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Single and repeated ketamine treatment induces perfusion
changes in sensory and limbic networks in major depressive
disorder

Ashish K. Sahib?, Joana R. Loureiro?, Megha Vasavada?, Antoni Kubicki?, Shantanu
Joshi2, Kai Wang®, Roger P. Woods?, Eliza CongdonP, Danny J.J. Wang®, Michael Boucher?,
Randall EspinozaP, Katherine L. Narra.b

aAhamason-Lovelace Brain Mapping Center, Department of Neurology, University of California
Los Angeles, Los Angeles, CA, USA

bDepartment of Psychiatry and Biobehavioral Sciences, University of California Los Angeles, Los
Angeles, CA, USA

‘Laboratory of FMRI Technology (LOFT), Stevens Neuroimaging and Informatics Institute,
University of Southern California, Los Angeles, CA, USA

Abstract

Ketamine infusion therapy can produce fast-acting antidepressant effects in patients with major
depressive disorder (MDD). Yet, how single and repeated ketamine treatment induces brain
systems-level neuroplasticity underlying symptom improvement is unknown. Advanced multiband
imaging (MB) pseudo-continuous arterial spin labeling (pCASL) perfusion MRI data was acquired
from patients with treatment resistant depression (TRD) (N=22, mean age=35.2+9.95 SD, 27%
female) at baseline, and 24 hours after receiving single, and four subanesthetic (0.5 mg/kg)
intravenous ketamine infusions. Changes in global and regional CBF were compared across time
points, and relationships with overall mood, anhedonia and apathy were examined. Comparisons
between patients at baseline and controls (N=18, mean age=36.11+14.5 SD, 57% female)
established normalization of treatment effects. Results showed increased regional CBF in the
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cingulate and primary and higher-order visual association regions after first ketamine treatment.
Baseline CBF in the fusiform, and acute changes in CBF in visual areas were related to symptom
improvement after single and repeated ketamine treatment, respectively. In contrast, after serial
infusion therapy, decreases in regional CBF were observed in the bilateral hippocampus and right
insula with ketamine treatment. Findings demonstrate that neurophysiological changes occurring
with single and repeated ketamine treatment follow both a regional and temporal pattern including
sensory and limbic regions. Initial changes are observed in the posterior cingulate and precuneus
and primary and higher-order visual areas, which relate to clinical responses. However, repeated
exposure to ketamine, though not relating to clinical outcome, appears to engage deeper limbic
structures and insula.

Keywords
Ketamine; MDD; CBF; MB pCASL,; insula; fusiform

1. Introduction

Neuroimaging research continues to provide important insights into the pathophysiology

of major depressive disorder (MDD) (Drysdale et al., 2017; Dunlop and Mayberg, 2014),
and the physiological basis of antidepressant response (Leaver et al., 2019; Wei et al.,
2018). However, despite prior research, the brain systems-level mechanisms associated
with successful treatment are poorly understood (Dean and Keshavan, 2017; Duman et al.,
2016). Since response to standard antidepressants is modest and protracted, and one-third
of patients defined as having treatment resistant depression (TRD) are expected to fail

> 2 treatment trials (Gaynes et al., 2009; Nemeroff, 2007), knowledge of rapid response
mechanisms is pivotal for advancing more effective interventions. Ketamine, an antagonist
of N-methyl-D-aspartate (NMDA) receptors, has long been used as an anesthetic. At
subanesthetic doses, ketamine is now also well-replicated to produce acute and robust
antidepressant effects (Murrough et al., 2013; Zarate et al., 2013). Ketamine, a racemic
mixture of equal amounts of two enantiomers, S and R ketamine, has consequently received
growing off-label clinical use. Esketamine, the S(+) enantiomer, has received recent US
Food and Drug Administration (FDA) approval for TRD treatment. Still, the downstream
antidepressant effects of ketamine on functional neurocircuitry remain uncertain. Currently
only a handful of neuroimaging studies have addressed how low-dose ketamine modulates
brain function in relation to antidepressant response (Abdallah et al., 2017; Evans et al.,
2018; Reed et al., 2018). Most of these studies have explored treatment effects using blood-
oxygen-level-dependent (BOLD) functional magnetic resonance imaging (fMRI). Though
results suggest both discrete and network-related changes in brain activity, relationships with
symptom improvement are unclear, while studies addressing the neural effects of repeated
ketamine therapy are lacking.

