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Abstract

Major depressive disorder (MDD) is one of the leading causes of morbidity and all-cause mortality (including suicide)
worldwide, and, unfortunately, first-line monoaminergic antidepressants and evidence-based psychotherapies are not effec-
tive for all patients. Subanesthetic doses of the N-methyl-D-aspartate receptor antagonists and glutamate modulators
ketamine and S-ketamine have rapid and robust antidepressant efficacy in such treatment-resistant depressed patients
(TRD). Yet, as with all antidepressant treatments including electroconvulsive therapy (ECT), not all TRD patients adequately
respond, and we are presently unable to a priori predict who will respond or not respond to ketamine. Therefore, antide-
pressant treatment response biomarkers to ketamine have been a major focus of research for over a decade. In this article,
we review the evidence in support of treatment response biomarkers, with a particular focus on genetics, functional
magnetic resonance imaging, and neurophysiological studies, i.e. electroencephalography and magnetoencephalography.

The studies outlined here lay the groundwork for replication and dissemination.
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Introduction

Major depressive disorder (MDD) is a disabling and
potentially lethal psychiatric illness with, in 2017, a
global prevalence of 2-6%.' In the United States, this
prevalence was 7%, with 64% of those having severe
impairment as a result.” Given the high burden of suf-
fering and increased risk of suicidal thoughts and behav-
iors, fast-acting and highly efficacious treatments are
needed. Most available medications for MDD are
monoamine reuptake inhibitors; although effective for
many patients, e.g. 40-60% response,’ they are not effec-
tive for all patients. In 2013, up to 20% of depressed
patients were treatment resistant (TRD), defined as
failing two or more adequate antidepressant trials.*
Moreover, antidepressant response is often delayed
with monoamine-based medications, which is problem-
atic for patients with severe depression and/or acute sui-
cidality, especially if managed on an outpatient basis.
The N-methyl-D-aspartate receptor antagonist and glu-
tamate modulator racemic ketamine and its (S)-enantiomer

at subanesthetic doses have antidepressant efficacy in
TRD.>® The response rate has been shown to be as high
as 70% in mostly Caucasian samples,” making it more
effective than monoaminergic drugs, though there is vari-
ability in ketamine’s efficacy depending on the study.
Antidepressant efficacy is also seen within hours-to-days,
rather than weeks-to-months compared to standard anti-
depressant medications.® For these reasons, subanesthetic
dose ketamine has been described as the “most important
discovery in half a century” for the treatment of major
depression.” Still, not all patients have an antidepressant
response to subanesthetic dose ketamine; therefore, it is
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critical to have reliable and reproducible biomarkers to
guide treatment selection and monitor biological response.

This manuscript reviews the ketamine antidepressant
biomarker literature in clinical studies, with emphases on
genetics, neuroimaging, and neurophysiology. PubMed
was searched from inception until December 2020, with
a specific focus on publications that report associations
between depression score changes and genetics, func-
tional magnetic resonance imaging, electroencephalogra-
phy, and magnetoencephalography. Publications were
excluded if they did not fit these methodological catego-
ries, if they did not explicitly mention correlation with
antidepressant efficacy, or if they were done in non-
depressed samples, e.g., healthy volunteers. Some exam-

ple PubMed searches included “ketamine AND
depression,” “ketamine AND genetics AND depression,”
“ketamine AND  functional connectivity AND

depression,” “ketamine AND functional magnetic reso-
nance imaging AND depression,” “ketamine AND elec-
troencephalography AND depression,” and “ketamine
AND magnetoencephalography AND depression.”

Genetics

Overall, the ketamine depression literature is unfortunate-
ly sparse on this topic. The single nucleotide polymor-
phism (SNP) that has been studied most extensively is
the rs6265 (val66met) allele in the brain-derived neuro-
trophic factor (BDNF) gene. The met allele of this poly-
morphism is associated with impairments in the activity-
dependent secretion of BDNF, '° resulting in reduced syn-
aptogenesis and dendritic complexity in rodents.'!
Because ketamine’s mechanism of action is thought to
require BDNF, this SNP is a candidate for response pre-
diction. Laje et al. found that depressed met heterozygous
participants of European ancestry had less improvement
in depression scores 4 hours after ketamine infusion than
val/val patients.'? In this sample, BDNF rs6265 genotype
accounted for 28% of the response variance.

