios.

The qualitative synthesis revealed that only one of the seven baseline studies of the
tryptophan-kynurenine pathway found a statistically significant association (Supplementary
Table 3). Specifically, Verdonk and colleagues (2019) observed that lower baseline
KynA/QA ratio was associated with greater improvement in depression scores (p = 0.016).
There were no consistent patterns of results on the relationship between longitudinal
changes in levels of metabolites of the tryptophan-kynurenine pathway and response to
ketamine (Supplementary Table 4).

Genetic markers

Seven studies have tested the association between common genetic markers and response
to ketamine [25, 56, 86, 93, 108-110]. Two studies examined the BDNF single nucleotide
polymorphism (SNP), one investigated a polymorphism in the p-opioid receptor 1 SNP,
one examined several polymorphisms in the CYP450 enzymes, and three studies used a
genome-wide approach. As a test of the neurotrophin hypothesis, the BDNF candidate gene
studies evaluated the impact of the Val66Met single nucleotide polymorphism (SNP) on
antidepressant response to ketamine [25, 56]. In a study at the National Institute of Mental
Health (NIMH), Laje and collaborators (2012) analyzed 62 individuals with MDD or BD
treated with a single ketamine infusion finding that individuals with MDD and the Val/Val
genotype had more reductions in depression scores than individuals with MDD who were
Met carriers (F=5.59, p=0.0007). However, Su and colleagues (2017) failed to observe
a statistically significant association between response to ketamine and the Val66Met
polymorphism in 71 Chinese individuals who received a single infusion of ketamine (0.2
mg/kg, n = 23; ketamine 0.5 mg/kg, 1= 24) or placebo (normal saline, 7= 24).

Grunebaum and colleagues (2020) examined 71 Caucasians with MDD and failed to find
an association between response to ketamine and a common loss-of-function SNP in the
OPRM1 gene, which encodes the p-opioid receptor 1 [110]. The study that assessed the
association between SNPs in CYP450 enzymes and response to ketamine investigated 67
participants with MDD (7= 45) or bipolar depression (1= 22), and failed to observe
statistically significant relationships [86].
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There also were exploratory genome-wide association studies investigating the association
between SNPs and response to ketamine. However, the sample size of the GWAS studies
were relatively small and there were no genome-wide significant findings [93, 108, 109].

Amino acids and derivates

Amino acids can have varied functional effects on the CNS. Some amino acids (such as
glutamate, aspartate, glycine, and GABA) have specific neurotransmitter activity, while
others (such as phenylalanine, tyrosine, arginine, and serine) serve as precursors of
neurotransmitters [111, 112]. Five studies have assessed the association between levels

of amino acids and derivates, and response to ketamine [53, 67, 76, 107]. Three studies
reported on baseline levels (Supplementary Table 3) and four studies examined longitudinal
changes (Supplementary Table 4). No statistically significant association was replicated.

Other biomarkers

Other groups of biomarkers investigated include micronutrients [76, 113-115], gene
expression [116, 117], targeted proteins [51, 78, 118], and metabolomic patterns [52, 67,
107]. In general, the results were inconsistent, and no individual biomarker association
showed replication across two or more studies.

ASSOCIATION BETWEEN BLOOD-BASED BIOMARKERS AND
ANTIDEPRESSANT RESPONSE TO ESKETAMINE

Only two studies have tested the association between blood-based biomarkers and
antidepressant response to esketamine [66, 67] (Supplementary Table 5). Rotroff and
colleagues (2016) used two complimentary metabolomics platforms (>400 individual
biomarkers investigated) to assess response in 20 participants randomized to esketamine 0.2
or 0.4 mg/kg. The authors did not find any statistically significant correlations with response
to esketamine. Li and collaborators (2020) conducted a GWAS with 527 individuals with
MDD and observed an association between reduction of depressive symptoms after 8
infusions of esketamine (28 mg, 56 mg or 84 mg) and the /RAK3 gene, which encodes

a kinase linked to interleukin-1 receptor signaling, and NME7, which encodes a protein
that regulates microtubule-nucleating activity [66]. The authors did not find an association
between response to esketamine (percentage reduction in Montgomery—Asberg Depression
Rating Scale score) and the BDNF Val66Met polymorphism [66].