Avrterial spin labelling (ASL) perfusion MRI provides a quantitative measure of regional
cerebral blood flow (rCBF) and presents a complementary non-invasive functional imaging
approach to BOLD fMRI. As such, perfusion MRI, demonstrated as sensitive for detecting
effects of clinically effective doses of marketed drugs (Khalili-Mahani et al., 2015; Wang et
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al., 2011), may offer novel understanding of the brain systems-level antidepressant effects
of ketamine. A distinct advantage of ASL for longitudinal studies, is that perfusion values
are reproducible over days to weeks (Chen et al., 2011; Jain et al., 2012) and directly
comparable across time. This contrasts with BOLD fMRI, where only relative phasic
changes secondary to neural activity can be estimated (De Simoni et al., 2013; Steward et
al., 2005). ASL CBF measurements have been validated using 1°0-water positron emission
tomography (PET) (Feng et al., 2004; Ye et al., 2000). Since perfusion is normally coupled
with metabolism, ASL CBF also provides comparable information as fluorodeoxyglucose
(FDG)-PET without radiation exposure (Cha et al., 2013). Several prior studies have

used perfusion MRI to examine cross-sectional differences in brain function in MDD and
controls. Here, rCBF differences have been identified in multiple brain regions in MDD,
particularly in medial prefrontal cortex, despite clinical heterogeneity across studied samples
(Chen et al., 2016; Vasic et al., 2015). However, prior studies have been compromised

by low spatial resolution ASL sequences more susceptible to partial volume effects for
gray (GM) and white matter (WM) CBF quantification. Pseudo-continuous ASL (pCASL)
(Li et al., 2015) combined with advances in multiband echo planar imaging (MB-EPI)
address several of the limitations of standard whole brain perfusion imaging. MB-EPI
pCASL provides greater spatial resolution without blurring due to the long readout of

3D acquisitions. The fast imaging speed further allows acquisition of perfusion signals

at multiple post-labeling delays (PLDs) to produce improved CBF estimates for detecting
changes in brain function (Li et al., 2015; Shao et al., 2018).

Leveraging advanced MB pCASL imaging, in the current investigation we compared global
and rCBF measured at rest in TRD patients at baseline and 24 hours after receiving single,
and four serial infusions of subanesthetic ketamine, and examined relationships with clinical
outcome. To our knowledge, there are currently no ASL-based studies examining the effects
of either single or repeated ketamine treatment in MDD, and thus ours constitutes as a novel
contribution to the field. To establish whether treatment-related changes normalize towards
control values, we also compared global and rCBF between controls and TRD patients at
baseline. As potentially relevant to the current investigation, increased regional cerebral
glucose metabolism has been observed in MDD following a single low-dose ketamine

in primary and secondary visual areas and heteromodal association cortex (occipital,
postcentral, and inferior parietal cortex). Decreased metabolism is simultaneously observed
in insular cortex, and in subcortical regions including the amygdala and habenula (Carlson
et al., 2013). We thus hypothesized that ketamine infusion would associate with increased
rCBF in sensory and association cortices, and decreased rCBF in subcortical limbic regions,
and that changes associate with therapeutic responses.

Experimental Procedures

2.1 Subjects

Participants included 18 healthy controls (HC) and 22 DSM-5 defined (SCID, (First MB
WJ, 2015)) individuals with MDD, who met criteria for TRD (i.e., failed = 2 adequate
antidepressant trials and had been continuously depressed for = 6 months, all 20 — 64 years
of age). Subjects were recruited from the Los Angeles area through advertisements, clinician

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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referral or clinicaltrials.gov (NCT02165449). All TRD subjects received a series of four
ketamine treatments and were followed prospectively during treatment. Imaging and clinical
assessments occurred at three timepoints: 1) initial baseline (TP1) occurring within one
week of the first treatment; 2) 24 hours after the first ketamine infusion (TP2) and; 24 to 72
hours after the last ketamine infusion (TP3) (Figure 1A). HCs were assessed at a single time
point. Demographic and clinical information is provided in Table 1.

