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Abstract

Ketamine produces a rapid antidepressant response in over 50% of adults with treatment-resistant depression. A long
infusion of ketamine may provide durable remission of depressive symptoms, but the safety, efficacy, and neurobi-
ological correlates are unknown. In this open-label, proof-of-principle study, adults with treatment-resistant depres-
sion (N = 23) underwent a 96-h infusion of intravenous ketamine (0.15 mg/kg/h titrated toward 0.6 mg/kg/h).
Clonidine was co-administered to reduce psychotomimetic effects. We measured clinical response for 8 weeks
post-infusion. Resting-state functional magnetic resonance imaging was used to assess functional connectivity in
patients pre- and 2 weeks post-infusion and in matched non-depressed controls (N = 27). We hypothesized that
responders to therapy would demonstrate response-dependent connectivity changes while all subjects would show
treatment-dependent connectivity changes. Most participants completed infusion (21/23; mean final dose 0.54 mg/kg/
h, SD 0.13). The infusion was well tolerated with minimal cognitive and psychotomimetic side effects. Depressive
symptoms were markedly reduced (MADRS 29 + 4 at baseline to 9 £ 8 one day post-infusion), which was sustained
at 2 weeks (13 + 8) and 8 weeks (15 = 8). Imaging demonstrated a response-dependent decrease in
hyperconnectivity of the subgenual anterior cingulate cortex to the default mode network, and a treatment-
dependent decrease in hyperconnectivity within the limbic system (hippocampus, amygdala, medial thalamus, nucleus
accumbens). In exploratory analyses, connectivity was increased between the limbic system and frontal areas, and
smaller right hippocampus volume at baseline predicted larger MADRS change. A single prolonged infusion of
ketamine provides a tolerated, rapid, and sustained response in treatment-resistant depression and normalizes
depression-related hyperconnectivity in the limbic system and frontal lobe.

ClinicalTrials.gov: Treatment Resistant Depression (Pilot), NCT01179009.
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Introduction
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Ketamine has generated substantial attention as a
novel treatment for depression due to its rapid and ro-
bust antidepressant action. Ketamine is an antagonist of
the NMDA subtype of the glutamate receptor, making it
unique and novel among antidepressant medications. A
brief 40-min infusion often provides relief to patients
who have failed treatment with agents that target bio-
genic amines. While clinical response to ketamine can
occur within hours, the antidepressant response often
dissipates within 1 week in humans (Xu et al. 2016).
Clinical trials of ketamine for chronic pain have report-
ed that prolonged ketamine infusions over 4-14 days
provide sustained relief of symptoms for as long as 8
months (Webster and Walker 2006; Sigtermans et al.
2009; Schwartzman et al. 2009; Niesters et al. 2014).
This raises the question of whether a longer infusion
paradigm might produce more durable antidepressant
effects.

We recently demonstrated feasibility of a 96-h ketamine
infusion for treatment-resistant depression (TRD) (Lenze
et al. 2016). Rapid improvement was noted at 24 h for 7/10
subjects; moreover, the clinical response was sustained at 8
weeks in 4/10 subjects. Further investigation of treatment ef-
ficacy and underlying circuit mechanisms may aid in optimiz-
ing this novel intervention.

Given the neurochemical targets of ketamine and its rapid
onset of action, there is broad interest in understanding its
mechanism at molecular and neurocircuit levels (Krystal
et al. 2019). Rodent models suggest that ketamine’s rapid
antidepressant action arises through activation of the neuro-
trophic cascade; unopposed AMPA receptor signaling (Zanos
2016) activates a signaling pathway including brain-derived
neurotrophic factor (BDNF), eukaryotic elongation factor 2
(eEF2), mechanistic target of rapamycin (mTOR), and glyco-
gen synthase kinase-3 (GSK-3), which induces spine forma-
tion and synaptogenesis that is necessary and sufficient for
antidepressant response (Li et al. 2010; Autry et al. 2011,
Liu et al. 2013; Zhou et al. 2014; Moda-Sava et al. 2019).
Interestingly, a similar phenomenon has been observed in
treatment with serotonergic antidepressants (Adachi et al.
2008) and electroconvulsive therapy (Nibuya et al. 1995;
Dukart et al. 2014), suggesting that the neurotrophic cascade
may represent a common mechanism of antidepressant action
(Duman and Monteggia 2006; Duman and Aghajanian 2012).
Glutamatergic projections from limbic structures to the medial
prefrontal cortex (Carreno et al. 2016; Farber 2019) also ap-
pear to be critical to antidepressant response to ketamine.
However, the way in which these changes affect neural cir-
cuits involved in depression is not yet understood.

Functional connectivity (FC), measured using resting-state
functional MRI (rsfMRI), is a tool for elucidating the changes
in brain circuitry underlying antidepressant treatment. This
technique has identified hyperconnectivity within the default
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mode network (DMN) as a cortical marker of depression
(Kaiser et al. 2015). In particular, normalization of subgenual
anterior cingulate cortex (sgACC) hyperactivity and
hyperconnectivity has consistently been observed in antide-
pressant treatment (Siegle et al. 2012; Liston et al. 2014;
Brown et al. 2020). The sgACC is a part of the DMN that
receives direct inputs from the limbic system and plays a crit-
ical role in response to emotional stimuli (Freedman et al.
2000; Drevets et al. 1997). FC between the sgACC and other
DMN regions correlates with depression severity (Greicius
et al. 2007; Connolly et al. 2013), and normalization of FC
is linked with antidepressant response across diverse treatment
modalities (Dunlop et al. 2017), including ketamine (Gértner
etal. 2019). This suggests that sgACC FC may be an indicator
of depression and recovery that is not treatment specific.

A small number of studies have specifically explored
ketamine’s effects on human brain connectivity.
Ketamine decreases FC between sgACC and DMN in
non-depressed (Scheidegger et al. 2012) adults. In de-
pressed individuals, ketamine reduced hyperactivity in
the sgACC (Morris et al. 2020), and increased connec-
tivity of some dorsolateral prefrontal regions (Abdallah
et al. 2018; Girtner et al. 2019). One recent study
found significant changes in FC between the limbic
and cortical executive networks in response to ketamine
(Vasavada et al. 2020). Measuring blood oxygenation
level-dependent signal in the hippocampus, amygdala,
and thalamus is challenging due to methodological and
logistical limitations of fMRI (Ojemann et al. 1997; Yan
et al. 2013). Advances in image acquisition and process-
ing have improved our ability to measure signal in these
structures and enabled detailed assessment of limbic—
cortico—striato—pallido—thalamic circuits (Greene et al.
2020). This is an important advance given that limbic
structures are central to depression pathophysiology
(Price and Drevets 2010) and to ketamine’s antidepres-
sant effect.

Our goal in this open-label study was twofold. The
first was to replicate and expand on our earlier clinical
experience with 96-h ketamine infusions. The second
was to use rsfMRI to assess potential neurobiological
correlates of ketamine’s antidepressant effects. To ac-
complish this, we recruited 23 participants with
treatment-resistant depression and administered a 96-h
ketamine infusion. We used validated clinical assess-
ments (MADRS, CGI-I) to assess clinical response, and
we used rsfMRI at two timepoints before (to assess FC
stability) and one timepoint after ketamine infusion to
assess neurobiological mechanisms. Our hypothesis was
that responders to ketamine would demonstrate response-
dependent connectivity decreases in the sgACC and
DMN, while all participants would show treatment-
dependent connectivity changes in the limbic system.



Psychopharmacology (2021) 238:1157-1169

1159

Methods and materials
Enroliment

We enrolled adults ages 18—65 years with major depressive
disorder. Confirmatory clinical evaluation was carried out by
study psychiatrists, using a criterion of Montgomery-Asberg
Depression Rating Scale (MADRS) (Montgomery and
Asberg 1979) score > 22, to establish at least moderate symp-
tom severity. We defined treatment resistance in the current
episode as non-response to at least two trials of antidepressant
medications of adequate dose and duration (Petersen et al.
2005). Continued use of selective serotonin reuptake inhibi-
tors and serotonin-norepinephrine reuptake inhibitors was
allowed if the dose was kept constant for at least 6 weeks
leading up to the infusion.

Additionally, healthy subjects were enrolled and assessed
at our center for the purposes of providing controls for imag-
ing studies. We selected non-depressed individuals from that
pool and then sub-selected to match them with the ketamine
clinical trial participants on demographic (age, sex, race, and
education) and imaging data quality (head motion, number of
usable frames). Washington University’s institutional review
board approved the study, and all participants gave written
informed consent prior to any study procedures. See supple-
mental methods for exclusion criteria and matched control
selection.