DISCUSSION

We conducted a comprehensive qualitative (56 studies) and quantitative synthesis (26
studies) of blood-based biomarkers of response to ketamine and esketamine. More than
460 individual blood-based biomarkers were examined. Our results revealed no consistent
associations between baseline levels of blood-based biomarkers and response to ketamine.
In the longitudinal analyses, we found statistically significant but modest effect association
between response and increased treatment-associated levels of BDNF compared to baseline
(pre-treatment) levels. However, even for the meta-analysis of of BDNF there was
significant variability between studies, indicating the need for further research with larger
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samples sizes and more attention to potential confounds. There was no consistent evidence
to support other longitudinal biomarkers. Although ketamine and esketamine might have
similar mechanisms of action, the number of studies assessing specifically the association
between blood-based biomarkers and response to esketamine was limited (7= 2). Therefore,
this study has mostly summarized the literature related to antidepressant response to racemic
ketamine.

Our meta-analysis indicates that increased levels of BDNF may be associated with
ketamine’s antidepressant effects, and provides preliminary evidence in humans for a
mechanism that has been widely studied in pre-clinical literature [68, 69, 71]. Ketamine is
hypothesized to activate post-synaptic AMPA receptors, causing downstream glutamatergic
potentiation that triggers intracellular pathways ultimately resulting in increased BDNF
release [69, 119]. The elevation in the levels of BDNF in the CNS has been similarly
hypothesized to promote synaptogenesis, and potentially reversing impaired neuroplasticity
and atrophic changes associated with MDD [120]. Peripheral levels of BDNF have also been
shown to be increased by treatment with conventional antidepressants [121]. Preliminary
pre-clinical evidence suggests that CNS and peripheral levels of BDNF are partially
correlated [122]; however, it is still unclear the degree to which peripheral levels of BDNF
relate to CNS levels of BDNF and synaptic function in humans. Additional studies in larger
samples and with more controlled methodology are needed to further validate the association
between blood-based post-treatment increases in BDNF and response to ketamine.

The relationship between therapeutic drug levels and clinical response in psychiatry is often
complex, and there exists ongoing controversy in the literature as to whether the blood levels
of ketamine and its metabolites are correlated with antidepressant response [92, 123]. Our
study conducted the largest analysis to date by combining data from nine clinical trials,

and did not observe a statistically significant association between blood levels of ketamine
or norketamine and antidepressant response. These findings suggest that monitoring levels
of ketamine and norketamine may have limited utility in clinical practice. However, future
studies should examine whether ketamine and its metabolites have a minimum effective
concentration or therapeutic range required to exert significant antidepressant effects.

We also failed to observe a statistically significant association between baseline or
longitudinal levels of pro-inflammatory markers and response to ketamine. Despite previous
evidence indicating possible anti-inflammatory properties of ketamine [12, 69], our results
question whether individuals with elevated levels of pro-inflammatory markers, compared to
those without, benefit more from antidepressant treatment with ketamine.

As reflected in our risk of bias analyses, this systematic review and meta-analysis should

be interpreted in the context of several limitations. First, most sample sizes have been
relatively small (the median sample size included in this study was 33 individuals), which
are likely to lead to imprecise effect sizes that replicate poorly [28, 124]. This is particularly
relevant for a heterogenous condition such as MDD or bipolar depression [125], where
effect sizes of potential biomarkers are likely to be modest. Second, many studies did

not account for potential confounding factors (Supplementary Table 6) such as the use of
concurrent medications, smoking, time of the day when the blood was obtained, medical

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Medeiros et al.