Exclusion criteria for all participants included any unstable medical or neurological
condition, current substance abuse or dependence (ascertained by laboratory testing) or
substance abuse history within the preceding 3-months, current or past history of psychosis,
schizophrenia, mental retardation or other developmental disorder, diagnosis of dementia
and contraindication to scanning (e.g., metal implants or claustrophobia). HCs were also
screened to exclude depression and/or use of any psychotropic drugs. At baseline, patients
had moderate to severe depressive symptoms as per the Hamilton Depression Rating Scale
(HDRS), 17—item (Hamilton, 1960) (baseline HDRS => 17). Subjects were also screened
to ensure no prior psychotic reactions to medications, alcohol or illicit substances in the
past, and for other physical or clinical contraindications to ketamine. All subjects provided
written informed consent following procedures approved by the University of California,
Los Angeles (UCLA) Institutional Review Board (IRB).

2.2 Ketamine Treatment

Patients receiving ketamine were permitted to remain on approved monoaminergic
antidepressant therapy (if unchanged in the preceding 6-weeks) for the duration of the
study. Benzodiazepines were discontinued the night before and morning of all study

visits (e.g. scans or ketamine treatments). Patients received infusions 2—-3 times a week

for a total of 4 infusions. At each session, performed as an outpatient procedure, a

single sub-anesthetic dose (0.5 mg/kg) of ketamine diluted in 60cc normal saline was
delivered intravenously via pump over a 40-minute period in a private room at the UCLA
Clinical Translational Research Center or the Resnick Neuropsychiatric Hospital. Vital sign
monitoring included blood pressure, pulse oximetry, and respiratory rate recording every 3
minutes and a continuous cardiac rhythm strip. Mental status monitoring occurred during
ketamine infusion and dissociative side effects were recorded 1 hr. after each infusion with
the Clinician Administered Dissociative States Scale (CADSS) (Castle et al., 2017).

2.3 Clinical Measures

The HDRS (Hamilton, 1960), administered at each scanning time point, was used as the
primary measure of antidepressant response. Since symptoms of apathy can be aggravated
with standard antidepressant treatment (Barnhart et al., 2004), and ketamine is shown to
target anhedonia specifically (Lally et al., 2015), participants also completed the Apathy
Evaluation Scale (AES) (Marin et al., 1991), and the Snaith-Hamilton Pleasure Scale
(SHAPS) (Snaith et al., 1995).

2.4 MRI Data Acquisition

Imaging data was acquired on a Siemens 3T Prisma MRI system at UCLA’s Brain
Mapping with a 32-channel head coil. Acquisition sequences were identical to those used

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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by the Human Connectome Project (HCP) Lifespan studies for Aging and Development
(https://iwww.humanconnectome.org) (Harms et al., 2018). Structural scans consisted of

a T1-weighed (T1w) multi-echo MPRAGE (voxel size (VS)=0.8mm isotropic; repetition
time (TR)=2500ms; echo time (TE)=1.81:1.79:7.18ms; inversion time (T1)=1000ms; flip
angle (34)=8.0°; acquisition time (TA)=8:22min) and a T2-weighted (T2w) acquisition
(VS=0.8mm isotropic; TR=3200ms; TE=564ms; TA=6:35min), both with real-time motion
correction (Tisdall et al., 2012). MB-EPI pCASL data (MB acceleration factor = 6, 60 slices
with an isotropic resolution of 2.5 mm, TR/TE= 3.58/19 ms, labelling duration = 1500 ms,
5min 29 sec duration) as described in (Harms et al., 2018) was acquired to quantify CBF
changes. For pCASL calibration, two additional MO scans were collected using a proton
density scan with the same readout as MB-EPI pCASL acquisition. To allow for steady state
magnetization the second MO0 image was used for CBF quantification. To perform distortion
correction, two additional spin echo images with opposite phase encoding directions were
acquired.