Ketamine infusion and measurements

Participants were admitted for 5 days/4 nights at the
Washington University Clinical Research Unit. Participants
received a continuous 96-h infusion of intravenous ketamine,
initiated at 0.15 mg/kg/h at 10 AM on day 1 and titrated as
tolerated twice daily to a target rate of 0.6 mg/kg/h. The titra-
tion strategy and target infusion rate were based on anticipated
plasma concentration of approximately 400 ng/ml (Newcomer
etal. 1999; Goldberg et al. 2011) and an estimated 50% block-
ade of NMDA receptors (Hartvig et al. 1995; Emnett et al.
2013). All study participants were started on oral clonidine,
0.1 mg twice daily, approximately 7 days prior to the infusion,
increased to 0.3 mg twice daily as tolerated, and stopped at
completion of the infusion. See supplemental methods for
details.

Psychiatric and cognitive assessments

Study clinicians assessed psychotomimetic and other side ef-
fects of ketamine infusion using the Brief Psychiatric Rating
Scale (BPRS)—positive symptom subscale (Flemenbaum and
Zimmermann 1973), and an adverse events checklists and
examination covering 20 ketamine side effects (Newcomer
et al. 1999). Antidepressant response was assessed using the

MADRS and the Clinical Global Impressions Improvement
scale (CGI-I) (Guy 1976). All participants were assessed at 2,
4, 6, and 8 weeks post-infusion by phone with the MADRS
and CGI-I (standard versions encompassing the previous 7
days). Psychometric research suggests that phone-based and
in-person MADRS ratings are comparable (Kobak et al.
2008). See supplemental methods for details.

Resting-state functional MRI acquisition and
processing

Neuroimaging was performed on a Siemens Trio 3-T TIM
scanner (Siemens, Erlangen, Germany). A gradient-recalled
echo-planar sequence (EPI) was obtained while participants
lay awake in the scanner performing no task. Two pre-
infusion timepoints were acquired 1-14 days (median = 2
days) apart with the second scan occurring within 2 weeks
of starting infusion. This was done to assess baseline FC var-
iability and reliability. Two EPI runs, lasting 6 min each, were
acquired at each of the three timepoints: the 2 pre-infusion and
then at the 2-week post-infusion time point. At these three
timepoints, 23, 18, and 20 subjects completed functional im-
aging. The control cohort was imaged on the Siemens Trio 3-
T TIM scanner using an identical EPI protocol. After
matching and exclusion, 27 control participants were includ-
ed, 7 of which had two imaging timepoints.

Details on rsfMRI processing are provided in supplemental
methods. Additional steps were taken to improve the measure-
ment of functional connectivity in subcortical regions includ-
ing multiple scans and methods to improve signal to noise
ratio (see Additional fMRI Signal Cleanup and Subcortical
Signal Analysis in supplement).

Surface generation and brain areal parcellation

For cortical regions and resting state networks, we used a
surface parcellation and community assignments generated
by Gordon and Laumann and colleagues (Gordon et al.
2016). See supplemental methods for further details on sur-
face generation and cortical parcellation.

For subcortical regions, we used a set of spherical regions
of interest (Seitzman et al. 2020) generated to achieve full
coverage and optimal region homogeneity. However, eight
limbic regions (bilateral regions within the amygdala, anterior
hippocampus proper, posterior hippocampus proper, and nu-
cleus accumbens) were expanded to cover the entire anatom-
ical structure (see Figs. 3d and S1). A subcortical limbic net-
work was defined based on neuroanatomy: amygdala, antero-
medial thalamus, nucleus accumbens, anterior hippocampus,
posterior hippocampus (Price and Drevets 2010).

To generate region-wise connectivity matrices, time
courses of all surface vertices or subcortical voxels within a
region were averaged. Functional connectivity (FC) was then
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computed between each region timeseries using Fisher z-
transformed Pearson correlation.

Network FC analysis

Based on a review of the effects of both depression and keta-
mine on FC, we generated three a priori hypotheses: (1) FC
within the DMN will decrease in patients whose depression
improves after ketamine treatment (Scheidegger et al. 2012);
(2) FC between the sgACC and DMN will decrease in patients
whose depression improves after ketamine treatment
(Greicius et al. 2007); and (3) FC within the limbic system
will change after ketamine treatment (Price and Drevets 2010;
McCabe and Mishor 2011). FC within the visual system was
measured as a negative control in which no change was ex-
pected. Additionally, we divided participants based on treat-
ment response at 2 weeks into responders (> 50% decrease in
MADRS; n = 11) and non-responders (< 50% decrease in
MADRS; n = 10).

We then conducted an exploratory FC analysis to
visualize connectivity between the three a priori targets
(DMN, sgACC, limbic system) and the rest of the brain.
FC change was assessed by first measuring baseline FC
by averaging the two timepoints acquired before keta-
mine (“Prel” and “Pre2”) and then comparing baseline
FC to the single timepoint acquired 2 weeks after keta-
mine infusion (“Post”).

Volumetric analysis

We assessed the relationships between pre-ketamine volume
of limbic structures (specifically, left and right hippocampus,
amygdala, and nucleus accumbens) and response to ketamine.
Specifically, pre-treatment volume, normalized by total intra-
cranial volume, was correlated to change in MADRS score
from baseline to 2 weeks post-infusion using a Pearson corre-
lation; p values were not corrected for multiple comparisons in
this exploratory analysis.

Statistical approach

Primary outcomes for this study were improvements in
MADRS relative to baseline, and CGI-I—specifically, num-
ber of patients scoring “much” or “very much improved.” An
ANOVA with time as a repeated measure was used to assess
significance. Post hoc comparisons with a paired ¢ test were
used to assess the effect at different time points when the
overall ANOVA was significant. Rate of response (de-
fined as MADRS reduction of at least 50% from base-
line) and rate of remission (defined as MADRS < 10)
were chosen as secondary outcomes. Comparisons were
made to the “baseline” timepoint. Outcomes were
interpreted using a per-protocol analysis.
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MADRS change was also compared to other variables
(e.g., serum concentrations of total ketamine, s- and r-keta-
mine, s- and r-norketamine, total norketamine, BPRS positive
scale averaged across infusion days) using Pearson correla-
tions. A logistic regression was used to assess relationship
between ketamine metabolite blood concentrations and side
effects.

For functional connectivity analyses, FC data from depres-
sion subjects were entered into a linear mixed effects model to
assess the relationships between time (before versus after
treatment; independent variable), treatment response (re-
sponder versus non-responder; independent variable), and
functional connectivity (dependent variable). Time and an in-
teraction of time by response were treated as fixed effects.
Participant was treated as a random effect to account for indi-
vidual differences. In total, 21 subjects with 40 observations
(two were missing data after treatment) were included in the
model. Seed maps demonstrating brain-wide connectivity of
the sgACC and limbic regions were for visualization only and
no statistical tests were done.

In total, eight primary outcomes (two clinical + six neuro-
imaging) were chosen. Thus, strict (Bonferroni) correction for
multiple comparisons would set the threshold of p < 0.00625.
Statistics are reported as raw (uncorrected) p values generated
by their respective model, but we also report which primary
outcome measures do not pass significance after Bonferroni
correction.

To better interpret effects of intervention on brain network
connectivity, we conducted a post hoc comparison of FC be-
tween matched controls and depression subjects (at baseline
and after ketamine) for the three hypothesized systems above
plus the visual system (negative control). This was done by
averaging FC data across timepoints when a participant had
two timepoints in the same condition (i.e., for patients’ two
baseline imaging visits) and then conducting unpaired two-
tailed 7 tests (eight in total) between controls and patients at
baseline and again between controls and patients after keta-
mine. Statistics for this post hoc analysis are reported as raw
(uncorrected) p values.