Page 13

comorbidities, and fasting status [126, 127]. Third, while biomarkers may be measured
more reliably than clinical variables, the included studies have typically not reported basic
measurement properties such as assay reliability and specific covariates used in the primary
analyses [128]. Finally, the studies included in this systematic review and meta-analysis
showed significant heterogeneity, with differences in study design, sample characteristics,
treatment schedule, timepoints assessing antidepressant response and laboratory procedures.
Taken together, these factors highlight the importance of promoting more open data sharing
to facilitate standardized individual-level meta-analyses [129].

CONCLUSIONS

Ketamine’s rapid antidepressant effect has been described as one of the most impactful
recent discoveries in biological psychiatry. Despite a growing literature, there is currently
limited evidence that blood-based biomarkers may serve as predictors of ketamine treatment
efficacy. Our meta-analysis found that responders, but not non-responders, had statistically
significant small effect increases in post-treatment levels of brain-derived neurotrophic
factor (BDNF), highlighting a potential dynamic biomarker of ketamine’s antidepressant
effects. However, there was no consistent evidence in our systematic literature review or
meta-analysis to support the other more than 460 biomarkers, including metabolites of
ketamine and inflammation-related biomarkers. Risk of bias was generally high amongst
the included studies, highlighting the need to conduct larger trials with more comprehensive
consideration of confounders.
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hand searching
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Records identified through
personal communication
(n=14)

Records after duplicates removed
(n=2,657)

Records screened
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(n=2,657)

A 4

A4

(n=2,554)

Full-text articles assessed

(n=103)

A 4

Studies included in
qualitative synthesis
(n=56)

y

Studies included in
quantitative synthesis ¢
(n=26)

for eligibility —>|

Full-text articles excluded, with reasons (n=47)

- Did not examine association between biomarker
and response to ketamine/esketamine (n=16)

- Review article (i.e., not original research) (n=8)
- Measured biomarker but not in the blood (n=5)
- Studied healthy volunteers (n=5)

- Naturalistic studies (n=4)

- Did not administer ketamine/esketamine (n=2)
- Studied non-human subjects (n=2)

- Studied children and/or adolescents (n=2)

- Concurrent neuromodulatory treatments (n=1)
- Individuals in palliative care (n=1)

- Same biomarker in duplicate sample (n=1)

Fig. 1. PRISMA flow diagram of systematic searchesfor studies assessing blood-based
biomarkers of antidepressant response to ketamine and esketamine.

@Databases used in the searches: Medline (PubMed), Cochrane Library, Embase, Psycinfo,
and Web of Science. PHand searching included screening of review articles, grey

literature, included papers and manuscripts that cited the included papers. “Meta-analytical
calculations were conducted only if there were comparable data on the same blood-based
biomarker for at least three studies. If a biomarker was examined in studies with overlapping
samples, only the study with largest sample size was included.
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Total (95% CI) 161 161 100.0% 0.26 [0.03, 0.48] R
Heterogeneity: Tau? = 0.00; Chi? = 5.11, df = 10 (P = 0.88); I> = 0% _?2 _51 ) 2’[ é

Test for overall effect: Z = 2.27 (P = 0.02) Decreased post-treatment Increased post-treatment
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Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
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Grunebaum 2019 29,500 15,700 37 28,200 9,900 37 19.5% 0.10 [-0.36, 0.55] N el
Haile 2014 2,220 1,670 8 2,010 1,240 8 5.4% 0.13 [-0.85, 1.12] —t
Jiang 2021 1,074 1,412 15 1,124 1,074 15 9.5%  -0.04 [-0.75, 0.68] —_—
Machado-Vieira 2009 2,508 983 12 2,504 974 12 7.8% 0.00 [-0.80, 0.80]
Medeiros 2021 1,326 1,243 25 1,436 1,383 25 14.5%  -0.08 [-0.64, 0.47] e
Rybakowski 2013 35,688 9,474 12 42,387 7,414 12 7.3% -0.76 [-1.59, 0.07] —_—
Zheng 2021a 12,400 8,300 30 8,000 5,500 30 16.1% 0.62 [0.10, 1.14] s
Total (95% CI) 170 170 100.0% 0.05 [-0.19, 0.28]

Heterogeneity: Tau? = 0.02; Chi? = 10.52, df = 9 (P = 0.31); I* = 14%
Test for overall effect: Z = 0.38 (P = 0.70)

-2 =1 1 2

Decreased post-treatment Increased post-treatment

Fig. 2. Meta-analytical calculations comparing post-treatment and baseline blood levels of brain-
derived neurotrophic factor (pg/ml) in responders and non-responder sto ketamine (n = 331, 11
studies).

