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Harnessing Neuroimaging to Enhance Our
Understanding of the Effects of Ketamine

in Depression

Natalia Jaworska and Jennifer L. Phillips

Worldwide, major depressive disorder (MDD) carries a large
burden of disease and is associated with impaired functioning
and a worsening of comorbid illness. MDD is also linked with
shorter life expectancies, including increased death by suicide,
which is the most tragic consequence of the disorder. Despite
numerous existing pharmacological options for treating
depression, many patients do not achieve remission, and
significant antidepressant responses usually occur only after
several weeks of treatment. There has been growing excite-
ment, coupled with cautious optimism, regarding the discovery
of the rapid-acting antidepressant properties of subanesthetic
doses of intravenous ketamine. With administration of keta-
mine, a glutamate N-methyl-D-aspartate receptor antagonist,
decreases in depression symptoms and suicidal ideation can
emerge within hours, even in treatment-resistant patients (1,2).
Importantly, Phillips et al. (3) and others have reported sus-
tained antidepressant effects with repeated ketamine
administration.

While evidence of ketamine’s antidepressant efficacy con-
tinues to grow, and its clinical use becomes increasingly
common (especially with the U.S. Food and Drug Administra-
tion’s approval of intranasal esketamine [an S-enantiomer of
racemic ketamine] for the treatment of refractory MDD), our
understanding regarding its mechanisms of action, particularly
on neural network dynamics in depressed individuals, is in its
infancy. The increased integration of functional magnetic
resonance imaging (fMRI) data in psychiatric research has
been instrumental in expanding our knowledge about the ef-
fects of various antidepressant interventions on brain function.
The same potentially holds true for ketamine. Characterizing
the neural underpinnings of ketamine’s antidepressant action
is a critical step in eventually optimizing and predicting keta-
mine response (i.e., the identification of putative biomarkers of
response and nonresponse).

As outlined by Reed et al. (4) in this issue of Biological
Psychiatry: Cognitive Neuroscience and Neuroimaging, clues
to the mechanisms underlying the effects of ketamine on mood
symptoms may be elucidated, in part, by examining the neural
correlates of emotional processing in individuals with and
without MDD. After all, there has been accumulating work
indicating that MDD is associated with altered brain activity
during emotional information processing (5). In brief, Reed
et al. (4) measured blood oxygen level-dependent signal
changes during emotional processing in individuals enrolled in
a double-blind, placebo-controlled crossover study comparing
single infusions of ketamine and saline. Specifically, individuals

with treatment-resistant MDD and control subjects (18-65
years of age) were scanned at baseline and again approxi-
mately 2 days after receiving infusions of ketamine and pla-
cebo (0.5 mg/kg delivered over 40 minutes, with 2 weeks
separating each infusion). The number of usable scans ranged
from 26 to 33 for the MDD group to 15 to 20 for the control
group, depending on scanning day. During scans, participants
completed implicit and explicit facial expression recognition
tasks, where task-related factors included face valence (posi-
tive [neutral/happy] or sad [angry/sad]), orientation (upside
down/right side up), and judgment (emotion/sex identification).
Analyses focused primarily on contrasts between postket-
amine and postplacebo scan sessions. Reed et al. (4) reported
hyperactivity in brain regions implicated in emotional pro-
cessing in individuals with MDD relative to healthy control
subjects at baseline (in the cuneus, left temporal and medial
frontal gyri, and right parietal cortex), though less activity was
noted in the left cingulate and right lentiform nucleus. After the
ketamine versus placebo infusion, patients’ activity was
decreased relative to control subjects’ across the precuneus,
frontal, temporal, and posterior cingulate regions. In other
words, in patients with treatment-resistant MDD there
appeared to be a normalization of neural profiles during
emotional processing after ketamine administration compared
with placebo. Imaging was conducted at 2 days after infusion,
a timeframe sufficiently removed from the acute side effects
that are associated with ketamine administration. Overall,
these findings are somewhat in line with previous work by this
group wherein brain activity in depressed patients postket-
amine was similar to control subjects postplacebo, particularly
in aspects of the medial frontal cortex, during an attentional
bias dot probe task using emotional face stimuli (6). The con-
sistency in these findings—namely, that ketamine appears to
normalize aberrant patterns of neural activity in depressed in-
dividuals—is encouraging, although perhaps not surprising
given that the data were derived from the same participants
within a single clinical trial.

