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Abstract

Aim: Approximately one-third of patients with major depressive disorder develop
treatment-resistant depression. One-third of patients with treatment-resistant de-
pression demonstrate resistance to ketamine, which is a novel antidepressant ef-
fective for this disorder. The objective of this study was to examine the utility of
resting-state functional magnetic resonance imaging for the prediction of treatment
response to ketamine in treatment-resistant depression.

Methods: An exploratory seed-based resting-state functional magnetic resonance
imaging analysis was performed to examine baseline resting-state functional connec-
tivity differences between ketamine responders and nonresponders before treat-
ment with multiple intravenous ketamine infusions.

Results: Fifteen patients with treatment-resistant depression received multiple in-
travenous subanesthetic (0.5 mg/kg/40 minutes) ketamine infusions, and nine were
identified as responders. The exploratory resting-state functional magnetic reso-
nance imaging analysis identified a cluster of significant baseline resting-state func-
tional connectivity differences associating ketamine response between the amygdala
and subgenual anterior cingulate gyrus in the right hemisphere. Using anatomical re-
gion of interest analysis of the resting-state functional connectivity, ketamine re-
sponse was predicted with 88.9% sensitivity and 100% specificity. The resting-state
functional connectivity of significant group differences between responders and
nonresponders retained throughout the treatment were considered a trait-like fea-
ture of heterogeneity in treatment-resistant depression.

Conclusion: This study suggests the possible clinical utility of resting-state functional
magnetic resonance imaging for predicting the antidepressant effects of ketamine
in treatment-resistant depression patients and implicated resting-state functional
connectivity alterations to determine the trait-like pathophysiology underlying treat-

ment response heterogeneity in treatment-resistant depression.
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1 | INTRODUCTION

Major depressive disorder (MDD) is a highly heterogeneous dis-
order in terms of treatment response. Several patients show im-
provement with placebo; however, one-fourth of patients show
insufficient treatment response despite application of multiple
adequate pharmacological treatment options.1 MDD showing in-
sufficient response to treatment following two different types
of antidepressants is known as treatment-resistant depression
(TRD).? This treatment response heterogeneity makes treatment
optimization an obstacle for patients. Predicting treatment re-
sponse at an early stage of MDD and choosing an optimized
treatment for each individual are critical issues. Despite numer-
ous efforts to identify treatment response predictors in multiple
domains,® to date, no single pretreatment variable has been distin-
guished as a robust predictor.

Ketamine is a conventional dissociative anesthetic agent act-
ing on the N-methyl-D-aspartate (NMDA) receptor. In this de-
cade, ketamine has gathered considerable attention as a novel
antidepressant agent applicable to TRD. The single application
of a subanesthetic intravenous or intranasal dose of ketamine
shows a remarkable antidepressant effect in TRD patients*;
however, nearly 40% of TRD patients exhibit resistance to ket-
amine.’ Heterogeneity in treatment response to ketamine has
been shown, which has been used to divide TRD into ketamine re-
sponders and nonresponders. Previous studies have investigated
the neural substrates of ketamine response using clinical variables,
biochemistry, or neuroimaging. Rong et al® concluded that a high
body mass index (BMI) and family history of alcohol use in a first-
degree relative (family history positive [FHP]) are the most consis-
tent predictors of ketamine response reported to date. However,
their biological roles in the antidepressant effects of ketamine are
uncertain.

Neuroimaging has greatly contributed to the progress of brain
science in recent decades.® Resting-state functional magnetic res-
onance imaging (rsfMRI) has been developed as a noninvasive, task
burden-free approach, which allows for the identification of sponta-
neous neural activities. Among the properties of spontaneous neural
activities identified using rsfMRI, examining the resting-state func-
tional connectivity (RSFC) between two or more brain regions would
help understand the construction of large-scale brain networks and
their pathophysiology. Several studies have reported different RSFC
alterations in large-scale remote neural networks underlying the
pathophysiology7 or treatment response heterogeneity8 of MDD.
Sheline et al’ demonstrated large-scale RSFC disruptions of specific
brain networks, including the cognitive control network, default
mode network (DMN), and affective network (AN) in MDD patients.

These remote networks compose neural subsystems associated with

different domains of human cognition. The cognitive control net-
work plays an important role in attention and/or working memory
demanding cognitive tasks. In contrast, the DMN is associated with
task negative cognitive domains such as self-referential processing.
The AN affects vigilance, autonomic function, visceral function, and
behavioral selection driven by emotional stimuli.? Since MDD widely
affects the brain functions associated with these remote subnet-
works, its roles in these remote networks in the pathophysiology of
MDD have been highlighted. Among these networks, converging ev-
idence from previous imaging studies has suggested that the activity
of the AN and RSFC of the DMN play critical roles in the treatment
response heterogeneity of MDD.%!! Long et al recently highlighted
with their meta-analysis that the baseline RSFC within the DMN
predicts treatment response in MDD regardless of treatment type.t?