*Responder = participant with least at 50% improvement in depression scores. **The
manuscript by Kang & Vasquez (2021) had only one non-responder, therefore, it was not

possible to conduct meta-analytical calculations for the non-responder group in their study.
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Std. Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Andrashko 2020 238 70 13 243 85 34 15.7%  -0.06 [-0.70, 0.58] —

Chen 2021 12.1 4.2 12 14.1 7.4 29 14.0% -0.29[-0.97,0.38] S
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Total (95% CI) 94 192 100.0% -0.08 [-0.33, 0.18]

Heterogeneity: Tau? = 0.00; Chi? = 3.74, df = 8 (P = 0.88); I> = 0%

Test for overall effect: Z = 0.58 (P = 0.56)

5 7 0 : !
Lower in responders Higher in responders

Responders Non-responders Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Andrashko 2020 62 26 13 71 26 34 15.5%  -0.34[-0.98, 0.30] e
Chen 2021 20.5 10 12 20.8 11.4 29 14.2%  -0.03[-0.70, 0.65] I E—
Diazgranados 2010 41 12.2 10 41.4 16.8 7 6.9%  -0.03 [-0.99, 0.94] —
Farmer 2020 45.2 185 11 529 19.4 34 13.6% -0.39[-1.08, 0.29] ——1
Grunebaum 2017 44.7 25.4 3 499 184 7 3.5%  -0.23 [-1.59, 1.13]
Grunebaum 2019 66.5 24.9 15 61.7 21 37 17.7% 0.21 [-0.39, 0.81] A
Lenze 2016 212.6 142.2 6 145.2 148.9 14 6.8% 0.44 [-0.53, 1.41] —
Milak 2020 59 32,5 13 62 31.8 20 13.1%  -0.09[-0.79, 0.61] —
Siegel 2021 319 167.1 11 322.5 721 10 8.7%  -0.03 [-0.88, 0.83] —_—
Total (95% CI) 94 192 100.0% -0.07 [-0.32, 0.19]

Heterogeneity: Tau? = 0.00; Chi? = 3.54, df = 8 (P = 0.90); I> = 0%

Test for overall effect: Z = 0.52 (P = 0.61)

k) ] 0 { 3
Lower in responders Higher in responders

Fig. 3. Meta-analytical calculations comparing the blood levels of ketamine (pg/ml) and
norketamine (pg/ml) in responder s and non-respondersto ketamine (n = 286, 9 studies).

*Responder = participant with at least 50% improvement in depression scores. **Blood
levels of ketamine and norketamine were measured at the same timepoint for responders

and non-responders in individual studies. However, the timepoints were not the same across
all studies (varied from during the infusion to 24 h post-infusion). The specific timepoints
were: Andrashko et al. (2020) = immediately post-infusion; Chen et al. (2021) = 200 min
post-infusion; Diazgranados et al., (2010) = 190 min post-infusion; Farmer et al. (2020) =
190 min post-infusion; Grunebaum et al., (2017) = immediately post-infusion; Grunebaum
etal., (2019) = immediately post-infusion; Lenze et al. (2016) = 24 h post-infusion; Milak et
al. (2020) = area under the curve calculated as the sum of the blood levels at 50 and 80 min
post-infusion; Siegel et al. (2021) = 24 h post-infusion.

Mol Psychiatry. Author manuscript; available in PMC 2023 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Medeiros et al.