As alluded to above, there are differences in the prev-
alence of val and met alleles depending on ethnicity. For
example, the met allele frequency in Taiwanese and Han
Chinese populations is around 50%"? while in Caucasian
populations it is around 20%.'* Su et al. explored this
relationship, where they looked specifically at treatment
resistant Taiwanese patients who received 0.2 or 0.5 mg/
kg ketamine infusions."? Albeit likely underpowered,
there was no statistically significant antidepressant dif-
ference between val homozygous and met allele carriers.
Using the same dataset, Chen et al. assessed improve-
ment in suicidal ideation items on the Hamilton
Depression Rating Scale (HAM-D) and Montgomery
Asberg Depression Rating Scale (MADRS) based on
1$6265 genotype.'> Although the strength of their results
varied by measure, val allele carriers displayed an anti-

suicidal effect to both ketamine doses, while met homo-
zygotes ecither improved less overall or required the
higher dose for an anti-suicidal effect.

Other studies have attempted to demonstrate a genet-
ic underpinning of ketamine’s antidepressant response.
Guo used 157 participants of European descent in a
genome wide association study (GWAS) to find SNPs
or other genetic variants. Although no marker reached
genome-wide significance, 31 SNPs and 8 linkage dis-
equilibrium (LD)-independent loci had a trending rela-
tionship.'® These cumulative results reaffirm the
hypothesis that, like major depression itself, the genetic
factors mediating treatment response are heterogeneous,
and such complex relationships are likely multifactorial
and combinatorial. As an example, Niciu et al. correlat-
ed subcortical brain volume and genotype to antidepres-
sant response to ketamine.'” Su et al.'* and Chen et al."®
also considered ketamine blood concentration and
serum BDNF levels, respectively, and found no associa-
tions with genotype and treatment response. In the
future, preclinical and clinical studies may want to con-
sider how glutamate pathway genes and other prosynap-
tic plasticity pathways influence the antidepressant
response to ketamine.

Functional Connectivity

Functional Magnetic Resonance Imaging (fMRI)

Resting-State. Ketamine has been shown to modulate
neural networks involved in depression pathology, and
its efficacy correlates with normalization of region and
pathway deficits.'® The studies to be discussed used both
seed-based/region of interest (ROI) analyses and seed-
independent approaches, e.g. global brain connectivity
(GBC). ROIs in MDD pathology and ketamine depres-
sion studies and their proposed functions are dia-
grammed in Figure 1 and the connectivity relationships
found most consistently are diagrammed in Figure 2.
Functional connections outlined here are referenced
throughout this review and have been found to be cor-
related with ketamine’s antidepressant effect. The rela-
tionship of the connection to antidepressant response is
indicated by the line type, where a solid straight line
corresponds to increased connectivity, a dotted line rep-
resents decreased connectivity, and a coiled line signifies
mixed reports, i.e. some studies with increased and
others with decreased connectivity in this circuit.
A “halo” effect represents global brain connectivity
(GBC), where the strength of the connectivity of the
prefrontal cortex and caudate with the rest of the brain
is related to antidepressant response. The laterality of
these regions were mixed across the studies, except for
the left amygdala, which was consistently reported.
As alluded to above, there is a broad range of
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Brain regions implicated in the antidepressant response to ketamine and their emotional processing correlates. Sagittal (a) and

lateral (b) views of the brain outlining the main emotional functions of regions implicated in ketamine’s antidepressant efficacy.

heterogeneity, i.e. task used, time of measurement (in
relation to ketamine administration), and functional
analysis methodology. CC: cingulate cortex, ACC: ante-
rior cingulate cortex, PFC: prefrontal cortex.

Gartner et al. found that lower baseline functional con-
nectivity between the subgenual anterior cingulate cortex
(sgACC) and right lateral prefrontal cortex (PFC) corre-
lated with greater improvement in depression scores 24

hours post-ketamine.'” At baseline, all responders had
more negative connectivity between these regions com-
pared to non-responders. Post-infusion functional con-
nectivity increased in the right lateral PFC and sgACC,
which positively correlated with treatment response.
Similarly, Downey et al. reported that increased blood-
oxygen level dependent (BOLD) signal in the sgACC and
rostral ACC correlated with percent change improvement
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Figure 2. Common functional connectivity pathways implicated in ketamine’s antidepressant response. Functional connections outlined
here are referenced throughout this review and have been found to be correlated with ketamine’s antidepressant effect. The relationship
of the connection to antidepressant response is indicated by the line type, where a solid straight line corresponds to increased con-
nectivity, a dotted line represents decreased connectivity, and a coiled line signifies mixed reports, i.e. some studies with increased and
others with decreased connectivity in this circuit. A “halo” effect represents global brain connectivity (GBC), where the strength of the
connectivity of the prefrontal cortex and caudate with the rest of the brain is related to antidepressant response. The laterality of these
regions were mixed across the studies, except for the left amygdala, which was consistently reported. As alluded to above, there is a broad
range of heterogeneity, i.e. task used, time of measurement (in relation to ketamine administration), and functional analysis methodology.
CC: cingulate cortex, ACC: anterior cingulate cortex, PFC: prefrontal cortex.