2.5 MRI Data Analysis

All image processing and analysis (Figure 1B) was carried out using the FMRIB software
library (FSL 6.0.1) (Smith et al., 2004) and the Connectome Workbench tool (https://
www.humanconnectome.org/software/connectome-workbench, version 1.3.2). FSL’s topup
tool corrected for MB-EPI pCASL distortions using the spin-echo images. After distortion
correction, the Oxford_asl tool (Groves et al., 2009) computed calibrated CBF (ml1/100g/
min) maps. This procedure included motion correction, spatial regularization, ‘White paper’
mode that uses the kinetic model based on the ASL consensus paper (Alsop et al., 2015),
voxel-wise calibration using the MO image, partial volume correction (Chappell et al.,
2011) and registration to Montreal Neurological template (2 x 2 x 2 mm3) using the T1w
anatomical scan. The calibrated CBF maps were converted into CIFTI (combined cortical
surface and subcortical volume coordinate system) file format using the workbench tool
using the HCP minimal preprocessing pipeline (Glasser et al., 2013). All calibrated CBF
maps were visually inspected for failed registration due to motion or susceptibility artifacts.
Prior to statistical analysis the calibrated CBF maps in volume as well as in CIFTI format
were smoothed with a 5 mm full-width at half-maximum (FWHM) isotropic kernel. Global
CBF was calculated by taking the sum of averaged GM and WM calibrated CBF. ASL data
was rejected if subjects moved greater than 2.5mm or failed normalization. In total, data
from 16 subjects/sessions (28 % of the sample) were excluded. Excluded data is not reported
in the overall sample size including N=22 TRD patients and N=18 HCs.

2.6 Statistical Analysis

Regional effects of ketamine were confirmed with permutation testing (n=5000) using paired
t-tests of calibrated CBF maps for time points examined pairwise (TP1 and TP2, TP2

and TP3, TP1 and TP3). Cross-sectional analysis between HC and TRD at baseline were
performed with independent samples t-tests (age and gender as covariates) to determine
effects of normalization with treatment. For volume data, tests were performed using the
randomize tool (Winkler et al., 2014). Statistical thresholds were set at threshold-free cluster
estimates (TFCE) p<0.05 (Smith and Nichols, 2009). Similar statistical tests were repeated
for the surface-based CIFTI data using FSLs PALM (Winkler et al., 2014). rCBF values

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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from regions-of-interest (ROIs) that showed significant CBF changes in whole brain analysis
were used to evaluate relationships with clinical outcome measures. Specifically, masks
were created for brain regions showing significant whole brain effects with overlapping
anatomical labels derived from the Freesurfer (Desikan-Killiany) atlas (Desikan et al.,
2006). Mean rCBF values were extracted from these masks and correlated with clinical
measures (controlling for baseline global CBF) using IBM Statistical Packages for the
Social Sciences (SPSS v25). Post-hoc ROI analysis also examined the relationship between
variations in baseline (TP1) rCBF with percent change (TP1-TP2) in clinical scores, as well
as percent change in rCBF after single infusion (TP1-TP2) with percent change in clinical
scores after serial ketamine (TP1-TP3/TP1) to determine if early effects of ketamine predict
treatment response. A p-value of < 0.05 was used to establish statistical significance in these
post-hoc analyses.

Results

Demographic and clinical results

Age and sex did not significantly differ between HC and MDD. Depression significantly
improved with treatment (Table 2). Maximum improvement in mood scores was observed
after serial ketamine infusion (TP3). Of the 22 TRD patients, 13 (59%) showed >

50% improvement in mood scores after serial infusion, and 7 (32%) achieved remission
(HDRS<7), while only 3 patients (14%) achieved remission after the first infusion.

Cross-sectional effects between HC and TRD at baseline

At p<0.05 FWE correction, no differences in CBF appeared at the whole-brain voxel level
between HC and TRD patients at baseline. However, HC showed significantly higher global
CBF as compared to TRD (p<.05, Supplementary Figure 1). Consequently, follow up ROI
analyses included global CBF as a covariate.

CBF changes after Ketamine Treatment

Global CBF (p = 0.7) did not significantly change following single or serial ketamine
treatment in patients (Supplementary Figure 1). However, there was a mean increase in
global CBF after the first infusion that decreased/normalized after the fourth infusion. There
were no observed registration confounds for conversion of CBF maps to CIFTI format after
quality control removal of data with motion artifacts (Supplementary Figure 1).

The paired t-test comparing baseline (TP1) and first ketamine infusion (TP2) revealed post-
treatment increases in rCBF in parallel analysis of both CIFTI (optimized for the cortex)

and volume (optimized for subcortical regions) data (Figure 2). Amongst widespread mean
increases in CBF (shown in red at p<0.01 uncorrected, Figure 2A), significant increases
(shown in yellow at p<0.05 FWE (family wise error) corrected, Figure 2A) were observed in
the mid and posterior cingulate and proximal association areas encompassing the paracentral
lobule, cuneus, precuneus, and other higher-order visual association regions including the
fusiform. Results were reproduced in volume analysis at the same statistical threshold
(Figure 2B). However, though trending leftward, overall the cluster was more bi-hemispheric
in comparison to the surface-based CIFTI data that amplified only the left hemisphere

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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cluster at the statistical threshold. As shown at the uncorrected threshold of p<0.01 (in red),
regions extend to both hemispheres in both surface and subcortical volume maps.