Regarding ketamine, studies have demonstrated that suban-
esthetic doses alter brain activities including RSFC. A single ap-
plication of ketamine changes the RSFC in the DMN of healthy
individuals.’® Moreover, ketamine treatment changes the reactivity
of the neural components in the AN,1415 regional cerebral blood
flow,® specific RSFCs,*”*8 and global brain functional connectivity®’
in TRD. However, the details of RSFC alteration in terms of treat-
ment response heterogeneity in TRD patients are largely unknown.
Furthermore, the clinical utilization of rsfMRI for prediction of treat-
ment response in TRD has not been verified.

In the present study, based on our hypothesis that RSFC alter-
ations within the AN or DMN represent the neural basis for treat-
ment response heterogeneity in TRD, we assessed a new potential
predictor of antidepressant effects of ketamine using rsfMRI, which

would contribute to treatment optimization in TRD patients.

2 | METHODS
2.1 | Ethics statement

The study was approved by the Ethics Committee of the Kurume
University School of Medicine, Kurume, Japan and performed in
accordance with the Japanese Ethical Guidelines for Medical and
Health Research Involving Human Subjects (https://www.mhlw.
go.jp/file/06-Seisakujouhou-10600000-Daijinkanboukouseika
gakuka/0000153339.pdf). All patients provided written informed

consent before screening.

2.2 | Patients

Participants were patients with TRD aged between 20 and

69 vyears, recruited from the outpatient clinic of Kurume


https://www.mhlw.go.jp/file/06-Seisakujouhou-10600000-Daijinkanboukouseikagakuka/0000153339.pdf
https://www.mhlw.go.jp/file/06-Seisakujouhou-10600000-Daijinkanboukouseikagakuka/0000153339.pdf
https://www.mhlw.go.jp/file/06-Seisakujouhou-10600000-Daijinkanboukouseikagakuka/0000153339.pdf
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University Hospital and related clinics from August 2014 to
March 2019. To be eligible for the present study, patients diag-
nosed with MDD or bipolar disorder (BD) had to fulfill the crite-
ria specified by the International Classification of Diseases, 10th
revision and the following TRD criteria: 1. Patients diagnosed
with MDD who had failed to respond to at least two suitable
antidepressant agents with adequate dosage and duration and
at least one adequate treatment course with a mood stabilizer or
antipsychotics (monotherapy or augmentation) associated with
the current episode; 2. Patients who met the BD criteria who
had failed to respond to adequate treatments with a mood sta-
bilizer or to an atypical-antipsychotic in the current episode; 3.
Patients with a previous history of any mood episode with mood-
incongruent psychotic features and suicidal events, with severe
medical conditions, and with specific physical risks relating to
ketamine use were excluded from the study. For the original pur-
poses of the UMIN-CTR No. UMINO00017529 study, additional
exclusion criteria were applied regarding the safety of lithium
treatment. The full inclusion and exclusion criteria are presented
in Appendix S1.

Data including demographics and clinical characteristics, sex,
age, illness duration, length of current episodes, family history of
psychiatric disorders, educational history, and medication history

were collected from all participants.

2.3 | Treatment and psychometric measures

Ketamine treatment and rsfMRI assessment were performed on
admission. On the day of admission, participants were randomly
assigned to the placebo or the lithium groups via double-blind
randomization to examine the primary aim of the study—to as-
sess the efficacy and safety of adjunctive lithium pretreatment
before ketamine treatment. The participants were administered
oral placebo or lithium carbonate (600-800 mg) daily through-
out the study. After the randomization, participants received up
to four open-label infusions of racemic ketamine hydrochloride
(0.5 mg/kg/40 min) twice weekly over 2 weeks, following dis-
continuation of their antidepressant medications tapered over a
7- to 10-day period. Ketamine was administered by a designated
anesthesiologist under physical monitoring. Participants could
withdraw from the study at any time. Discontinuation was con-
sidered according to each participant's physical and psychiatric
risks (see Appendix S1). Treatment response was measured as an
improvement of the Montgomery-Asberg Depression Rating Scale
(MADRS)?° 4 hours after each participant's last administration of
ketamine. MADRS scoring was performed using the SIGMA struc-
tured interview.?! Mood elevation was measured using the Young
Mania Rating Scale (YMRS)?? throughout the study. Full and partial
responders were defined as patients who had a greater than 50%
decrease or 40% to 50% decrease in the MADRS score after treat-
ment, respectively. The schematic overview of the study design is

shown in Figure 1.