in the Beck Depression Inventory (BDI), but not
MADRS, | and 7 days after ketamine infusion.?
However, they did not observe any significant changes
in mood from ketamine separate from placebo, question-
ing the specificity of this region in ketamine response.
Nugent et al. found that lower functional connectivity
between the left amygdala and sgACC correlated with
MADRS improvement, again implicating the sgACC in
the antidepressant response to ketamine.?' Interestingly,
McMillan et al. recorded EEG and fMRI simultaneously
during ketamine infusion and only found significant cor-
relations with treatment response when associating the
two modalities.** In their study, BOLD signal variance
explained by high gamma power in the insula, ACC, and

posterior cingulate cortex (PCC) correlated with antide-
pressant response, where responders had a smaller change
in BOLD signal than non-responders. They were also
unable to replicate Downey et al.’s increased sgACC
BOLD signal.?® Instead, they observed a decrease in
sgACC BOLD activity that did not correlate with antide-
pressant response. Yet, there were no post-infusion
changes in sgACC BOLD signal after motion correction,
suggesting that effects here could be due to cardiovascular
processes. Continuing the emphasis on the insula and cin-
gulate, Evans and colleagues correlated MADRS
improvement from baseline to 2 days post-ketamine
with BOLD signal normalization between the right pos-
terior insula and posterior cingulate.>® Finally, based on
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preclinical evidence of decreased burst firing in the lateral
habenula in the antidepressant-like effects of ketamine,**
Rivas-Grajales et al. found that increased functional con-
nectivity between the right habenula with several cortical
regions and parahippocampal gyrus correlated with an
enhanced antidepressant response to ketamine.>

Similar observations have been made with the anti-
suicidal and hedonic effects of ketamine. When looking
specifically at the suicidal ideation item on the MADRS
(item 10), Chen found that decreased suicidal thinking
after 0.5 mg/kg, but not 0.2 mg/kg, correlated with
reduced connectivity between left dorsal ACC (dACC)
and right ACC.*® Instead, in the 0.2 mg/kg group,
increased connectivity between right dorsolateral PFC
(dIPFC) and left superior parietal region correlated with
a reduction in suicidal ideation. In the striatal system,
Mkrtchian et al. found a relationship with anhedonia, as
evident by Snaith-Hamilton Pleasure Scale (SHAPS)
improvement, but not MADRS, and increased connectiv-
ity between the dorsal caudate and ventrolateral PFC
(VIPFC).?” At day 10, SHAPS improvement trended
with increased connectivity between the dorsal caudate
and pregenual ACC (pgACC) and other regions.
Vasavada et al. focused on the cortico-limbic system and
major brain networks after repeated infusions.?®
Increased functional connectivity between the right hip-
pocampus and the left central executive network (CEN)
after the first infusion predicted percent change in SHAPS
at the end of treatment. Additionally, connectivity
changes between the left amygdala and the salience net-
work (SN) pre- and post-treatment correlated with per-
cent change in inhibition and avoidance behaviors as
measured by the Behavioral Inhibition System (BIS),
but not the HDRS nor the Rumination Scale. However,
in this study, there were no overall group differences in
BIS scores with ketamine treatment. Finally, Roy et al.
used entropy to measure neural flexibility and signal var-
iability in adolescents with TRD after 6 ketamine infu-
sions, finding that responders had greater right nucleus
accumbens entropy than non-responders, while non-
responders had decreased entropy.?’