Clusters showing a significant increase in CBF were used to create ROIs (Figure 3) in which
average CBF was correlated with mood variables. Though significant correlations were not
observed between TP1-TP2 deltas, there was a significant negative relationship between
baseline (TP1) CBF in the fusiform and %HDRS change (TP1-TP2) after the first infusion
(Figure 4A). In addition, %CBF change (TP1-TP2) in the cuneus showed a significant
positive correlation with serial %change (TP1-TP3) for overall mood (HDRS), anhedonia
(SHAPS) and apathy (AES) (Figure 4B).

Compatible with our a priori hypotheses generated from PET-FDG findings (Carlson et al.,
2013), a significant decrease in rCBF was observed for the paired t-test comparing TP1 and
TP3 in the bilateral hippocampus and right insula (Figure 5, p<0.01, uncorrected), although
clusters did not survive TFCE FWE thresholds. No significant differences were observed in
rCBF after dichotomizing responders and non-responders after serial infusion.

4. Discussion

Motivated by the growing use of subanesthetic ketamine therapy for the short-term
treatment of depressive symptoms and suicidality (Duman, 2018), this investigation
applied non-invasive perfusion MRI methods to address the neurophysiological systems-
level mechanisms underlying ketamine’s rapid antidepressant effects. To the best of our
knowledge, this is the first MRI-based perfusion study to investigate the fast-acting effects
of ketamine in TRD, and to leverage advanced MB-EPI pCASL with improved spatial

and temporal resolution (Li et al., 2015). Regional changes in resting-state CBF were
measured 24 hours after both single and serial ketamine treatment allowing for quantitative
examination of calibrated CBF in relation to ketamine response over time. Results revealed
that ketamine infusion induces a robust decrease in depressive symptoms, and a significant
increase of rCBF after initial infusion in brain regions encompassing the posterior and mid
cingulate, precuneus, cuneus and visual association areas. In contrast, repeated treatments
associated with decreased rCBF in the bilateral hippocampus and right insula, in line with
prior PET findings (Carlson et al., 2013). Further, we show baseline and acute changes

in rCBF in the fusiform and cuneus predict clinical response after the first infusion and
following repeated treatment, respectively, suggesting that the engagement of primary and
higher-order visual regions play a role in modulating rapid antidepressant response. Overall,
these findings support that repeated low-dose ketamine treatment is associated with both a
temporal and regional gradient of functional neuroplasticity extending from visual areas to
limbic and connected insular regions (Ghaziri et al., 2018) over time and that effects relate to
symptom improvement.

Prior cross-sectional studies have shown global reductions in CBF in MDD compared

to controls (Baxter et al., 1985; Kanaya and Yonekawa, 1990), as well as alterations in
rCBF in the sub- and supra-callosal cingulate, hippocampus, dorsolateral prefrontal cortex,
inferior parietal, and occipital cortex (Duhameau et al., 2010; Vasic et al., 2015). Our results
replicate previously observed reductions in global CBF in patients assessed at baseline

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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compared to HC, and indicate mean reductions in rCBF at the ROI level for the posterior
cingulate, precuneus, cuneus, fusiform, and paracentral cortex that tend to increase in the
direction of controls following single ketamine therapy [Figure 3]. At the same time, our
results show significant hyper-perfusion in the right insula and bilateral hippocampus in
TRD at baseline with respect to HC, that significantly decrease towards normalization over
time following repeated ketamine treatment.

In this study we aimed to determine changes in CBF that occur as a consequence of
neurofunctional plasticity, rather than the effects of real-time ketamine administration.
During administration, low to high doses of ketamine are shown to have an immediate effect
on global CBF, though these effects diminish and remain relatively static in the hours after
ketamine infusion (Khalili-Mahani et al., 2015). Real-time increases in global CBF may
thus reflect the timing of drug metabolism (half-life: 2-3 hours in adults). Since ketamine

is mostly eliminated from the human body 24 hours post infusion, as expected, significant
changes in global CBF were not shown over time in patients in this study.