Results

Prolonged ketamine infusion is tolerated and
produced target drug concentrations

From January 2014 to August 2016, we consented 27 partic-
ipants via referrals and clinicaltrials.gov: 1 failed to meet
inclusion criteria and 3 withdrew consent prior to the
infusion, leaving 23 eligible participants. Table 1 shows the
baseline characteristics of the 23 participants who initiated
infusion. The infusion procedure was well-tolerated, with all
but one of the individuals completing the infusion. Another
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Table 1  Patient characteristics
Patient Characteristics mean (SD)
Age 40.0 (14.05)
Sex, n (%)
Male 13 (56.52)
Female 10 (43.48)
Race, n (%)
White 23 (100%)
Non-White 0 (0%)
Ethnicity, n (%)
Hispanic/Latino 0 (0%)
Not Hispanic/Latino 22 (96%)
Unknown/Not Reported 1 (4%)
Severity of Illness, n (%)
Moderately ill 7 (30%)
Markedly ill 15 (65%)
Severely ill 1 (4%)
Previous Antidepressant Trials 8.2 (5)
Total MADRS Score (baseline) 28.83 (3.94)
Max Tolerated Dose (mg/kg-hr) 0.54 (0.13)

patient was lost to follow-up after completing the “day 6”
follow-up. Of the 22 participants who completed the 96-h
infusion, 5 participants did not tolerate the maximum target
infusion rate, primarily due to nausea and anxiety. The mean
final dose was 0.54 mg/kg/h (SD = 0.13). Concentrations of
ketamine and its major metabolites obtained over the course of
treatment are listed in Table S1.

Side effects were generally mild in intensity, improved
over the course of the infusion, and subsided quickly after
stopping infusion (Table S3). At time of discharge, some par-
ticipants still reported fatigue (14%, 3/21), inattention (14%,
3/21), sedation (14%, 3/21), lightheadedness (5%, 1/21), rest-
lessness (5%, 1/21), and palpitations (5%, 1/21). These are
comparable to symptoms reported prior to starting the infu-
sion. On average, there was minimal increase in systolic
(8 mm Hg) and diastolic blood pressure (5 mm Hg) at § AM
on day 5 compared to pre-infusion (Fig. S2). Psychotomimetic
effects (BPRS positive scale) were mild (Fig. S3), peaked on
infusion day 3 (mean 6.3 £ 1.58), and tended to decline during
infusion days 4-5. Side effects were not correlated with serum
concentrations of ketamine or any of its metabolites (data not
shown).

Prolonged ketamine infusion induced persistent
improvements in depression severity

MADRS scores fell significantly after the ketamine infusion
ended and then rose slowly over the next 8 weeks (Fig. 1).
Mean MADRS was 29 (SD = 4) pre-infusion. Post-infusion,

mean MADRS was 9 at one day (SD =8, p <0.001; Cohen’s d
=1.7), 13 at 2 weeks (SD =8, p<0.001; d =1.6), and 15 at 8
weeks (SD =8, p < 0.001; d = 1.5). One day after infusion
ended, 73% (16/22) of subjects showed response (at least a
50% reduction in MADRS) (Fig. 1) with 59% (13/22) in re-
mission (MADRS < 10). At 2 weeks, 52% (11/21) of subjects
still showed response, with 38% (8/21) in remission. At §
weeks, results were similar to the 2-week timepoint: 52%
(11/21) of subjects still showed response, with 33% in remis-
sion. Of those who responded at 2 weeks, 73% (8/11)
remained responders at 8 weeks. The only patient who con-
tinued to have MADRS > 30 on post-infusion day 1 missed
subsequent timepoints due to psychiatric hospitalization. If we
assumed that this patient remained severely depressed, then
response rates at 2 and 8 weeks would be 50% (11/22).
Consistent with prior reports (Luckenbaugh et al. 2014;
Pennybaker et al. 2017), participants’ BPRS positive scale
scores (averaged across infusion days) showed an inverse re-
lationship to MADRS change at 1 day post-infusion (r = —
0.54, p =0.009), but the relationship was no longer significant
by 2 and 8 weeks (both p > 0.1; Fig. S3). CGI-I scores
paralleled MADRS changes: 73% (16/22) were much im-
proved or very much improved 1 day post-infusion, while
71% (15/21) and 62% (13/21) were much improved or very
much improved at 2 and 8 weeks, respectively (Fig. 1).
Response to treatment at 2 weeks was not significantly
correlated with mean serum concentration of ketamine (Fig.
S3) or its major metabolites s- and r-norketamine (p > 0.05).

Effects of ketamine on DMN FC

We used rsfMRI to measure the sustained effects of ketamine
on brain connectivity, based on FC measures taken before and
2 weeks after ketamine infusion. After strict imaging exclu-
sion criteria, 19 subjects had at least one pre-scan and post-
scan timepoint.

We first assessed change in DMN FC (averaged across all
DMN node pairs) in response to ketamine, using a linear
mixed-effects model. Connectivity within the DMN decreased
2 weeks after ketamine infusion (p = 0.003, T = - 3.2, DF =
37; Fig. S4A—C). The interaction of time and response yielded
a p value of 0.051 (T = 2.0, DF = 37). In other words, re-
sponders (> 50% decrease in MADRS at 2 weeks; n = 11)
showed a trend toward larger decreases in DMN connectivity
than non-responders (n = 10; Fig. S4E).

Ketamine reduces subgenual anterior cingulate
cortex to DMN FC

We next tested the narrower hypothesis that FC between the
bilateral sgACC and the rest of the DMN would decrease in
response to ketamine. Here, we found an effect of time and an
interaction of time-by-response. Connectivity between
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Fig. 1 Clinical response to 96 h 40 @ @

@

ketamine infusion. MADRS
scores were significantly
improved by ketamine (repeated
measures ANOVA p < 0.001).
Mean MADRS was 29 pre-
infusion, 9 one day post-infusion,
13 and 15 at 2 and 8 weeks post-
infusion, respectively. Black line
shows mean and SD. Double
asterisk indicates p < 0.001 for all
post-infusion timepoints versus
baseline. Red bar indicates infu-
sion period; @ indicates neuro-

T T T
* %

imaging timepoints. Below, per-

Day 6 2wk 4wk 6wk 8wk

. . B Enroll Baseline Day 5
;ent of patients meeting criteria Timepoint
or response, remission, and CGI— Response (MADRS<50%) 73% 529% 65% . 52%

I of 1-2 (much or very much im- o

proved), as well as total number Remission (MADRS<10) 59% 38% 40% 29% 33%

of subjects at each timepoint Much or Very Much Improved 73% 71% 75% 57% 62%
(CGI-I)
Total 22 21 20 21 21

sgACC and the remainder of the DMN decreased 2 weeks
after ketamine infusion (p = 0.001, T = — 3.5, DF = 37; Fig.
2a—c). In response to ketamine, sgACC connectivity de-
creased to major components of the DMN across cortical
hemispheres (Fig. 2d). There was a concurrent increase in
FC between sgACC and other frontal areas, particularly the
bilateral caudal anterior cingulate and bilateral anterior insula.
In addition, responders showed a larger decrease in sgACC-
DMN connectivity than non-responders (Fig. 2e; p = 0.028, T
= 2.3, DF = 37). However, this does not pass Bonferroni-
corrected threshold of p < 0.00625.

Ketamine reduces connectivity within the limbic
system

Limbic regions, nucleus accumbens and amygdala in particu-
lar, have lower raw rsfMRI signal and higher noise than cor-
tex. In these data, signal in limbic regions was substantially
better than cortical areas known to have signal dropout (Fig.
S7). Following our image processing approach (see
Additional fMRI Signal Cleanup), SD in limbic structures
was no different from cortical regions, suggesting that addi-
tional sources of noise affecting limbic signal had been re-
moved (Fig. S7TB). Baseline FC values within the limbic net-
work were around 7 = 0.2 on average (Fig. 2b; roughly the
same as FC values in the cortical visual and ventral attention
networks). Limbic regions showed FC with sgACC and other
parts of the DMN (Fig. S6A).

Ketamine infusion caused a decrease in FC within the lim-
bic system of depressed individuals (p = 0.003, T =— 3.2, DF
= 37; Fig. 3a—c). By comparison, signal and noise properties
of limbic regions did not change (Fig S7). Ketamine-induced
change in limbic FC did not differ between responders (> 50%
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decrease in MADRS) and non-responders (p = 0.54, T=0.61,
DF =37; Fig. S5). While connections between nearly all parts
of'the limbic system decreased after ketamine, FC between the
anterior thalamus and other limbic structures showed particu-
larly a large decrease (Fig. 3d). When FC between limbic
regions and the cortex was visualized, we observed increased
FC to many cortical areas after treatment, particularly frontal
components of the cingulo-opercular network (Fig. 3e; Fig.
S6B).