Although hypothesis driven, ROI-centeric studies can
fall victim to selection bias and do not typically take into
account whole brain activity. In contrast, data-driven
analyses without a priori defined ROIs, like global brain
connectivity with global signal regression (GBCr), have
been proven to be fecund approaches in the ketamine
depression literature. Chen et al.*® used data previously
reported in their 2019 paper®® for a GBCr analysis and
found that baseline hypoconnectivity between the bilater-
al superior frontal cortex and the striatum correlated with
percent reduction of HAMD in participants receiving 0.2
mg/kg, but not 0.5 mg/kg, ketamine. Next, Abdallah et al.
found an overall normalization in GBCr after ketamine in
MDD patients, i.e. ketamine increased GBCr in the PFC

but reduced GBCr in the cerebellum.’’ Ketamine res-
ponders had higher post-treatment GBCr in clusters
involving lateral PFC, left middle temporal cortex, and
caudate, though there was only a trending correlation
with percent change in MADRS. They then used these
implicated regions as ROIs in seed-based analyses. In res-
ponders, there was increased lateral PFC and caudate con-
nectivity with subcortical areas, and lower connectivity
within the PFC and subcortical regions. Continuing the
data-driven approach with treatment-resistant bipolar
patients, Zhuo did not reveal a relationship between
global functional connectivity and HAMD scores in
response to ketamine.>* Oddly in this study, many patients
relapsed in the second week of treatment, and the average
depression score was higher post-treatment. The authors
cited that the atypical clinical findings may be a result of
glutamate exhaustion due to multiple glutamate modulat-
ing medications. An additional study from Abdallah and
colleagues in 2017 found that baseline bilateral dorsome-
dial PFC and left frontolateral PFC GBCr predicted
change in MADRS, but not the self-reported Inventory
of Depressive Symptomatology (IDS), after ketamine and
placebo treatment.> Subsequent seeded analysis showed
that past treatment failure, greater MADRS improve-
ment, and a lower response to placebo in this study corre-
lated with higher baseline VPFC GBCr. In 2018, Abdallah
et al. reported that baseline PFC GBCr trended with BDI
improvement to ketamine, though this correlation was
stronger with lanicemine, another non-competitve
NMDA receptor antagonist.>* They also observed a cor-
relation between dorsal PFC GBCr during infusion and
BDI improvement at 24 hours as well as a negative corre-
lation with GBCr in the ventral PFC during infusion,
though these p-values were not corrected for multiple
comparisons.

Taken together, both the seed-based and data-driven
resting state fMRI literature indicate the importance of
the cingulate and prefrontal cortices in the antidepres-
sant response to ketamine. Even so, there has been an
unfortunate inability to replicate. As an example, Kraus
and colleagues were unable to replicate Abdallah et al.’s
findings,*'**** and instead found that there were no
differences in GBCr post-ketamine or placebo.*® This
aligns more with the findings from Zhuo et al.*?
Baseline differences between patients and controls were
also not replicated from Abdallah et al.>' Although these
are small effects in modest sized samples, the inconsis-
tency may also result from scan timing post-ketamine,
i.e. Kraus et al. scanned participants at least 2 days after
infusion, where the other studies scanned 24 hours post-
infusion.®> They further discuss the importance of pre-
processing strategies, especially since they only found
significant results between MDD and HC groups, irre-
spective of treatment response, after GBC regression,
rather than other methods of preprocessing. However,
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this lends to question how ketamine can have longer-
lasting antidepressant effects but observable GBCr con-
nectivity changes only at 24 hours and under very spe-
cific processing protocols. These findings, therefore,
highlight the importance of physiologically-relevant
timing of study procedures and consistent image proc-
essing/analyses across studies/sites.

Task-Based. Depression salient-tasks, e.g. emotional and
cognitive testing, during fMRI have also been employed
to investigate the antidepressant response to ketamine.
Sahib et al. used an inhibitory control task to reveal
changes in brain regions responsible for inhibitory and
executive functioning in response to four ketamine infu-
sions, and these findings correlated with treatment
response.® More specifically, in the precentral gyrus,
remitters had lower baseline BOLD signal that normal-
ized to healthy control levels, whereas non-remitters had
baseline BOLD signals that resembled healthy controls
but decreased after the ketamine series. Supplemental
motor area changes in BOLD signal corresponded to
reductions in depressive symptoms. In post-hoc ROI
analyses, they found that precentral gyrus activation
negatively correlated with percent change in HDRS at
the end of treatment. This suggests that ketamine pro-
motes neuroplasticity in executive control networks, and
that the normalization of inhibitory network activity is
related to antidepressant response. Murrough et al. used
positive and negative emotional perception tasks and
found that greater connectivity of the right caudate
during positive, but not negative, emotional perception
was associated with depression improvement.®’ Next,
using an attention bias task with angry and happy
faces, Reed and colleagues did not find any differences
in caudate activation after ketamine.® Overall, they
found that MADRS percent improvement was associat-
ed with less activation of the left parahippocampal
gyrus, amygdala, cingulate gyrus, precuncus, left
medial, and middle frontal gyri during the angry cues
and greater activation of these regions with happy
cues, though they did not see attentional bias differences
between patients and controls. The effect on the left
frontal gyrus and its relationship to MADRS improve-
ment was not specific to ketamine, as they saw the same
effect in the placebo condition. Loureiro et al. looked
specifically at amygdala reactivity during an emotional
face matching task.’® Here, baseline amygdala activity
did not predict clinical outcome, but post-treatment
decreases in the right amygdala during both positive
and negative face presentation correlated with depres-
sion and anhedonia improvement. In the posterior supe-
rior temporal cortex, BOLD changes during the happy
condition correlated with percent HDRS improvement.
In the insula, dIPFC, and a central posterior cluster, they
found that greater BOLD signal after ketamine in the