In MDD, resting-state fMRI connectivity studies have iden-
tified disturbances in networks composed of regions sup-
porting emotional processing, attention and executive
function, and in the default mode network. One group
assessed resting-state fMRI profiles in patients with treatment-
resistant MDD 24 hours postketamine versus postmidazolam
and showed connectivity profile normalization (7). Specifically,
initially decreased activity (global signal regression) in frontal
regions was increased postketamine. In addition, ketamine
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responders showed increased connectivity in certain brain
regions (the lateral prefrontal cortex, caudate, and insula)
before ketamine infusion (8), speaking to the potential utility of
resting-state fMRI-based biomarkers of eventual response.
Similarly, previous work from Evans et al. (9) found that con-
nectivity between the insula and the default mode network was
normalized 2 days after ketamine infusion in depressed in-
dividuals versus healthy control subjects. These findings pro-
vide evidence that interventions with antidepressant agents,
including ketamine, normalize aberrant neural network con-
nectivity profiles at rest. However, the exact nature of what
constitutes an “aberrant” neural network or activity warrants
clarification; this differs from study to study. What also remains
to be investigated is the relation between changes in neural
activity from before ketamine to after ketamine and changes in
clinical symptoms. Despite the relatively high response rates to
ketamine, not all patients exhibit antidepressant effects; it will
be important to determine whether brain activity changes differ
in ketamine responders and nonresponders. Such in-
vestigations would reveal whether we are measuring the neural
effects of ketamine itself or neural changes associated with
(and perhaps underlying) the alleviation of depressive symp-
toms with ketamine infusions. This is an important distinction
that should be further investigated.

Even though neuroimaging can provide us with insights
regarding the neural effects of ketamine, certain caveats must
be considered. First, the notion of a double-blind procedure
when considering ketamine administration is inherently diffi-
cult. The use of saline as a placebo, as used by Reed et al. (4),
is not optimal. Other groups, including our own, have used
midazolam, a short-acting benzodiazepine, as an active
control for ketamine. However, while midazolam is associated
with sedative properties, it elicits few of the dissociative
symptoms associated with ketamine, making it an imperfect
control. The lack of an optimal placebo control for ketamine
thus remains an important limitation in the field. A perhaps
more relevant comment regarding the work of Reed et al. (4),
and pertinent to the use of neuroimaging in psychiatry more
generally, is the challenge of replicating fMRI data. As has
been repeatedly demonstrated, replication of seemingly
robust findings can be problematic, and it tempers the
promise that neuroimaging has with respect to improving
psychiatric illness outcomes (10). In general, some of the el-
ements that hamper replication include small samples,
methodological heterogeneity, and a lack of statistical and
methodological rigor. Suggestions to improve rigor include
optimizing experimental procedures, including scan duration;
simplifying protocols to limit the number of factors; and using
power analyses/experiment modeling (which could optimize
power) before study commencement. In addition, better ac-
counting of baseline differences between comparator groups
(e.g., depressed vs. nondepressed individuals) is also an
important consideration. With respect to this last point,
among the fMRI research conducted to date it is unclear why
ketamine’s effects would manifest differently in individuals
with MDD compared with healthy control subjects, and it is
unclear just how much baseline differences drive these
effects.

Where does the field move from here? First, replication of
the effects of ketamine’s neural profiles at rest and during
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emotional processing must be conducted in independent
samples by different research groups. Second, the longer-term
effects on neural features of ketamine or following repeated
ketamine infusions have yet to be explored. Third, the utility of
integrating imaging features in predicting response to keta-
mine and other rapid-acting antidepressants warrants addi-
tional attention. However, this should likely be explored in
tandem with other potential predictors of response acquired
using less expensive and/or more accessible approaches,
including clinical measures, clinical electroencephalography,
and/or genetic markers, for instance. The same is true for
integrating various analytical approaches in prediction ap-
proaches, such as applying machine learning to large-scale
publicly available datasets, which enables the possibility of
meeting the assumptions of machine learning and multistep
validation.

Finally, given the uniquely rapid nature of ketamine’s anti-
depressant effects, ketamine offers the opportunity to probe
the effects of depression itself on brain profiles. By conducting
longitudinal neuroimaging and using ketamine as a tool to
alleviate depressive symptoms we have the opportunity to
image patients who may be depressed one day and remitted
on a subsequent visit within a relatively short timescale. The
short intervention period and the generally large magnitude of
response to ketamine infusions makes the assessment of
brain-based phenotypes highly valuable. This strategy may
allow for further identification of potentially more novel and
tailored antidepressant intervention approaches going forward.
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