Depression-related hyperconnectivity in the default
network and limbic system

To better interpret the changes in functional connectivity ob-
served after ketamine, we compared the TRD subjects to
healthy matched controls. We found depression-related
hyperconnectivity in the hypothesized systems (limbic sys-
tem, default mode network, and a subset of default connec-
tions with the subgenual anterior cingulate) in pre-treatment
TRD subjects relative to controls (Fig. 4; 2-tailed 7 test; p <
0.05 uncorrected). No difference between patients and con-
trols was seen in the visual system. No difference was seen
between healthy controls and post-ketamine TRD patients in
any of the four systems tested.

Right hippocampus volume predicts ketamine
response

In addition, we explored the association between limbic struc-
tural volumes and clinical response to ketamine (6
structures—Ileft and right hippocampus, amygdala, and
NAcc). We observed a correlation between right hippocampal
volume and MADRS score reduction (i.e., smaller pre-
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Fig. 2 Connectivity between subgenual anterior cingulate (sgACC) and
Default Mode Network (DMN) decreases with ketamine infusion. a
Regions included in bilateral sgACC and DMN are shown. b Blue lines
on the left represent normal variability of FC between the sgACC and
DMN in depressed patients (open circles are individuals with a single pre
timepoint). Blue lines on the right represent change in FC resulting from
ketamine infusion. Asterisk indicates that main effect of time (pre-

treatment right hippocampal volume predicted greater im-
provement in response to ketamine) (Pearson’s » = 0.52, p =
0.023 uncorrected) (Fig. 5). None of the five other limbic
structures tested showed a significant relationship.

Discussion
Long infusion paradigm

Our examination of clinical and neuroimaging outcomes of a
96-h, high-dose ketamine infusion for adults with treatment-
resistant depression provided two key observations. The first
is that a single, prolonged, high-dose infusion may offer more
persistent antidepressant effect than brief ketamine bolus. The
response rate at 2 weeks post-infusion (52%, 11/21) is similar
to the response rate that has been reported at 4 weeks with
recurrent twice-weekly intranasal esketamine of 50-55% in
ketamine-naive treatment-resistant depression patients
(Fedgchin et al. 2019). However, in the present study,

infusion vs post-infusion) was significant (p = 0.001). ¢ FC change in
TRD patients (post-infusion minus pre-infusion). Error bars = SD of FC
change. d Maps of cortical FC of bilateral sgACC (target symbol) before
and after ketamine. e Comparison of FC change between responders
(greater than 50% reduction in MADRS) and non-responders (less than
50% reduction in MADRS). Asterisk indicates the interaction of time-by-
response was significant (p = 0.028). Error bars = SD

treatment response remained unchanged at 8 weeks without
any further treatment (52%, 11/21). This is consistent with our
previous 96-h ketamine infusion feasibility study (Lenze et al.
2016) and with trials of long ketamine infusions for chronic
pain that have reported responses lasting many months
(Webster and Walker 2006; Sigtermans et al. 2009;
Schwartzman et al. 2009; Niesters et al. 2014). By contrast,
antidepressant effects of a single 40-min ketamine bolus tend
to dissipate after around 1 week (Xu et al. 2016). Taken to-
gether, this evidence indicates that a longer infusion may ex-
tend the antidepressant effects of ketamine. A placebo-
controlled study will be needed to validate our assertion of a
prolonged response.

It may be that a higher total ketamine dose and a
longer period of NMDA receptor blockade reduce the
relapse rate following cessation of treatment. Animal
studies have shown that ketamine bolus increases
BDNF RNA translation but not transcription (Autry
et al. 2011). Thus, it is possible that the longer infusion
is needed to induce transcriptional change.
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Fig. 3 Connectivity within the limbic system decreases after ketamine
infusion. a Regions of interest included in the limbic network. b Blue
lines on the left represent normal variability of limbic FC (open circles are
individuals with a single pre timepoint, black lines are mean of patients
with both timepoints). Blue lines on the right represent change in FC
resulting from ketamine infusion. Asterisk indicates that main effect of
time (pre-infusion vs post-infusion) was significant (p = 0.003). ¢ FC
change in TRD patients (post-infusion minus pre-infusion). Error bars =

The second key finding from this study is that sub-
jects demonstrated normalization of depression-related
hyperconnectivity following high-dose ketamine infu-
sion. Specifically, participants showed a decrease in
FC between the subgenual anterior cingulate and DMN
(that was larger in responders), and within the limbic
system (that was independent of clinical response).
There were also FC changes between limbic and other
brain areas. This study is the first to directly investigate
the effects of ketamine on the limbic system in humans
suffering from treatment-resistant depression, and it
points to potential mechanisms underlying ketamine’s
antidepressant effects.

Subgenual cingulate and DMN
The observed decrease in DMN connectivity after keta-

mine may reflect normalization of hyperconnectivity that
has been linked to pathological introspection and
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-15 -05.05 .15

SD of FC change. d Matrix of FC change between limbic regions.
Colored squares in the matrix indicate pairs of limbic regions whose
connectivity changes as a result of ketamine infusion (red indicates
increased FC, blue indicates decreased FC). The matrix shows t-
statistics thresholded by p < 0.1. e Group-average seed FC between lim-
bic network and cortical regions before and after ketamine are projected
on the right hemisphere. The difference map is also shown for both
hemispheres

rumination in depression (Hamilton et al. 2015). We
focused on sgACC connectivity in particular because it
is perhaps the most robust marker of both depression
severity and treatment and response. Depression has
consistently been associated with sgACC volume
(Drevets et al. 1997; Bora et al. 2012), hyperactivity
(Drevets et al. 2008; Siegle et al. 2012), and
hyperconnectivity with the DMN (Greicius et al. 2007)
of the sgACC. We observed that ketamine infusion pro-
duced a decrease in FC between bilateral sgACC and
the DMN. This parallels previous studies measuring the
effects of SSRI (Dunlop et al. 2017) and TMS (Liston
et al. 2014). We, therefore, interpret the observed de-
crease in FC to reflect a general effect of recovery from
depression. This is supported by the observation that
responders showed a larger decrease in sgACC-DMN
FC than non-responders. By observing this treatment
non-specific phenomenon, we view this as a positive
control for our subsequent FC analysis.
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We found effects of ketamine on FC within the limbic
system (Figs. 4, S6), particularly the anterior thalamus
and anterior hippocampus. This finding is consistent with
preclinical studies suggesting works by activating the neu-
rotrophic cascade in the limbic system (Autry et al. 2011;
Zanos et al. 2016; Krystal et al. 2019) but it has not been
reported in prior human ketamine FC studies. This may be
because of methodological advances taken here to
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Fig. 5 Pre-treatment hippocampal volume predicts treatment response.
The x-axis depicts volume of the hippocampus as a proportion of intra-
cranial volume; the y-axis reflects change in MADRS score from baseline
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improve signal-to-noise in these regions. In contrast to
within-DMN and sgACC-DMN FC, we argue that limbic
FC change may be a ketamine-specific effect. Vasavada
and colleagues recently reported FC changes between hip-
pocampus, amygdala, and executive control networks
24 h after a short ketamine infusion (Vasavada et al.
2020). Our results partly complement (Fig. S6) and ex-
tend those by showing large FC decreases within the lim-
bic system and in particular between the anterior thalamus
and other limbic structures.
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Past neuroimaging studies have found limbic FC to corre-
spond to stress-related measures. For example, amygdala-
hippocampus FC positively correlates with psychosocial
stress and history of abuse (Fan et al. 2015), and increases
transiently (for hours) after an acute social stressor
(Vaisvaser et al. 2013). These effects are mediated by the
glucocorticoid system (Hall et al. 2015). Relatedly, prior work
using magnetoencephalography found that response to fearful
faces predicted antidepressant response to ketamine
(Salvadore et al. 2009). Thus, it is possible that the observed
reduction in limbic FC reflects a modulation in limbic stress
response after ketamine.

Animal studies have also suggested that ketamine’s antide-
pressant effects depend on activation of hippocampal-
prefrontal projections (Carreno et al. 2016). We observed in-
creased FC between limbic regions and the anterior cingulate
cortex (Fig. S6), suggesting that this mechanism may be con-
served in humans. However, it should be noted that the ob-
served hippocampal-frontal FC increase was actually a loss of
pre-treatment anticorrelation, making interpretation difficult.