fearful condition correlated with improved depression
scores. Finally, BOLD decreases in the dIPFC in the
happy condition correlated with percent improvement
in SHAPS. Unlike many other studies, they did not
notice a normalization in brain activation. In adoles-
cents with TRD, Thai et al. used an emotional Word
Face Stroop task with congruent or incongruent emo-
tional words and faces to look specifically at changes in
corticolimbic, corticostriatal, and brain areas implicated
in the default mode networks (DMN) after six ketamine
infusions.”® Decreased activation in corticolimbic and
corticostriatal regions with each task correlated with
improvements in depression and anhedonia, which was
most strongly led by negative emotion trials. The right
nucleus accumbens, amygdala, and subcallosal cortex
were the most consistent regions implicated across all
conditions. The right hippocampus had increased acti-
vation during congruent positive trials, which corre-
sponded to improved depression and pleasure, and the
DMN had decreased activation to incongruent condi-
tions, corresponding to improved depression scores.
There were slight decreases in DMN activation across
all conditions relating to improved pleasure scores. Like
in Reed et al.,*® the participants in Thai and colleagues’s
study did not show a negative attention bias in their
performance on the task. In sum, they suggest that the
overall decreased DMN activity after ketamine admin-
istration validates inefficient recruitment of brain
regions in TRD, and that this network is a target of
the antidepressant and anhedonic responses to ketamine.

Continuing task-based studies with reward processing,
Morris et al. used an incentive processing task to reveal
that higher baseline sgACC activity to positive, but not
negative, feedback was correlated with anhedonia
improvement.*! sgACC hyperactivity normalized after
ketamine infusion, though it was not reported if this cor-
related with antidepressant response. This study was also
unable to replicate the increased post-ketamine resting
state sgACC activity seen in Downey et al.’s results.?
Additionally, Downey and colleagues measured resting
state fMRI while Morris et al. used an incentive processing
task, so this may confound the comparison.

Taken together from task-based fMRI ketamine liter-
ature, the most widely replicated finding is decreased
amygdala activation during emotional tasks, thereby
normalizing “bottom-up” amygdala overactivity in
active major depression. Additionally, several brain
regions were implicated across different tasks as well as
in the task-free studies, i.e. sgACC and caudate, further
emphasizing emotional control/processing as being crit-
ically involved in the antidepressant response to keta-
mine. And, as always, independent replication
strengthens confidence in the potential association
between emotional processing brain areas and the anti-
depressant response to ketamine.
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Table 1. Neural frequencies and their clinical correlates. This table summarizes the frequency bands seen on electroencephalography and
magnetoencephalography as well as the behavioral and cognitive activities that correlate with these frequencies. The gamma band is
highlighted in this context for its relationship to AMPA and NMDA activity and functional connectivity, which are strongly implicated in

ketamine’s antidepressant mechanisms of action.

Frequency Evoked activity

Neuronal and cognitive correlates

Delta (0.2-3 Hz)

Slow wave activity
(0.75-4.5Hz)

Theta (4-7 Hz)

Alpha (8-13 Hz)

Beta (14-31 Hz)

Gamma (32-100 Hz)

Deep sleep, relaxation
Non-REM sleep

Sleep, meditation
Awake resting state

Alert behavior, tasks that require attention
Simultaneous information processing

Awareness, cortical plasticity
Synaptic number, strength, and homeostasis

Learning, memory

Cognitive abilities, calmness, mental coordination

Decision making, anxiety, excitement

NMDA and AMPA activity, functional
connectivity, BOLD signal, inhibition/
excitation balance, synaptic potentiation

Neurophysiology

Electroencephalography (EEG) and magnetoencepha-
lography (MEG) measure electrical events with a
higher degree of temporal precision than BOLD signal
in fMRI. This can aid in understanding brain activity
during acute phases of ketamine infusion and how to
best predict treatment response. Table 1 outlines brain
frequencies and their commonly described clinical corre-
lates. Much of the EEG/MEG literature focuses specif-
ically on assessing glutamate-based synaptic plasticity,
which is a widely agreed-upon mechanism of ketamine’s
antidepressant effects.