Wash out period Treatment period
Ketamine Hydrocholoride

(0.5 mg/kg, 40 min, 4 times)

A A
( 7-10 days \[ 14 days \

[ N

double-blind randomization (Lithium or Placebo)

t t

Baseline scan Follow-up scan
(pre treatment) (post treatment)

FIGURE 1 Schematic overview of the study design. Intravenous
racemic ketamine infusion was scheduled four times in 2 weeks,
following the wash out period, under the double-blind random
assignment of pretreatment with lithium carbonate (600-800 mg/
day) or placebo. Resting-state fMRI scans were performed

before treatment (baseline; 16 hours before the first ketamine
administration) and after the last infusion (follow-up; 6-24 hours
after the last infusion) of ketamine.fMRI, functional magnetic
resonance imaging

2.4 | Resting-state fMRI procedure
2.4.1 | Image acquisition

RsfMRI scans were scheduled 16 hours before the first ketamine
administration (baseline) and 6-24 hours after the last ketamine
treatment (follow-up). All imaging data were acquired using a GE
Discovery 3.0 Tesla MRI scanner (Discovery MR750; General
Electric, Milwaukee, WI). Structural images for spatial registra-
tion were obtained using T1 weighted high-resolution three-
dimensional spoiled gradient-recalled (SPGR) acquisition (repetition
time = 1100 ms, echo time = 5 ms, inversion time = 450 ms, field
of view = 220 mm x 220 mm, matrix = 420 x 224, flip angle = 12°,
voxel size = 0.5 x 0.5 x 1 mm®). A gradient-echo planer imaging (EPI)
sequence sensitive to blood oxygenation level-dependent contrast
(T2* weighting, repetition time/echo time = 3000/35 ms, field of
view = 240 mm x 240 mm, data matrix = 128 x 128, flip angle = 60°,
in-place resolution = 1.875 mm x 1.875 mm, slice thickness = 4 mm,
and 40 axial slices covering the whole brain) was used for rsfMRI

data (200 volumes) acquisition.

2.4.2 | fMRIlimaging preprocessing

Primary Digital Imaging and Communications in Medicine images
of each participant were converted into Neuroimaging Informatics
Technology Initiative format using dcm2niigui software (http://
www.cabiatl.com/mricro/mricron/dcm2nii.html). All images were
analyzed using the FMRIB Software Library (FSL)?® 5.0.6 software
package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL) including compo-
nents called MELODIC (Multivariate Exploratory Linear Optimized

Decomposition into Independent Components) and Randomise


http://www.cabiatl.com/mricro/mricron/dcm2nii.html
http://www.cabiatl.com/mricro/mricron/dcm2nii.html
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
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(FSL's tool for nonparametric permutation inference on neuroimag-
ing data). First, to minimize physiological noise and scanner-related
artifacts, each of the four-dimensional EPI images was processed
using MELODIC. MELODIC decomposes obtained EPI time series
data into different spatial and temporal components according to
its algorithm of probabilistic independent component analysis.24
Neuroimaging experts independently assessed each attribute ob-
tained from each independent component manually by referring
frequency power and spatial extent. Based on the a priori agree-
ment whereby two or more evaluators considered that if a particular
component reflected noise or artifact, the component was removed
from the original data. The kappa statistics for these discrimination
coincidences showed a kappa value of 0.885 (95% confidence inter-
val: 0.8592-0.9107). Second, using the FMRI Expert Analysis Tool
(FEAT), after the removal of the first 10 volumes, the reconstructed
“denoized” data were filtered by a high-pass filter (cutoff 0.01 Hz).
Further, images were also corrected for motion and slice acquisi-
tion timing, and brain volume masking was applied and, spatially
smoothed using a 6-mm full-width-half-maximum Gaussian kernel.
The obtained structural SPGR images of each participant were used
for accurate spatial registration into the Montreal Neurological

Institute (MNI) template of 2 x 2 x 2 mm spatial resolution.

2.4.3 | Obtaining RSFC maps and analysis

Whole-brain RSFC maps were obtained in a seed-based manner.
The a priori seed regions were determined for each hemispheric
amygdala and bilateral ventral precuneus in the MNI space, refer-
ring to the Harvard-Oxford Atlas.?® The masks of these regions were
transformed into individual EPI spaces, and the mean of individual
time series signals of each specific region (seeds, white matter and
cerebral ventricle) was extracted. The RSFC between the seed re-
gion and each voxel of the whole brain were computed as contrast
of parameter estimates of the general linear modeling (GLM), which
employed the extracted seed time series data as explanatory vari-
ables and FEAT was used for each patient and were scanned sepa-
rately. Averaged signals of white matter and cerebral ventricle were
included in the design matrices of the GLM as regressions for no
interest.