Finally, the observed relationship between right hippocam-
pal volume and ketamine response in our exploratory analysis
is of potential clinical importance. Similar to previous results
(Abdallah et al. 2015, 2017), we observed that smaller hippo-
campal volume predicted better response to ketamine.
Reduced hippocampal volume has been associated with a
number of psychiatric disorders, most notably major depres-
sive disorder (Videbech and Ravnkilde 2004; Schmaal et al.
2016). Conversely, a number of studies have reported that
smaller pre-treatment hippocampal volume predicts worse re-
sponse to serotonergic antidepressants (Colle et al. 2018).
Thus, hippocampal volume may be of clinical value in choos-
ing between treatment strategies (serotonergic antidepressant
versus ketamine).

Limitations and conclusions

The greatest limitation of this study is that no placebo condi-
tion was used. Without an active placebo, such as short infu-
sion of ketamine or other CNS active agent, it is not possible
to determine how other aspects of the clinical trial (such as
intensive monitoring) affected clinical response. This limits
our ability to make strong conclusions about the clinical effi-
cacy of 96-h ketamine infusions. However, response data here
are similar to that seen in our prior 96-h ketamine trial that
utilized a 40-min ketamine infusion control group (Lenze
et al., 2016) and to that seen in other ketamine studies, sug-
gesting that the observed response is not an artifact. Similarly,
it cannot be said with certainty if observed connectivity
changes are attributable to ketamine or placebo effect. Now
that potential clinical benefit and neuroimaging correlates
have been found with the 96-h ketamine infusion paradigm,
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a randomized controlled clinical trial to confirm these results
is needed.

Future studies are also needed to determine optimal param-
eters of treatment and to understand clinical outcomes. This
paradigm was prompted by studies in chronic pain showing
that 96-h infusion produces a clinical response sustained for as
long as 8 months (Niesters et al. 2014). But it is possible that a
much shorter infusion might have the same effect. Thus, it will
be important to vary infusion duration and follow patients for
a longer period of time to better understand duration of clinical
benefit. Moreover, while it has been demonstrated that cloni-
dine reduces psychotomimetic effects of ketamine (Farber
et al. 1995; Sollazzi et al. 2009), further work is needed to
determine what effect clonidine has on the antidepressant
properties of ketamine.

Another limitation is the barrier to clinical adoption of a 96-
h infusion. Specifically, cost and logistics may make such a
long infusion unrealistic for an outpatient population, who
might prefer serial twice-weekly ketamine boluses. Even so,
it may be practical to provide a long duration infusion to
hospitalized patients, as has been reported in previous studies
of long ketamine infusion for patients with chronic pain
(Niesters et al. 2014) and more recently with brexanolone
60-h infusions in post-partum depression. A goal of fur-
ther clinical development that may mitigate those bar-
riers would be to optimize patient selection via an en-
richment strategy. For example, patients could first re-
ceive a brief ketamine dose, and then those who re-
spond clinically would be considered for a 96-h infu-
sion (Lenze et al. 2020). Similarly, future work could
identify and validate neurobiological predictors of ther-
apeutic response (such as hippocampal volume). Given
the novel mechanism of ketamine, these neurobiological
questions may help not only to optimize ketamine ther-
apy but also to guide the search for novel interventions
for depression (Heifets and Malenka 2019).

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00213-021-05762-6.

Acknowledgments We thank the nursing staff of the Washington
University Clinical Translational Research Unit for their help.
Additional thanks to Nicholas Metcalf for assistance with neuroimaging
processing and analysis.

Authors’ contributions JAS, EJL, BMA, EDK, and NBF contributed to
design, acquisition, analysis, interpretation, and writing. JSS, BJAP,
GEN, and AZS contributed to analysis, interpretation, and writing.
MDY contributed to design, analysis, and interpretation.

Funding This study was supported by The Sidney R. Baer, Jr.
Foundation, The Foundation for Barnes-Jewish Hospital, The Taylor
Family Institute, NIH funded Washington University ICTS/CTSA grants
UL1TR000448, NIH funded National Center for Advancing
Translational Sciences grant UL1TR002345, a Mallinckrodt Institute of
Radiology Just-In-Time grant, NIMH funded Research Education Grant


https://doi.org/10.1007/s00213-021-05762-6

Psychopharmacology (2021) 238:1157-1169

1167

R25 MH112473, and NIH grants NS098577, ROIMH118031,
ROINRO15738, and ROIAG057680.

Compliance with ethical standards

Conflict of interest Author GEN has received research support from
NIMH, The Barnes Jewish Hospital Foundation, the Center for Brain
Research in Depression, Center for Diabetes Translational Research,
Institute for Clinical Translational Science and the McDonnell Center
for Systems Neuroscience at Washington University School of
Medicine, and has consulted for Alkermes. Author NBF receives research
support from the BJH Foundation and holds patents on the use of cloni-
dine to improve the tolerability of ketamine. Author EJL receives grant/
research support from NIA, NCCIH, OBSSR, FDA, PCORI, McKnight
Brain Research Foundation, Takeda, Alkermes, Aptinyx, Johnson &
Johnson, and Lundbeck and previously Roche and the Sidney R. Baer
Foundation and he has consulted for Janssen Pharmaceuticals and Jazz
Pharmaceuticals. Authors JSS, BJP, BMA, EDK, JAS, AZS, and MDY
all report no relevant financial disclosures.

Disclaimer Study sponsors had no role in study design or conduct, data
analysis, interpretation of results, or preparation of the manuscript.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdallah CG, Dutta A, Averill CL, McKie S, Akiki TJ, Averill LA,
William Deakin JF (2018) Ketamine, but not the NMDAR antago-
nist lanicemine, increases prefrontal global connectivity in de-
pressed patients. Chronic Stress 2:2470547018796102. https://doi.
org/10.1177/2470547018796102

Abdallah CG, Jackowski A, Salas R, Gupta S, Sato JR, Mao X, Coplan
JD, Shungu DC, Mathew SJ (2017) The nucleus accumbens and
ketamine treatment in major depressive disorder.
Neuropsychopharmacology 42:1739-1746. https://doi.org/10.
1038/npp.2017.49

Abdallah CG, Salas R, Jackowski A, Baldwin P, Sato JR, Mathew SJ
(2015) Hippocampal volume and the rapid antidepressant effect of
ketamine. J Psychopharmacol 29:591-595. https://doi.org/10.1177/
0269881114544776

Adachi M, Barrot M, Autry AE, Theobald D, Monteggia LM (2008)
Selective loss of brain-derived neurotrophic factor in the dentate
gyrus attenuates antidepressant efficacy. Biological Psychiatry 63:
642—-649. https://doi.org/10.1016/j.biopsych.2007.09.019

Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, Kavalali
ET, Monteggia LM (2011) NMDA receptor blockade at rest triggers
rapid behavioural antidepressant responses. Nature 475:91-95.
https://doi.org/10.1038/nature 10130

Bora E, Harrison BJ, Davey CG, Yiicel M, Pantelis C (2012) Meta-analysis
of volumetric abnormalities in cortico-striatal-pallidal-thalamic circuits

in major depressive disorder. Psychological Medicine 42:671-681.
https://doi.org/10.1017/S0033291711001668

Brown EC, Clark DL, Forkert ND, Molnar CP, Kiss ZHT, Ramasubbu R
(2020) Metabolic activity in subcallosal cingulate predicts response
to deep brain stimulation for depression. Neuropsychopharmacol
45:1681-1688. https://doi.org/10.1038/s41386-020-0745-5

Carreno FR, Donegan JJ, Boley AM, Shah A, DeGuzman M, Frazer A,
Lodge DJ (2016) Activation of a ventral hippocampus—medial pre-
frontal cortex pathway is both necessary and sufficient for an anti-
depressant response to ketamine. Molecular Psychiatry 21:1298—
1308. https://doi.org/10.1038/mp.2015.176

Colle R, Dupong I, Colliot O, Deflesselle E, Hardy P, Falissard B,
Ducreux D, Chupin M, Corruble E (2018) Smaller hippocampal
volumes predict lower antidepressant response/remission rates in
depressed patients: a meta-analysis. The World Journal of
Biological Psychiatry 19:360-367. https://doi.org/10.1080/
15622975.2016.1208840

Connolly CG, Wu J, Ho TC, Hoeft F, Wolkowitz O, Eisendrath S, Frank
G, Hendren R, Max JE, Paulus MP, Tapert SF, Banerjee D,
Simmons AN, Yang TT (2013) Resting-state functional connectiv-
ity of subgenual anterior cingulate cortex in depressed adolescents.
Biological Psychiatry 74:898-907. https://doi.org/10.1016/j.
biopsych.2013.05.036

Drevets WC, Price JL, Furey ML (2008) Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry
models of depression. Brain Structure and Function 213:93—-118.
https://doi.org/10.1007/s00429-008-0189-x