Electroencephalography (EEG)

Resting-State. Baseline differences in EEG, especially in
frontal electrodes, have been shown in MDD and subse-
quent treatment response to traditional antidepressants
and non-invasive neuromodulatory approaches, e.g.
transcranial magnetic stimulation.*** Zehong et al.
used four frontal dry electrodes (potentially making
more clinically useful as reducing set-up time and effort)
to specifically look at frontal frequencies 240 minutes after
a ketamine infusion in TRD patients receiving either 0.2
or 0.5 mg/kg of ketamine or placebo.** At baseline, keta-
mine responders had weaker relative, rather than abso-
lute, theta power. After treatment, responders had
higher alpha power in all channels, reduced alpha asym-
metry, i.e. the difference in alpha power between the left
and right frontal hemispheres, between Fpl and Fp2, and
lower theta concordance, i.e. normalized combined abso-
lute and relative theta power, in all channels. The authors
created a model to predict response vs. non-response, and
the best model (81% accuracy, 82% sensitivity, and 91%
specificity) used baseline relative theta and low alpha
powers. Yet, there were differing predictors of treatment
response depending on channel and dose. Responders to
0.2mg/kg ketamine had baseline weaker theta power at
Fp2. 0.5mg/kg responders had lower relative theta and

alpha power at baseline summed across all electrodes,
and, after treatment, they had higher theta power in Fpl
and Fp2, findings not observed in 0.2 mg/kg responders.
In McMillan et al.’s simultaneous EEG and fMRI study?*
discussed above, from the EEG perspective, a trending
relationship was observed with increased frontal theta
power and antidepressant response. Yet, like their fMRI
results, these were sensitive to noise correction, calling for
the standardization of processing techniques, but these
preliminary findings corroborates Zehong and col-
leagues’s increased theta power in ketamine responders.**
Sleep EEG studies have also been used to evaluate ket-
amine’s antidepressant mechanisms and identify efficacy
biomarkers. First, Duncan et al. reported a positive cor-
relation between increased serum BDNF and slow wave
EEG activity, a biomarker of enhanced synaptic plastici-
ty, in ketamine responders.*> Specifically, those in the
lowest BDNF quartile were more likely to respond and
saw larger increases in BDNF and slow wave activity
(SWA). Unfortunately, they did not find differences in
baseline sleep measures that predicted response. The
same group previously assessed delta sleep ratio (non-
REM SWA in the first sleep epoch divided by the
second sleep epoch) and found that lower baseline delta
sleep ratio corresponded to a reduction in MADRS at 24
hours, but not 230 minutes, after ketamine infusion.*®
Taken together, synaptic strengthening during sleep may
be a critical mechanism underlying ketamine’s antidepres-
sant response, and, if replicated in independent samples,
has potential for use as a treatment response biomarker,
i.e. predicting early response in an index infusion series.

Task-Based. Task-based EEG and dynamic causal model-
ing have been used to assess neuroplasticity mediating
the antidepressant actions of ketamine. Sumner et al.
used an auditory mismatch negativity task to evaluate
EEG signal change associated with sensory prediction
error after hearing an unexpected tone.*’” They found
that neither the P3a event related potential (ERP)
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amplitude change nor mismatch negativity seen after
ketamine during the task correlated with MADRS
improvement at 24 hours post-infusion. Instead, they
found that antidepressant response correlated with
greater modulation in forward connectivity between
the right primary auditory cortex and right inferior tem-
poral cortex after the unexpected tone. Finally, those
with greater antidepressant efficacy had stronger modu-
lation of these connections during expected tones. The
same group also presented high-frequency visual stimu-
lation to depressed patients and measured changes in
visual evoked potential, a potential marker of long-
term potentiation.*® Surprisingly, they did not observe
a correlation between MADRS reduction and the
change in visual evoked potentials after ketamine.

To conclude the EEG section, there was an overall
theme of ketamine-induced synaptic plasticity, though a
correlation with antidepressant treatment response was
not consistently apparent.