To examine regions with significant differences in RSFC of ket-
amine responders and nonresponders within the AN or DMN at
baseline, the two-sample unpaired t-test was applied for the explor-
atory group analysis using permutation inference via Randomise.
The 5000 times repeated permutation was employed to obtain an
empirical null distribution of values. The Threshold-Fee-Cluster-
Enhancement (TFCE) transformation?® was later applied to find
significant clusters [family wise errors (FEW) corrected, P <.05]
within the masked standard MNI space. Corresponding masked
brain regions comprising the AN and the DMN respectively, were
based on previous imaging studies. Boundaries of bilateral regions of
each network excluded seed regions defined based on the Harvard-
Oxford Atlas (Figure S1).

REPORTS
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Based on the results of the exploratory group analysis, the clus-
ter showing significant RSFC differences between responders and
nonresponders at baseline was determined. Overlap of the cluster
and the anatomical parcellation of the cingulate cortex was per-

1,%” and the anatomical re-

formed in accordance with Beckmann et a
gion including the cluster was determined (the target region). Using
the transformed anatomical mask of the target region sectioned into
individual areas, the averaged GLM and contrasts of parameter es-
timates were extracted using the fsimeants command-line program
at each scan (RSFC between the seed and the target; RSFCs-t).
Prediction of the antidepressant activity of ketamine was tested
using extracted RSFCs-t demographics and clinical characteristics at
baseline using receiver operating characteristic (ROC) curves anal-
ysis. The relationship between the baseline RSFCs-t and treatment
response was verified using Spearman's Rank-Order Correlation
and the Mann-Whitney U-test. RSFCs-t changes according to the
treatment were examined by comparing the follow-up rsfMRI scans
between responders and nonresponders using the Mann-Whitney
U-test.

Furthermore, RSFC changes according to symptomatic improve-
ment via ketamine treatment in the AN and the DMN was examined
using nonparametric permutation paired t-test (5000 times permu-
tation followed by TFCE, FEW-corrected P <.05, using Randomise)
comparing RSFC between the baseline scan and the follow-up scan
of the responders group.

2.5 | Statistical analysis

Baseline demographics were compared between ketamine respond-
ers and nonresponders using chi-squared or two-sample unpaired
t-tests. Since lithium pretreatment showed a tendency to influence
responses to ketamine, the impact of lithium pretreatment on ex-
tracted RSFCs-t was examined by multiple regression analysis ad-
justing for previously reported demographic factors® associated
with ketamine response. The relationship between demograph-
ics, RSFCs-t at baseline, and antidepressant effects of ketamine
throughout the study is summarized using sensitivity, specificity,
positive, and negative predictive values.

All statistical analyses, other than computing three-dimensional
RSFC maps, were performed using JMP Pro 12 (SAS Institute).
P <.05 was considered statistically significant.

3 | RESULTS

3.1 | Demographics, clinical characteristics, and
treatment results

Enrolled participants included 17 patients with TRD, 16 diagnosed
with MDD, and one with BD. Fifteen participants (all right-handed,
average baseline MADRS score: 27.6 + 5.5) received ketamine in-

fusion and 11 participants completed all four scheduled ketamine
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infusions. There were nine ketamine responders (60%), of whom
eight were classified as full responders. The mean MADRS score
decreased to 6.8 + 2.5 for the responders group, while the nonre-
sponders group maintained an average symptom score of 25.2 + 6.4.
Details of participant outcomes are shown in Figure S2.

Ketamine infusion produced mild mood elevation during infusion,
but none of the patients developed manic symptoms as measured by
the YMRS (average 2.1 + 2.1) throughout the study. Adverse events
occurred in 14 participants (Table S1), and the most common adverse
event throughout the study was dissociation, during ketamine infu-
sion (n = 12, 80%). Ketamine responders and nonresponders were
not significantly different in age, sex, BMI, or clinical characteristics,
as listed in Table 1. The lithium pretreatment group (n = 7) showed
a tendency of increased response to ketamine treatment relative to
the placebo group (n = 8) (P =.057, chi-squared test).