Drevets WC, Price JL, Simpson JR et al (1997) Subgenual prefrontal
cortex abnormalities in mood disorders. Nature 386:824-827.
https://doi.org/10.1038/386824a0

Dukart J, Regen F, Kherif F, Colla M, Bajbouj M, Heuser I, Frackowiak
RS, Draganski B (2014) Electroconvulsive therapy-induced brain
plasticity determines therapeutic outcome in mood disorders.
PNAS 111:1156-1161. https://doi.org/10.1073/pnas.1321399111

Duman RS, Aghajanian GK (2012) Synaptic dysfunction in depression:
potential therapeutic targets. Science 338:68-72. https://doi.org/10.
1126/science.1222939

Duman RS, Monteggia LM (2006) A neurotrophic model for stress-
related mood disorders. Biological Psychiatry 59:1116-1127.
https://doi.org/10.1016/j.biopsych.2006.02.013

Dunlop BW, Rajendra JK, Craighead WE, Kelley ME, McGrath CL,
Choi KS, Kinkead B, Nemeroff CB, Mayberg HS (2017)
Functional connectivity of the subcallosal cingulate cortex and dif-
ferential outcomes to treatment with cognitive-behavioral therapy or
antidepressant medication for major depressive disorder. AJP 174:
533-545. https://doi.org/10.1176/appi.ajp.2016.16050518

Emnett CM, Eisenman LN, Taylor AM, Izumi Y, Zorumski CF,
Mennerick S (2013) Indistinguishable synaptic pharmacodynamics
of the N-methyl-d-aspartate receptor channel blockers memantine
and ketamine. Mol Pharmacol 84:935-947. https://doi.org/10.
1124/mol.113.089334

Fan Y, Pestke K, Feeser M, Aust S, Pruessner JC, Boker H, Bajbouj M,
Grimm S (2015) Amygdala—hippocampal connectivity changes dur-
ing acute psychosocial stress: joint effect of early life stress and
oxytocin. Neuropsychopharmacol 40:2736-2744. https://doi.org/
10.1038/npp.2015.123

Farber NB (2019) NMDA Antagonists for Treatment-Resistant
Depression. In: Macaluso M, Preskorn SH (eds) Antidepressants:
from biogenic amines to new mechanisms of action. Springer
International Publishing, Cham, pp 287-305

Farber NB, Foster J, Duhan NL, Olney JW (1995) « 2 adrenergic agonists
prevent MK-801 neurotoxicity. Neuropsychopharmacology 12:
347-349. https://doi.org/10.1016/0893-133X(95)00048-1

Fedgchin M, Trivedi M, Daly EJ, Melkote R, Lane R, Lim P, Vitagliano
D, Blier P, Fava M, Liebowitz M, Ravindran A, Gaillard R, Ameele
HVD, Preskorn S, Manji H, Hough D, Drevets WC, Singh JB

@ Springer


https://doi.org/
https://doi.org/10.1177/2470547018796102
https://doi.org/10.1177/2470547018796102
https://doi.org/10.1038/npp.2017.49
https://doi.org/10.1038/npp.2017.49
https://doi.org/10.1177/0269881114544776
https://doi.org/10.1177/0269881114544776
https://doi.org/10.1016/j.biopsych.2007.09.019
https://doi.org/10.1038/nature10130
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1038/s41386-020-0745-5
https://doi.org/10.1038/mp.2015.176
https://doi.org/10.1080/15622975.2016.1208840
https://doi.org/10.1080/15622975.2016.1208840
https://doi.org/10.1016/j.biopsych.2013.05.036
https://doi.org/10.1016/j.biopsych.2013.05.036
https://doi.org/10.1007/s00429-008-0189-x
https://doi.org/10.1038/386824a0
https://doi.org/10.1073/pnas.1321399111
https://doi.org/10.1126/science.1222939
https://doi.org/10.1126/science.1222939
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1176/appi.ajp.2016.16050518
https://doi.org/10.1124/mol.113.089334
https://doi.org/10.1124/mol.113.089334
https://doi.org/10.1038/npp.2015.123
https://doi.org/10.1038/npp.2015.123
https://doi.org/10.1016/0893-133X(95)00048-I

1168

Psychopharmacology (2021) 238:1157-1169

(2019) Efficacy and safety of fixed-dose esketamine nasal spray
combined with a new oral antidepressant in treatment-resistant de-
pression: results of a randomized, double-blind, active-controlled
study (TRANSFORM-1). Int J Neuropsychopharmacol 22:616—
630. https://doi.org/10.1093/ijnp/pyz039

Flemenbaum A, Zimmermann RL (1973) Inter- and intra-rater reliability
of the Brief Psychiatric Rating Scale. Psychol Rep 33:783-792.
https://doi.org/10.2466/pr0.1973.33.3.783

Freedman LJ, Insel TR, Smith Y (2000) Subcortical projections of area 25
(subgenual cortex) of the macaque monkey. Journal of Comparative
Neurology 421:172—188. https://doi.org/10.1002/(SICI)1096-
9861(20000529)421:2<172::AID-CNE4>3.0.CO;2-8

Girtner M, Aust S, Bajbouj M, Fan Y, Wingenfeld K, Otte C, Heuser-
Collier I, Boker H, Héattenschwiler J, Seifritz E, Grimm S,
Scheidegger M (2019) Functional connectivity between prefrontal
cortex and subgenual cingulate predicts antidepressant effects of
ketamine. European Neuropsychopharmacology 29:501-508.
https://doi.org/10.1016/j.euroneuro.2019.02.008

Goldberg ME, Torjman MC, Schwartzman RJ, Mager DE, Wainer IW
(2011) Enantioselective pharmacokinetics of (R)- and (S)-ketamine
after a 5-day infusion in patients with complex regional pain syn-
drome. Chirality 23:138-143. https://doi.org/10.1002/chir.20890

Gordon EM, Laumann TO, Adeyemo B et al (2016) Generation and
evaluation of a cortical area parcellation from resting-state correla-
tions. Cereb Cortex 26:288-303. https://doi.org/10.1093/cercor/
bhu239

Greene DJ, Marek S, Gordon EM, et al (2020) Integrative and network-
specific connectivity of the basal ganglia and thalamus defined in
individuals. Neuron 105:742-758.e6. doi:https://doi.org/10.1016/].
neuron.2019.11.012

Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H,
Reiss AL, Schatzberg AF (2007) Resting-state functional connec-
tivity in major depression: abnormally increased contributions from
subgenual cingulate cortex and thalamus. Biological Psychiatry 62:
429-437. https://doi.org/10.1016/j.biopsych.2006.09.020

Guy WE (1976) ECDEU assessment manual for psychopharmacology-
revised (DHEW Publ No ADM 76-338). Rockville, MD, US
Department of Health, Education, and Welfare. Public Health
Service, Alcohol, Drug Abuse, and Mental Health Administration,
NIMH Psychopharmacology Research Branch, Division of
Extramural Research Programs 1076:534-7

Hall BS, Moda RN, Liston C (2015) Glucocorticoid mechanisms of func-
tional connectivity changes in stress-related neuropsychiatric disor-
ders. Neurobiology of Stress 1:174—183. https://doi.org/10.1016/].
ynstr.2014.10.008

Hamilton JP, Farmer M, Fogelman P, Gotlib IH (2015) Depressive rumi-
nation, the default-mode network, and the dark matter of clinical
neuroscience. Biological Psychiatry 78:224-230. https://doi.org/
10.1016/j.biopsych.2015.02.020

Hartvig P, Valtysson J, Lindner K-J, Kristensen J, Karlsten R, Gustafsson
LL, Persson J, Svensson JO, @ye I, Antoni G, Westerberg G,
Langstrom B (1995) Central nervous system effects of
subdissociative doses of (S)-ketamine are related to plasma and
brain concentrations measured with positron emission tomography
in healthy volunteers. Clinical Pharmacology & Therapeutics 58:
165-173. https://doi.org/10.1016/0009-9236(95)90194-9

Heifets BD, Malenka RC (2019) Disruptive psychopharmacology.
JAMA Psychiatry 76:775-776. https://doi.org/10.1001/
jamapsychiatry.2019.1145

Kaiser RH, Andrews-Hanna JR, Wager TD, Pizzagalli DA (2015) Large-
scale network dysfunction in major depressive disorder: a meta-
analysis of resting-state functional connectivity. JAMA Psychiatry
72:603-611. https://doi.org/10.1001/jamapsychiatry.2015.0071