Magnetoencephalography (MEG)

Resting-State. Magnetoencephalography (MEG) measures
magnetic fields created by electrical currents with greater
spatial localization than EEG and greater temporal pre-
cision than fMRI. Nugent and colleagues used the same
sample as Reed et al.*® to measure functional connectivity
and gamma power as a proxy for excitatory/inhibitory
balance after a single ketamine infusion.* They found
that higher gamma power after ketamine was associated
with raw depression score improvement 40 minutes post-
infusion in subjects with lower baseline gamma power in
several regions including the thalamus and right insula.
There was also a trending association in the dorsomedial
PFC and right parietal cortex with depression improve-
ment 230 minutes post-infusion. Farmer et al. assessed
serum ketamine metabolite levels and their relationships
with MEG gamma power and antidepressant response.”
In this study, there was no association between gamma
power and MADRS improvement, though there was a
positive relationship between hydroxynorketamine and
gamma power and a negative relationship between
hydroxynorketamine and antidepressant efficacy. Next,
Nugent et al. assessed beta band functional connectivity
across ROIs implicated in MDD pathophysiology in
response to a single ketamine infusion but observed a
lack of correlation with MADRS improvement.’' In
2020, with the same dataset, Nugent and colleagues inves-
tigated functional connectivity at other frequencies.>
Alpha and beta band connectivity did not correlate with
antidepressant response, which is in line with their previ-
ous study.’! At baseline, non-responders had greater con-
nectivity in beta and theta bands than controls but only
slight reductions after ketamine. Similar to healthy con-
trols, antidepressant responders had increased delta-

alpha, delta-gamma, and delta-beta connectivity 40
minutes and 24 hours after both ketamine and placebo
treatment. Responders also had lower baseline alpha
and beta connectivity. However, in this report, the
response criteria was lower (30%) than is typical for
most ketamine depression studies. In another resting-
state MEG report from the same group, Gilbert et al.
looked specifically at insula and anterior cingulate using
dynamic causal modeling to correlate gamma power with
changes in depression scores.> They modeled AMPA and
NMDA connectivity and found that lower AMPA con-
nectivity from anterior insula to anterior cingulate was
associated with depression, but not suicidal ideation,
reduction, though this was not corrected for multiple com-
parisons. These results also support the fMRI literature
indicating that the anterior cingulate and insula are criti-
cal regions in the antidepressant response to ketamine as
well as further implicating AMPA receptor involvement
in ketamine’s mechanism of action, though admittedly in
the opposite direction as hypothesized from the preclinical
literature.

In sum, even though the ketamine resting-state MEG
literature is suggestive of enhanced functional connectiv-
ity and depression improvement, the associated frequen-
cy bands did not converge across all studies.

Task-Based. Lundin et al. used an emotional evaluation
task to assess event-related electrical changes in the cal-
carine sulcus, occipital, and fusiform cortices to assess
early visual responses to emotional stimuli and their
potential relationship with ketamine’s antidepressant
response.”® In this report, there were no associations
between MADRS change and event-related field ampli-
tudes in the calcarine sulcus nor with latency in the left
middle occipital cortex. In the fusiform cortex, however,
higher baseline M 170 amplitudes that normalized to levels
similar to healthy controls post-ketamine corresponded
with greater antidepressant response. Furthermore,
lower M 170 amplitudes in response to sad/angry faces
and higher M170 amplitudes to happy/neutral faces
were affiliated with a greater improvement. Next,
Salvadore et al. rapidly presented fearful faces to activate
the rostral ACC and amygdala before ketamine treatment
to determine if baseline activity in these regions could pre-
dict antidepressant response.””> Greater ACC and
decreased amygdala activities during this task correlated
with an antidepressant effect at 230 minutes. In 2010,
Salvadore and colleagues used a working memory task
with increasing memory load to determine how baseline
pgACC hyperactivity and its functional connectivity to
the amygdala could predict treatment response 4 hours
after a single ketamine infusion; they found that depressed
subjects with larger beta desynchronization in the pgACC
and sgACC during the task were less likely to respond to
ketamine, and those with less change in beta activity were
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Table 2. Main findings of the current review.

e There is a strong need to predict treatment outcome to ketamine’s rapid acting antidepressant properties
e The genetics literature has only found a weak relationship with the val66met polymorphism and antidepressant response, though there is

likely an ethnicity bias

e Neuroimaging potentially implicates emotional processing regions such as the anterior cingulate and prefrontal cortex in ketamine’s

antidepressant response

e Electrophysiological data suggests that ketamine’s antidepressant efficacy relies on modulating whole-brain synaptic plasticity
e Overall, due to the heterogenous nature of major depressive disorder and small sample sizes in existing studies, additional studies are
needed to identify and replicate biomarkers of ketamine’s antidepressant response

more likely to respond to ketamine.’® Additionally,
decreased beta coherence (functional connectivity)
between pgACC and the left amygdala correlated with
greater antidepressant response, and those subjects dis-
playing the least engagement of the pgACC as working
memory load increased had the greatest symptom
improvement. These results suggest an interesting task-
dependency, i.e. with emotional provocation, increased
and, in non-emotional tasks, decreased pgACC activity
predicting rapid antidepressant response to subanesthetic
dose ketamine.>>°