3.2 | Imaging results
3.2.1 | Seed-based exploratory analysis

The seed-based exploratory analysis of the main effect of a group
difference resulted in a significant cluster defining ketamine re-
sponders and nonresponders between the amygdala seed region
and the subgenual anterior cingulate cortex (sgACC) in the AN in
the right hemisphere at baseline (FEW-corrected, P_ . < 0.05, peak
at x: 4, y: 40, z: -4, t = 8.13, Figure 2A). The seed-based explora-
tory analysis in the AN with left amygdala seed and the analysis in

the DMN with precuneus seed illustrated no significant difference

Total Responders Nonresponders
(n=15) (n=9, 60%) (n=6,40%)
Sex (female), n (%) 9 (60) 4(44.4) 5(83.3)
Age (years + SD) 459 +12.5 429 +9.8 50.3 + 14.6
BMI (kg/m? + SD) 229 +49 229 +47 23.0+53
Years since first 8.3+ 5.81 8.0 + 6.0 8.8+5.5
episode
Length of current 1.3+21 0.8+0.6 21+31
episodes
(years + SD)
Family history of 7 (46.6) 4(44.4) 3(50)
mood disorders
n, (%)
Education 141 +2.4 141 +2.2 14 + 2.5
(years + SD)
Baseline MADRS 27.6 £5.5 27 +4.2 28.5+6.8
score
Lithium n, (%) 7 (46.7) 6 (75) 1(16.7)

Note:: Results from the chi-square test (X?) and unpaired t-test (t).

between ketamine responders and nonresponders at baseline (FEW-

corrected, P____< 0.05).

corr

3.2.2 | Predictability of antidepressant effect of
ketamine using the anatomical region of interest

Based on localization of the significant cluster revealed by the seed-
based exploratory analysis, we focused on the subdivision of the
ACC defined by the preceding cortical parcellation study using diffu-
sion tractography.?” This subdivision (the dotted area in Figure 2B),
lying across the sgACC to the subcallosal ACC (scACC), is charac-
terized by rich neural connectivity to the amygdala. Employing this
correct subdivision of the ACC as the target region of interest (ROI),
we extracted the RSFCs-t at each scan. We tested the predictabil-
ity of antidepressant of ketamine using RSFCs-t, demographics, or
clinical characteristics at baseline. RSFCs-t at baseline showed a sig-
nificant negative correlation with improvement of depressive symp-
toms in terms of % MADRS reduction (Spearman's rank correlation
coefficient, p = -0.56, P =.02, Figure 3A). When the 40% MADRS
change was applied to the cutoff, the RSFCs-t at baseline indicated
a significant group difference between responders and nonrespond-
ers (Mann-Whitney U-test, P =.004, Figure 3B). The area under the
ROC curve was 0.92 for RSFCs-t (Figure 3C). When the RSFCs-t
cut-off value of 0.041 was applied, the predicted antidepressant
effect of ketamine had a sensitivity of 88.9%, specificity of 100%,
positive predictive value of 100%, and negative predictive value of
85.7%. No demographics and clinical factors resulted in a meaning-

ful prediction of the antidepressant effect of ketamine. The multiple

TABLE 1 Demographics, clinical

L. - characteristics, and ketamine treatment
Statistics value .
response of the participants

X?=2268 0.132
=-1.099 0.291
=-0.037 0.970
=-0.245 0.810
=-0.939 0.390
X?=0.044 0.832
t=0.083 0934
=-0.489 0.632
x?=3.616 0.057

BMI, body mass index; MADRS, Montgomery-Asberg Depression Rating Scale; SD, standard

deviation.
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FIGURE 2 Significant cluster showing the significant RSFC differences between ketamine responders and nonresponders at baseline.
A, Thresholded t map depicting the regions of significant RSFC difference between ketamine responders and nonresponders at baseline.
Circles indicate the location of significant clusters (Right amygdala seed. Peak at x = 4, y = 38, z = -4, in MNI coordinates. The color bar
indicates the t-value). B, Overlap of the thresholded region and subdivision of the ACC. The dotted area indicates sc/sgACC defined by
Beckmann et al?’). (B-1) Sagittal, (B-2) Coronal, (B-3) Axial. The RSFCs-t is defined as the RSFC between the dotted area and the right
amygdala. ACC, anterior cingulate cortex; MNI, Montreal Neurological Institute; RSFC, resting-state functional connectivity; scACC,
subcallosal anterior cingulate cortex; sgACC, subgenual anterior cingulate cortex

regression adjustments for demographic factors showed no signifi-

cant effect of lithium pretreatment outcome on RSFCs-t.

3.2.3 | Change in RSFCs-t postketamine treatment

Change in RSFCs-t postketamine treatment is illustrated in Figure 4.

Same as the baseline result, the group differences in RSFCs-t
between the responders and nonresponders remained significant at
the follow-up scan (P =.04, Mann-Whitney U-test).