Kobak KA, Williams JBW, Jeglic E, Salvucci D, Sharp IR (2008) Face-
to-face versus remote administration of the Montgomery-Asberg

@ Springer

Depression Rating Scale using videoconference and telephone.
Depress Anxiety 25:913-919. https://doi.org/10.1002/da.20392

Krystal JH, Abdallah CG, Sanacora G, Charney DS, Duman RS (2019)
Ketamine: a paradigm shift for depression research and treatment.
Neuron 101:774-778. https://doi.org/10.1016/j.neuron.2019.02.005

Lenze EJ, Farber NB, Kharasch E, Schweiger J, Yingling M, Olney J,
Newcomer JW (2016) Ninety-six hour ketamine infusion with co-
administered clonidine for treatment-resistant depression: a pilot
randomised controlled trial. The World Journal of Biological
Psychiatry 17:230-238. https://doi.org/10.3109/15622975.2016.
1142607

Lenze EJ, Rodebaugh TL, Nicol GE (2020) A framework for advancing
precision medicine in clinical trials for mental disorders. JAMA
Psychiatry. 77:663—664. https://doi.org/10.1001/jamapsychiatry.
2020.0114

LiN, Lee B, Liu R-J, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian
G, Duman RS (2010) mTOR-dependent synapse formation under-
lies the rapid antidepressant effects of NMDA antagonists. Science
329:959-964. https://doi.org/10.1126/science.1190287

Liston C, Chen AC, Zebley BD, Drysdale AT, Gordon R, Leuchter B,
Voss HU, Casey BJ, Etkin A, Dubin MJ (2014) Default mode net-
work mechanisms of transcranial magnetic stimulation in depres-
sion. Biological Psychiatry 76:517-526. https://doi.org/10.1016/].
biopsych.2014.01.023

Liu R-J, Fuchikami M, Dwyer JM, Lepack AE, Duman RS, Aghajanian
GK (2013) GSK-3 inhibition potentiates the synaptogenic and
antidepressant-like effects of subthreshold doses of ketamine.
Neuropsychopharmacology 38:2268-2277. https://doi.org/10.
1038/npp.2013.128

Luckenbaugh DA, Niciu MJ, Ionescu DF, Nolan NM, Richards EM,
Brutsche NE, Guevara S, Zarate CA (2014) Do the dissociative side
effects of ketamine mediate its antidepressant effects? Journal of
Affective Disorders 159:56-61. https://doi.org/10.1016/j.jad.2014.
02.017

Manji HK, Drevets WC, Charney DS (2001) The cellular neurobiology of
depression. Nature Medicine 7:541-547. https://doi.org/10.1038/
87865

McCabe C, Mishor Z (2011) Antidepressant medications reduce
subcortical—cortical resting-state functional connectivity in healthy
volunteers. Neurolmage 57:1317-1323. https://doi.org/10.1016/j.
neuroimage.2011.05.051

Moda-Sava RN, Murdock MH, Parekh PK, et al (2019) Sustained rescue
of prefrontal circuit dysfunction by antidepressant-induced spine
formation. Science 364:eaat8078. doi:https://doi.org/10.1126/
science.aat8078

Montgomery SA, Asberg M (1979) A new depression scale designed to
be sensitive to change. The British Journal of Psychiatry 134:382—
389. https://doi.org/10.1192/bjp.134.4.382

Morris LS, Costi S, Tan A, Stern ER, Charney DS, Murrough JW (2020)
Ketamine normalizes subgenual cingulate cortex hyper-activity in
depression. Neuropsychopharmacology 45:1-7. https://doi.org/10.
1038/s41386-019-0591-5

Newcomer JW, Farber NB, Jevtovic-Todorovic V, Selke G, Melson AK,
Hershey T, Craft S, Olney JW (1999) Ketamine-induced NMDA
receptor hypofunction as a model of memory impairment and psy-
chosis. Neuropsychopharmacology 20:106—118. https://doi.org/10.
1016/S0893-133X(98)00067-0

Nibuya M, Morinobu S, Duman RS (1995) Regulation of BDNF and
trkB mRNA in rat brain by chronic electroconvulsive seizure and
antidepressant drug treatments. J Neurosci 15:7539-7547. https://
doi.org/10.1523/INEUROSCI.15-11-07539.1995

Niesters M, Martini C, Dahan A (2014) Ketamine for chronic pain: risks
and benefits. British Journal of Clinical Pharmacology 77:357-367.
https://doi.org/10.1111/bep.12094

Ojemann JG, Akbudak E, Snyder AZ, McKinstry RC, Raichle ME,
Conturo TE (1997) Anatomic localization and quantitative analysis


https://doi.org/10.1093/ijnp/pyz039
https://doi.org/10.2466/pr0.1973.33.3.783
https://doi.org/10.1002/(SICI)1096-9861(20000529)421:2<172::AID-CNE4>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1096-9861(20000529)421:2<172::AID-CNE4>3.0.CO;2-8
https://doi.org/10.1016/j.euroneuro.2019.02.008
https://doi.org/10.1002/chir.20890
https://doi.org/10.1093/cercor/bhu239
https://doi.org/10.1093/cercor/bhu239
https://doi.org/10.1016/j.neuron.2019.11.012
https://doi.org/10.1016/j.neuron.2019.11.012
https://doi.org/10.1016/j.biopsych.2006.09.020
https://doi.org/10.1016/j.ynstr.2014.10.008
https://doi.org/10.1016/j.ynstr.2014.10.008
https://doi.org/10.1016/j.biopsych.2015.02.020
https://doi.org/10.1016/j.biopsych.2015.02.020
https://doi.org/10.1016/0009-9236(95)90194-9
https://doi.org/10.1001/jamapsychiatry.2019.1145
https://doi.org/10.1001/jamapsychiatry.2019.1145
https://doi.org/10.1001/jamapsychiatry.2015.0071
https://doi.org/10.1002/da.20392
https://doi.org/10.1016/j.neuron.2019.02.005
https://doi.org/10.3109/15622975.2016.1142607
https://doi.org/10.3109/15622975.2016.1142607
https://doi.org/10.1001/jamapsychiatry.2020.0114
https://doi.org/10.1001/jamapsychiatry.2020.0114
https://doi.org/10.1126/science.1190287
https://doi.org/10.1016/j.biopsych.2014.01.023
https://doi.org/10.1016/j.biopsych.2014.01.023
https://doi.org/10.1038/npp.2013.128
https://doi.org/10.1038/npp.2013.128
https://doi.org/10.1016/j.jad.2014.02.017
https://doi.org/10.1016/j.jad.2014.02.017
https://doi.org/10.1038/87865
https://doi.org/10.1038/87865
https://doi.org/10.1016/j.neuroimage.2011.05.051
https://doi.org/10.1016/j.neuroimage.2011.05.051
https://doi.org/10.1126/science.aat8078
https://doi.org/10.1126/science.aat8078
https://doi.org/10.1192/bjp.134.4.382
https://doi.org/10.1038/s41386-019-0591-5
https://doi.org/10.1038/s41386-019-0591-5
https://doi.org/10.1016/S0893-133X(98)00067-0
https://doi.org/10.1016/S0893-133X(98)00067-0
https://doi.org/10.1523/JNEUROSCI.15-11-07539.1995
https://doi.org/10.1523/JNEUROSCI.15-11-07539.1995
https://doi.org/10.1111/bcp.12094

Psychopharmacology (2021) 238:1157-1169

1169

of gradient refocused echo-planar fMRI susceptibility artifacts.
Neurolmage 6:156-167. https://doi.org/10.1006/nimg.1997.0289

Pennybaker SJ, Niciu MJ, Luckenbaugh DA, Zarate CA (2017)
Symptomatology and predictors of antidepressant efficacy in ex-
tended responders to a single ketamine infusion. Journal of
Affective Disorders 208:560-566. https://doi.org/10.1016/j.jad.
2016.10.026

Petersen T, Papakostas GI, Posternak MA, Kant A, Guyker WM,
Tosifescu DV, Yeung AS, Nierenberg AA, Fava M (2005)
Empirical testing of two models for staging antidepressant treatment
resistance. Journal of Clinical Psychopharmacology 25:336-341.
https://doi.org/10.1097/01.jcp.0000169036.40755.16

Price JL, Drevets WC (2010) Neurocircuitry of mood disorders.
Neuropsychopharmacology 35:192-216. https://doi.org/10.1038/
npp.2009.104