Tactile stimulation tasks have also been used to mea-
sure cortical excitability and synaptic plasticity in
response to ketamine. A replication study by Nugent
et al. saw increased gamma power after ketamine when
the right hand was stimulated in responders; non-
responders displayed increased gamma power during left
hand stimulation.”” Compared to healthy controls, next-
day responders had significant differences in gamma
power for right hand stimulation, but only trending differ-
ences for left hand stimulation. There was also an associ-
ation between the difference in peak gamma power after
right hand stimulation between ketamine and placebo and
antidepressant response at both 230 minutes and 24 hours
post-infusion. Cornwell et al. found increased stimulus
evoked somatosensory cortical responses independent of
spontaneous cortical gamma activity in responders 230
minutes after infusion.”® Based on these results, they
hypothesized that increased AMPA-mediated glutama-
tergic transmission may be a main mechanism in ket-
amine’s antidepressant response. Contrastingly, Gilbert
et al. used dynamic causal modeling to measure AMPA
and NMDA mediated connectivity and found that
reduced NMDA connectivity between left and right pri-
mary somatosensory cortex and reduced AMPA connec-
tivity between the left primary somatosensory cortex and
left frontal cortex post-ketamine were associated with
MADRS improvement.>® The relationship with AMPA
connectivity was long lasting, with trending significance
11 days after ketamine exposure. Although this opposes
Cornwell et al’s supposition of increased AMPA-
mediated connectivity,”® it affirms Gilbert and

colleagues’s 2020 resting state results on lower ketamine-
evoked AMPA connectivity as an antidepressant bio-
marker.>® Taken together, these tactile stimulation task
results suggest that ketamine alters synaptic plasticity
and cortical excitability, which plays an important role
in its rapid-acting antidepressant effects.

Conclusion

A summary of the findings from this review is presented
in Table 2. Although ketamine is an effective antidepres-
sant for many refractory patients, not all respond and
some even worsen.® The identification of reproducible
and mechanistically relevant biomarkers would satisfy a
critical need for a priori treatment response prediction.
The preponderance of the genetic, neuroimaging, and
neurophysiological studies reviewed here support
ketamine-induced normalization of MDD pathophysiol-
ogy via the homeostatic reestablishment of synaptic plas-
ticity and functional connectivity.

Yet, as mentioned throughout, the results have been
variable with a dearth of replication. Among many
potential factors, these discrepancies could be due to
differences in inclusion criteria, depression scales, treat-
ment response cut-off, measurement timing, and
response rates. As an example, the use of different
depression rating scales, e.g. MADRS, HAMD and
BDI, limits the generalizability of these studies, since
each scale explores slightly differing aspects of depres-
sion. Additionally, there are questions about the utility
of current depression scales for assessing the efficacy of
rapid acting antidepressants. For example, the MADRS,
as with many other standard depression rating scales,
includes several items that are physiologically unlikely,
e.g., appetite changes, or unable, e.g., sleep quality, to
change quickly in response to a rapid-acting antidepres-
sant. This may be rectified by the development, valida-
tion and adoption of a depression rating scale that is
more sensitive to rapid symptom improvement.®!
Moreover, much of the literature derives from small
samples from only a few laboratories, which, due to
selection biases and systematic differences in data collec-
tion and processing, respectively, may further hamper
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replicability. The inability to replicate may also be due to
the fact that linear correlations are too simplistic in a
complex, heterogenous disorder like MDD/TRD, and
more sophisticated, multivariate modeling and/or
machine learning approaches are required. Next, several
studies presented here investigated the response to a
single subanesthetic dose ketamine infusion, and, in clin-
ical practice, an acute index series is typically adminis-
tered.®? Repeated-dose trials have demonstrated additive
antidepressant response,® so those that do not respond
immediately may ultimately convert after several
treatments.

Nevertheless, there remains room for optimism in
ketamine response biomarker research. As a single
example, with the recent FDA approval of intranasal
esketamine for the adjunctive treatment of TRD and
MDD with suicidality, biomarker identification and rep-
lication may now be attempted in larger, real-world pop-
ulations in the context of a reimbursable and more
widely disseminated treatment.
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