INTERLEUKIN 6 (pg/ml). n = 259, 6 studies
RESPONDERS (n= 128)

NON-RESPONDERS (n = 131)

Page 24

Test for overall effect: Z = 0.0 (P = 0.98)

Post-treatment. Baseline Std. Mean Difference Std. Mean Difference Post-treatment Baseline Std. Mean Difference Std. Mean Difference

Study or Subgroup __ Mean  SD Total Mean  SD Total Weight IV, Random, 95% CI 1, Random, 95% CI Study or Subgroup _Mean _ SD Total Mean D Total Weight IV, Random, 95% CI 1V, Random, 95% C

Chen 2018 28921 11150 14 28054 878 14 14.1% — Chen 2018 29739 8742 33 29.467 903 33 24.6%  0.03(-045,051] —

K:ng&vuquex 2021 317 192 10 366 291 10 11.3% . Kruse 2021 1529 1.243 23 1692 1531 23 20.6%  -0.11[-0.69, 0.46] .

Kruse 2021 1224 0953 23 1262 0667 23 18.6% S (0.4 e Park 2017 3.892 2422 46 2.661 1511 46 27.7% 0.60 [0.19, 1.02) —

Park 10)7 5.389 6.255 34 2832 2276 34 21.8% 0.54 (0.05, 1.02) h— Yang 2015 36.002 9.127 4 41.245 9.539 4 5.5%  -0.49 [-1.91, 0.94]

Yang 2015 54499 2558 12 8159 30106 12 1L8% -094 (-179, -0.09] Zhan 2020 1139 1047 25 1313 0071 25 205% 017073039 ——

Zhan 2020 1234 0741 35 1207 075 35 224%  004(-043,050 ——
Total (95% I 131 100, .09 (-027, 0.4 =

Total (95% CI) 128 128 100.0% -0.00 [-0.36, 0.35] - oml Eaee) = 0.08; Chi* = 7.62, dY 4P=0.11;F = '2,‘ e $92E92%0451 -

Heterogeneity: Tau® = 0.09; Chi' = 9.45, df = 5 (P = 0.09); F = 47% ¢ G 2 -1 1 2
Test for overall ’"“‘ 2=0.48(P=0.63) Decreased post-treatment Increased post-treatment

TUMOR NECROSIS FACTOR ALPHA (pg/ml). n =259, 6 studies
RESPONDERS (n = 128)

Y H
Decreased posirestment Increased post-treatment

NON-RESPONDERS (n = 131)

Post-treatment Baseline Std. ference Std. Mean Difference Post-treatment. Baseline Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean _ SD Total Mean _ SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI Study or Subgroup _Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI 1V, Random, 95% C!
Chen 2018 0.684 0.141 14 0701 0.125 14 109%  -0.12(-0.87,0.62] Chen 2018 0.746 0.202 33 0.797 0.253 33 25.1%  -0.22[-0.70, 0.26] —_—
Kang &anuu 2021 279 232 10 259 222 10 7.8% 0.08 [-0.79, 0.96] Kruse 2021 6.083 2.669 23 6.046 2.486 23 17.6% 0.01 [-0.56, 0.59] —
Kruse 2 5898 2712 23 5843 2712 23 180K  0.02(-0.56,0.60) — Park 2017 439 1666 46 4758 1644 46 35.0%  -0.22[-0.63,0.19] —t
Park zon 4629 1837 34 4605 1671 34 26.6%  0.01(-0.46,0.49] — Yang 2015 9.505 1.892 4 9.055 1338 4 3. 0.29(-1.11, 1.69) ——
Yang 2015 1122 1329 12 11993 2212 12 9.2% -0.41(-122,0.40] = Zhan 2020 1779 0.8 25 184 0.801 25 19.2%  -0.08(-0.63,0.48] —
Zhan 2020 1713 0815 35 1711 0755 35 27.4%  000(-0.47,047] S
Total (95% € 128 128 1000% -0.04(-028,021] - Tl 000schig: 9,004 -052: Pt )
Heterogeneity: Tau® 0; Chi*

1.04,df =5 (P=096) I =
T o verah ucE 2 628 07w 077

INTERLEUKIN 10 (pg/ml). n
RESPONDERS (n=102)