Salvadore G, Cornwell BR, Colon-Rosario V, Coppola R, Grillon C,
Zarate CA Jr, Manji HK (2009) Increased anterior cingulate cortical
activity in response to fearful faces: a neurophysiological biomarker
that predicts rapid antidepressant response to ketamine. Biological
Psychiatry 65:289-295. https://doi.org/10.1016/j.biopsych.2008.08.
014

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S,
Weisstaub N, Lee J, Duman R, Arancio O, Belzung C, Hen R
(2003) Requirement of hippocampal neurogenesis for the behavioral
effects of antidepressants. Science 301:805-809. https://doi.org/10.
1126/science.1083328

Scheidegger M, Walter M, Lehmann M, Metzger C, Grimm S, Boeker H,
Boesiger P, Henning A, Seiftritz E (2012) Ketamine decreases rest-
ing state functional network connectivity in healthy subjects: impli-
cations for antidepressant drug action. PLOS ONE 7:¢44799. https://
doi.org/10.1371/journal.pone.0044799

Schmaal L, Veltman DJ, van Erp TGM et al (2016) Subcortical brain
alterations in major depressive disorder: findings from the ENIGMA
Major Depressive Disorder working group. Molecular Psychiatry
21:806-812. https://doi.org/10.1038/mp.2015.69

Schwartzman RJ, Alexander GM, Grothusen JR, et al (2009) Outpatient
intravenous ketamine for the treatment of complex regional pain
syndrome: a double-blind placebo controlled study. PAIN® 147:
107-115. doi:https://doi.org/10.1016/j.pain.2009.08.015

Seitzman BA, Gratton C, Marek S, Raut RV, Dosenbach NUF, Schlaggar
BL, Petersen SE, Greene DJ (2020) A set of functionally-defined
brain regions with improved representation of the subcortex and
cerebellum. Neurolmage 206:116290. https://doi.org/10.1016/;.
neuroimage.2019.116290

Siegle GJ, Thompson WK, Collier A, Berman SR, Feldmiller J, Thase
ME, Friedman ES (2012) Toward clinically useful neuroimaging in
depression treatment: prognostic utility of subgenual cingulate ac-
tivity for determining depression outcome in cognitive therapy
across studies, scanners, and patient characteristics. Arch Gen
Psychiatry 69:913-924. https://doi.org/10.1001/archgenpsychiatry.
2012.65

Sigtermans MJ, van Hilten JJ, Bauer MCR, Arbous SM, Marinus J,
Sarton EY, Dahan A (2009) Ketamine produces effective and

long-term pain relief in patients with complex regional pain syn-
drome type 1. PAIN 145:304-311. https://doi.org/10.1016/j.pain.
2009.06.023

Sollazzi L, Modesti C, Vitale F, Sacco T, Ciocchetti P, Idra AS, Tacchino
RM, Perilli V (2009) Preinductive use of clonidine and ketamine
improves recovery and reduces postoperative pain after bariatric
surgery. Surg Obes Relat Dis 5:67-71. https://doi.org/10.1016/].
s0ard.2008.09.018

Vaisvaser S, Lin T, Admon R, Podlipsky I, Greenman Y, Stern N,
Fruchter E, Wald I, Pine DS, Tarrasch R, Bar-Haim Y, Hendler T
(2013) Neural traces of stress: cortisol related sustained enhance-
ment of amygdala-hippocampal functional connectivity. Front
Hum Neurosci 7: doi:https://doi.org/10.3389/fnhum.2013.00313

Vasavada MM, Loureiro J, Kubicki A, Sahib A, Wade B, Hellemann G,
Espinoza RT, Congdon E, Narr KL, Leaver AM (2020) Effects of
serial ketamine infusions on cortico-limbic functional connectivity
in major depression. BPS: CNNI 0: doi:https://doi.org/10.1016/].
bpsc.2020.06.015

Videbech P, Ravnkilde B (2004) Hippocampal volume and depression: a
meta-analysis of MRI studies. AJP 161:1957-1966. https://doi.org/
10.1176/appi.ajp.161.11.1957

Webster LR, Walker MJ (2006) Safety and efficacy of prolonged outpa-
tient ketamine infusions for neuropathic pain. American Journal of
Therapeutics 13:300-305

Xu'Y, Hackett M, Carter G, Loo C, Galvez V, Glozier N, Glue P, Lapidus
K, McGirr A, Somogyi AA, Mitchell PB, Rodgers A (2016) Effects
of low-dose and very low-dose ketamine among patients with major
depression: a systematic review and meta-analysis. Int J
Neuropsychopharmacol 19:pyv124. https://doi.org/10.1093/ijnp/
pyv124

Yan C-G, Cheung B, Kelly C, Colcombe S, Craddock RC, di Martino A,
Li Q, Zuo XN, Castellanos FX, Milham MP (2013) A comprehen-
sive assessment of regional variation in the impact of head
micromovements on functional connectomics. Neurolmage 76:
183-201. https://doi.org/10.1016/j.neuroimage.2013.03.004

Zanos P, Moaddel R, Morris PJ, Georgiou P, Fischell J, Elmer GI,
Alkondon M, Yuan P, Pribut HJ, Singh NS, Dossou KSS, Fang
Y, Huang XP, Mayo CL, Wainer IW, Albuquerque EX,
Thompson SM, Thomas CJ, Zarate Jr CA, Gould TD (2016)
NMDAR inhibition-independent antidepressant actions of ketamine
metabolites. Nature 533:481-486. https://doi.org/10.1038/
nature17998

Zhou W, Wang N, Yang C, Li XM, Zhou ZQ, Yang JJ (2014) Ketamine-
induced antidepressant effects are associated with AMPA receptors-
mediated upregulation of mMTOR and BDNF in rat hippocampus and
prefrontal cortex. European Psychiatry 29:419-423. https://doi.org/
10.1016/j.eurpsy.2013.10.005

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1006/nimg.1997.0289
https://doi.org/10.1016/j.jad.2016.10.026
https://doi.org/10.1016/j.jad.2016.10.026
https://doi.org/10.1097/01.jcp.0000169036.40755.16
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1016/j.biopsych.2008.08.014
https://doi.org/10.1016/j.biopsych.2008.08.014
https://doi.org/10.1126/science.1083328
https://doi.org/10.1126/science.1083328
https://doi.org/10.1371/journal.pone.0044799
https://doi.org/10.1371/journal.pone.0044799
https://doi.org/10.1038/mp.2015.69
https://doi.org/10.1016/j.pain.2009.08.015
https://doi.org/10.1016/j.neuroimage.2019.116290
https://doi.org/10.1016/j.neuroimage.2019.116290
https://doi.org/10.1001/archgenpsychiatry.2012.65
https://doi.org/10.1001/archgenpsychiatry.2012.65
https://doi.org/10.1016/j.pain.2009.06.023
https://doi.org/10.1016/j.pain.2009.06.023
https://doi.org/10.1016/j.soard.2008.09.018
https://doi.org/10.1016/j.soard.2008.09.018
https://doi.org/10.3389/fnhum.2013.00313
https://doi.org/10.1016/j.bpsc.2020.06.015
https://doi.org/10.1016/j.bpsc.2020.06.015
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1093/ijnp/pyv124
https://doi.org/10.1093/ijnp/pyv124
https://doi.org/10.1016/j.neuroimage.2013.03.004
https://doi.org/10.1038/nature17998
https://doi.org/10.1038/nature17998
https://doi.org/10.1016/j.eurpsy.2013.10.005
https://doi.org/10.1016/j.eurpsy.2013.10.005

	Prolonged ketamine infusion modulates limbic connectivity and induces sustained remission of treatment-resistant depression
	Abstract
	Introduction
	Methods and materials
	Enrollment
	Ketamine infusion and measurements
	Psychiatric and cognitive assessments
	Resting-state functional MRI acquisition and processing
	Surface generation and brain areal parcellation
	Network FC analysis
	Volumetric analysis
	Statistical approach

	Results
	Prolonged ketamine infusion is tolerated and produced target drug concentrations
	Prolonged ketamine infusion induced persistent improvements in depression severity
	Effects of ketamine on DMN FC
	Ketamine reduces subgenual anterior cingulate cortex to DMN FC
	Ketamine reduces connectivity within the limbic system
	Depression-related hyperconnectivity in the default network and limbic system
	Right hippocampus volume predicts ketamine response

	Discussion
	Long infusion paradigm
	Subgenual cingulate and DMN
	Limbic system

	Limitations and conclusions
	References