3.2.4 | RSFC changes according to symptomatic
improvement

All three seed-based exploratory analyses (left and right amygdala
seeds within the AN and precuneus seed within the DMN) failed
to find clusters of significant difference according to symptomatic
improvement in the responders (nonparametric paired t-test, FEW-

corrected, P.__ < 0.05).

corr

4 | DISCUSSION

This study was the first to demonstrate the ability of rsfMRI to pre-
dict the antidepressant effects of standard subanesthetic (0.5 mg/
kg/40 min) ketamine treatment in TRD patients. The changes in
RSFC between the amygdala and sc/sgACC in the right hemisphere

at baseline, which predicted the antidepressant effect of ketamine
with high sensitivity and specificity, irrespective of lithium or pla-
cebo pretreatment, may represent a potential biomarker for treat-
ment response in TRD patients.

In the present study, we employed both patients with MDD and
BD suffering from TRD. Since ketamine has demonstrated equiva-
lent antidepressant effects in treatment-resistant MDD and BD, the
biological mechanisms underpinning response to ketamine are be-
lieved to be similar in both disorders.?® We focused on the biological
basis of the treatment response to ketamine, regardless of different
operational diagnoses, and included both patients with MDD as well
as BD in the present study.

The main pharmacological activity of ketamine is NMDA re-
ceptor antagonism. How a subanesthetic dose of ketamine pro-
duces a rapid antidepressant effect is still uncertain; however,
the proposed mechanisms involve multiple neural pathways that
dependent on or independent of NMDA receptor antagonism.29
Complexity in the mechanisms of action of ketamine and the com-
plex pathophysiology of TRD would limit the antidepressant re-
sponse ratio of ketamine to approximately 60%. The search for
biomarkers in predicting antidepressant response to ketamine is
meaningful for unraveling the pathophysiology of TRD as well as
for individualized treatment optimization. High BMI and FHP have
been reported to be effective predictors.® However, in the present
study, baseline BMI did not predict the antidepressant effect of
ketamine. In an original article reporting an association between
baseline BMI and ketamine mood response,° the average BMI of

the study population was over 30. This BMI occurs in less than
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FIGURE 3 RSFC between the amygdala and the sc/sgACC in the right hemisphere (RSFCs-t) at baseline predicts treatment response to
ketamine. A, Time course change in depression severity as measured using the MADRS score (mean + SD) throughout the study. Trajectories
of depression severity are plotted for responder and nonresponder subgroups, defined using the final MADRS score. Each measurement
corresponds to before and 40 minutes after each scheduled infusion of racemic ketamine (0.5 mg/kg/40 minutes). B, Distribution of baseline
RSFCs-t and %change in the MADRS score after the treatment. Correlation is significant with Spearman's rank-order correlation (p = -0.56,
P =.02). C, The box plot represents the RSFCs-t indicating a significant difference between responders and nonresponders at baseline.
Responders are shown in white dots and nonresponders are shown in black dots (P =.004, Mann-Whitney U-test. Box = 25th and 75th
percentiles; bars = minutes and max values.). D, Nonparametric ROC curve analysis for RSFCs-t (AUC = 0.92). AUC, area under the curve;
MADRS, Montgomery-Asberg Depression Rating Scale; ROC, receiver operating characteristics; RSFC, resting-state functional connectivity;
scACC, subcallosal anterior cingulate cortex; SD, standard deviation; sgACC, subgenual anterior cingulate cortex

2.5% of the Japanese population. The average BMI of 22.5 in the
participants of the present study population matched the aver-
age Japanese BMI reported in 2017 (http://www.nibiohn.go.jp/
eiken/). This suggests that the worldwide applicability of BMl as a
predictor of the antidepressant effect of ketamine is limited. FHP
was absent in our study population. Phelps et al®t reported that
an FHP for alcohol dependence could predict the ketamine mood
response with a sensitivity and specificity of 80% and 69%, re-
spectively. The higher sensitivity and specificity of the RSFCs-t
biomarker in the present study suggest that it could provide more
accurate prediction. Other biological markers® that predict the an-
tidepressant effects of ketamine have been reported and include
low adiponectin, high vitamin B12 levels, a low delta sleep ratio,
low glutamine/glutamate ratio, and brain-derived neurotrophic
factor gene polymorphism; however, these factors require further
validation.