196. 4 studies

-2 T T H
Decreased post-treatment Increased post-treatment

Tess fo overal effec 2 - 1.0

NON-RESPONDERS (n = 94)

-2 -1 1
Decreased post-treatment Increased post-treatment

Post-treatment Baseline Std. Mean Difference Std. Mean Difference Post-treatment seline Std. Mean Difference Std. Mean Difference
Study or Subgroup __ Mean _SD Toml wean SO Total Welght V. Rando, 95% C 1V, Random, 95% C Study or Subgroup _ Mean __SD Total Mean _SD Total Weight IV, Random, 95% CI IV, Random, 95% C1
Kang & Vazquez 2021 114 166 10 142 252 10 — Kruse 2021 0475 0269 23 0506 0351 23 24.5% -0.10(-0.68,0.48] —
Kruse 2021 oels 0763 anis Lose 3 mex ~0mabaelossl — Park 2017 1944 142 46 2007 1358 46 49.0%  -0.04 [-0.45,0.36] ——
Park 2017 1657 0.725 34 1688 0.738 34 333% —— Zhan 2020 3515 314 25 3773 3365 25 266% -0.08(-0.63,048] —
Zhan 2020 288 2704 35 2751 2397 35 343% —h—

Total (95% C) 9 94 1000% -0.07[-035,0.22]
Total (95% CI) 102 1000%  -002 (-0.29, 0261 <

Heterogeneiry: Chi* = 0.15,df = 3 (¢ = 0.99) I = 0%

ty: Ta 00;
Test for overall effect: Z = 0.1 (P = 0.91)

1

ERLEUKIN 8
RESPONDERS (n=92)

186. 3 stu

2 T T H
Decreased post-treatment  Increased post-treatment

Std. Mean Difference
IV, Random, 95% CI

Heterogeneity: Tau? = 0.00; Chi’ = 0.02, df = 2 (P = 0.99); I = 0%
Test for overall effect: Z = 0.46 (P = 0.65)

NON-RESPONDERS (n = 94)
Post-treatment Bass
Study or Subgroup _Mean _ SD_Total Mean sn Tolal Weight

Std. Mean Difference

1V, Random, 95% CI

-2 -1 1 3
Decreased post-treatment  Increased post-treatment

Std. Mean Difference
IV, Random, 95% C!

Post-treatment Baseline Std. Mean Difference
Study or Subgroup _Mean Total Mean _SD Total Weight _IV, Random, 95% CI
Kruse 2021 3.883 2583 23 3749 1932 23 2508  006(-0.52,0.64]
Park 2017 4191 2005 34 411 1692 34 37.0%  0.04[-043,052)
Zhan 2020 1484 0878 35 137 0727 35 380%  0.4(-033,0.61]
Total (95% C1) 92 92 1000%  008(-021,037]

Hestoginaky: T 000 CHE < 000, 4120 S 0905 0
Test for overall effect: Z = 0.57 (P = 0.5;

-2 T E]
Decreased post-treatment  Increased post-treatment

Kruse 2021 45 29 23 4222 23 24.5%
Park 2017 35 22 46 39 21 46 48.8%
Zhan 2020 16 05 25 1605 25 26.7%
Total (95% CI) 9 94 100.0%

Heterogeneity: Tau? = 0.00; Chi? = 0.75, df = 2 (P = 0.69); I = 0%
Test for overall effect: Z = 0.42 (P = 0.67)

0.11[-0.46, 0.69)
-0.18[-0.59, 0.23)
0.00(-0.55, 0.55)

-0.06 [-0.35, 0.22]

—

>

-2 -1 i H
Decreased post-treatment Increased post-treatment

Fig. 4. Meta-analytical calculations comparing post-treatment and baseline blood levels of pro-
inflammatory markersin responders and non-responder sto ketamine.

*Responder = participant with at least 50% improvement in depression scores. **The

manuscript by Kang & Vasquez (2021) had only one non-responder, therefore, it was not
possible to conduct meta-analytical calculations for the non-responder group in their study.
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