We employed the anatomical ROIs of the ACC as defined pre-
viously27 to extract RSFCs-t in the prediction analysis instead of
functionally defined clusters on the assumption of clinical applica-
tion. Beckmann et al divided the cingulate cortex into eight parcels
based on anatomical connectivity.?” Their cluster 1 (the dotted area

in Figure 2B) is characterized by rich direct neural projection to

amygdala. Since the boundary between the sgACC and the scACC

exhibits anatomical variations,3?

we employed the entire cluster 1
for the ROl analysis and retrieved the result of sufficient prediction
of antidepressant effect of ketamine. Employing cluster 1 as the ROI
would simplify the procedure of the prediction analysis given its sim-
ple definition along the rostrum of the corpus callosum. This would
aid the clinical utility of rsfMRI for treatment response prediction in
TRD. Salvadore et al*® showed that functional connectivity between
these regions in the left hemisphere predicts an antidepressive ef-
fect of ketamine in TRD patients using magnetoencephalography
under a cognitive task. Nevertheless, despite the differences in the
imaging techniques used, their findings are consistent with those of
the present study, except for potential effects due to hemispheric
opposition. According to the functional laterality of the amygdala,
while the left side is likely to participate in more overt emotional
processing, the right side is likely to participate in more covert pro-
cessing.34 The hemispheric dissociation between the present study

|33

and that reported by Sarvadore et al® might be a reflection of dif-

ferences in data acquisition, that is under total resting conditions or

when subjected to a cognitive task. Chen et al®

recently reported
that RSFC between the right superior frontal gyrus and striatum at

baseline predicted treatment response to very low dose (0.2 mg/kg)
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FIGURE 4 Change in RSFCs-t postketamine treatment. The
box plot represents the group differences in RSFCs-t between

the responders and nonresponders at baseline and at the follow-
up scan. The RSFCs-t retained significant baseline difference
between the responders and nonresponders at the follow-up scan
(P =.04, Mann-Whitney U-test). RSFCs-t, resting-state functional
connectivity between the seed and the target

ketamine infusion but not to ordinary subanesthetic dose (0.5 mg/
kg) in TRD. We did not assess the dose difference of subanesthetic
ketamine. Since the clinical effect of very low dose ketamine infu-
sion was not established, further study is needed to investigate the
difference of the present result and the preceding result by Chen
etall®

Numerous studies investigating RSFC have provided insights re-

garding pathophysiology”:3%3¢

and prediction of treatment response
in MDD.®>'2%7 Herein, we examined changes in RSFC in two brain
networks: the AN and the DMN. RSFC within the AN is altered in
MDD.”3® Regarding treatment response heterogeneity or predic-
tion of treatment outcomes, associations between local structure,
anatomical connectivity, local activity, and reactivity of the AN
and treatment response of MDD have been reported previously.’
In particular, the amygdala and ACC are the key regions reported
to be associated with treatment response to antidepressants.3?~?
Recently, the role of the DMN in the pathophysiology of MDD has
gathered increasing attention. Previous imaging studies have con-
sistently reported alterations in RSFC within the DMN in patients
with MDD.”%>*3 These findings have been extended to the patho-
physiology of TRD.}%44-4¢ However, fewer studies have reported a
relationship between changes in RSFC and treatment response het-
erogeneity in TRD patients.i&‘ﬂ'48

In this study, the seed-based exploratory analysis at baseline
revealed a cluster that was associated with treatment response to
ketamine within the AN, but not the DMN. This suggests that the
AN plays a key role in treatment response in TRD with respect to
the DMN in treatment-sensitive depression (TSD). Previous imaging

studies that investigated local brain structure, activities, or RSFC in

REPORTS

the AN of TRD patients also support this idea. The scACC, thalamic,
and amygdala volumes are associated with treatment response to
deep brain stimulation.*’ Successful treatment with electroconvul-
sive therapy modified the RSFC between the amygdala and fusiform
face area,”® and patients who responded to repetitive transcranial
stimulation treatment also showed higher N-acetylaspartate levels
in the left ACC.>! Further, blunted amygdala reactivity during emo-
tional face recognition tasks has been correlated with treatment
response to mindfulness-based cognitive therapy.>? These observa-
tions support the role of the AN as a common neural basis of treat-
ment response in TRD patients.

Our exploratory analysis illustrated that increased RSFC be-
tween the amygdala and sgACC in the right hemisphere is associ-
ated with ketamine resistance. Increased RSFC in the AN has been

1753 and in an animal

observed in several psychiatric disorders,
model®* of early life stress, known as a major risk factor of adult
MDD. Increased RSFC of remote networks has been reported as the
neurological basis of the depressive state of MDD and is an indicator
of symptom severity. Furthermore, the increased RSFC maintained
in patients who are symptom-free could be considered as a trait-like
feature of the disease.!” This study illustrated how the baseline RSFC
alteration continued to maintain differences between treatment re-
sponders and nonresponders regardless of the current depressive
symptoms. This suggested that there may be a trait-like feature asso-
ciated with ketamine resistance represented in the increased RSFC
rather than state, symptom related feature. Similar modifications in
RSFC observed in TSD patients supports this idea.>>> Further study
is needed to reveal whether these trait-like features are present in
individuals before onset of the disease, or formed as a result of dif-
ferent chronic disease processes occurring in TRD.

Infusion of a subanesthetic dose of ketamine influences both
rapid and prolonged brain activities in healthy participants and pa-

tients with MDD. lonescu et al®”

summarized 47 neuroimaging stud-
ies and concluded that ketamine affects different areas of the brain
in various ways to contribute to the symptomatic improvement of
MDD. Regarding the effects on neural circuitry, the authors pro-
posed that ketamine causes a “disconnection” of several brain net-
works showing hyper-connectivity during a mood episode in MDD.
However, the detailed mechanisms involved in ketamine's “discon-
nection” effect are largely unknown.

Studies that examined RSFC in patients with TRD reported RSFC
changes associated with symptomatic improvement via ketamine
treatment. Abdallah et al'? reported that a single ketamine infusion
increased global brain connectivity in the frontal lobe 24 hours after
treatment. Simultaneously, when compared with nonresponders, re-
sponders showed increased RSFC between the caudate and visual
cortex and, between the lateral prefrontal cortex and sensory cortex,

respectively. Chen et al*®

demonstrated a significant decrease in RSFC
between the left and right ACC, and between the right dorsolateral
prefrontal and right frontal cortex 48 hours after a single ketamine
infusion. Our exploratory analysis failed to find state-dependent
RSFC modifications associated with symptomatic improvement in

the responders. Chen et al*® reported an association between RSFC
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and the MADRS subscales indicating suicide ideation, but failed to
demonstrate RSFC’s association with overall MADRS. Morris et al®”
reported that patients with MDD showed hyper-activity of sgACC and
increased RSFC between the hippocampus and the sgACC. Ketamine
normalized the hyper-activity of the sgACC that was associated with
anticipatory anhedonia and anxiety, but not with the MADRS score.
Changes in the RSFC might not be completely reflective of overall
symptomatic improvement, measured by scales similar to the MADRS.
Only one study has reported RSFC alterations between the sgACC
and prefrontal cortex reflecting both the baseline difference between
responders and nonresponders and overall MADRS reduction after a
single ketamine infusion.®® Since this study reported a lower response
rate compared to other studies, it is largely unclear whether changes in
single RSFC can be reflective of overall symptomatic improvement as
measured using scales similar to the MADRS. Scheele et al®! reported
the ketamine response of a patient with TRD having bilateral amygdala
damage. This important case report suggested that the activity of the
entire amygdala is unnecessary for the antidepressant activity of ket-

amine. Combined with previous findings,*":>?

our results suggest that
the baseline amygdala “hyper-connectivity” to the sgACC in the right
hemisphere might obstruct the antidepressant effect of ketamine. This
speculation is consistent with the clinical course of the case reported
by Scheele et al®® However, the case also suggested that the amyg-
dala was not vital to the development of treatment resistance in MDD.
These findings suggest the involvement of a multi-level pathophysi-
ology in the neural networks underlying the formation of depressive
symptoms, development of treatment resistance, and treatment re-
sponse to agents including ketamine. The present results might repre-
sent a part of a multiple level pathophysiology.

Certain limitations of this study must be noted. The sample size was
small because of the strict inclusion criteria regarding previous treat-
ment response. However, the detected main difference of respond-
ers and nonresponders in RSFC via nonparametric statistical analysis
was sufficiently robust to remain significant after multiple comparison
correction. The open-label administration of ketamine could have in-
troduced biases regarding the reporting of responses, but it is unclear
whether this would affect group differences. Lack of controls including
healthy or TSD patients, makes it difficult to generalize the results of
this study to all MDD patients. A longitudinal study recruiting patients
at disease onset is needed. Lastly, the present study did not investigate

differences between transient and sustained responders to ketamine.

5 | CONCLUSIONS

This study illustrates that the alteration in the RSFC within the right
AN in TRD patients reflects the antidepressant response to keta-
mine at baseline. The alteration remained throughout the 2-week
treatment with multiple ketamine infusions and seemed to reflect
the trait-like features underlying treatment heterogeneity in TRD.
By employing an anatomical ROI of the sc/sgACC, the present study
also suggests the possible clinical utility of rsfMRI in predicting the

treatment response to ketamine in TRD patients.

Since there may be a multi-level pathophysiology underlying
the formation of depressive symptoms, treatment resistance, and
treatment response, a multivariate model able to predict treat-

62:63 js of increasing importance in clinical practice.

ment response
Gathering reliable variables, including findings from rsfMRI, cor-
responding to each treatment are needed in future studies to im-

prove stratification.
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