After single ketamine infusion significant rCBF increases occurred in the mid and posterior
cingulate, precuneus, and primary and secondary visual areas. Both the subgenual and
supra-callosal cingulate play a role in integrating and regulating emotional behavior (Leech
and Sharp, 2014), and are widely implicated in MDD (Hamani et al., 2011). The posterior
cingulate has more extensive connections with cognitive (including internally-directed
cognition) and motor-related areas (Leech and Sharp, 2014). The posterior cingulate and
precuneus also form key nodes of the DMN, frequently shown to exhibit altered functional
connectivity in depression (Cheng et al., 2018). Particular features of depression, such as
maladaptive self-focus and rumination, and impaired attention and cognitive control, are
thought to reflect DMN dysregulation (Sheline et al., 2010). Changes in perfusion in DMN
network nodes may thus also contribute to the acute therapeutic effects of ketamine. Though
measuring different aspects of functional plasticity, findings from resting-state fMRI studies
are compatible with the current results. Specifically, a single dose of ketamine has been
associated with a normalization of functional connectivity between the DMN and insula
(Evans et al., 2018). Further, a prior PET-FDG investigation has reported increased glucose
metabolism in the mid-cingulate cortex following single ketamine (Chen et al., 2018) in
accordance with results.

Previous FDG-PET findings also report pronounced increases of glucose metabolism

in bilateral occipital areas after a subanesthetic ketamine infusion in MDD (Carlson

et al., 2013). These effects may reflect neuroplasticity stemming from the engagement

of primary and secondary visual areas as a consequence of the dissociative and
psychomimetic phenomena of ketamine. Interestingly, a recent study has shown that
opioid receptor antagonism prior to intravenous ketamine administration reduces both its
acute antidepressant and dissociative effects (Amiaz, 2019). Independent studies have also
reported relationships between response and dissociative or psychomimetic state measured
immediately after infusion (Niciu et al., 2018; Sos et al., 2013). Taken together there

is considerable evidence to suggest that classical hallucinogens such as psilocybin and
ketamine activate parieto-occipital regions (Vollenweider and Kometer, 2010). In our study,
we observed significant relationships between acute change in rCBF in the cuneus and

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2022 February 24.
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subsequent antidepressant response, including change in mood and symptoms of apathy
and anhedonia. It is thus possible that increased perfusion in visual areas at 24 hrs. post-
treatment are linked with dissociative symptoms experienced during ketamine and could
explain the association between the dissociative effects of ketamine, potentially mediated
by the opiate system, and antidepressant response. Unfortunately, we were not able to
address this hypothesis directly since we did not measure CBF or symptoms of dissociation
with the CADSS at the actual time of infusions. Further, as consistent with recent reviews
(Acevedo-Diaz et al., 2019; Short et al., 2018) CADSS scores as measured 60 minutes post
treatment in our study (range: 0-5) were likely already attenuated to prohibit meaningful
correlations with subsequent CBF changes. Thus, though this hypothesis is speculative, our
findings nonetheless suggest that functional neuroplasticity in visual areas play a role in
initial treatment response (Shaw et al., 2015).

Previous BOLD fMRI studies of intravenous ketamine in MDD have failed to report
relationships between baseline or changes in functional imaging measures and clinical
improvement when both are examined continuously. However, when binarizing patients
into responder and non-responder groups, a recent investigation found increased global
connectivity in the PFC, caudate and insula in responders only, suggesting prefrontal and
striatal circuitry may be relevant to successful outcomes (Abdallah et al., 2017). Here,

we observed increased perfusion in the fusiform following single ketamine, as well as a
significant negative relationship between baseline rCBF and acute change in HDRS scores.
Both structural (Schmaal et al., 2017) and functional abnormalities of the fusiform (Rolls

et al., 2018) are demonstrated in MDD. The fusiform is involved in higher-level visual
processing including in face and object recognition (Weiner and Zilles, 2016). By way of its
connections with the amygdala, the fusiform also contributes to the processing of affective
face stimuli, and exhibits altered patterns of brain activation in MDD (Stuhrmann et al.,
2011). The fusiform may also contribute to fast acting therapeutic response. For example,
ECT, also rapidly acting, is reported to enhance connectivity between amygdala and the
fusiform (Wang et al., 2017). Our results thus suggest that functional plasticity of fusiform,
and other visual association areas, contribute to the acute antidepressant effects of ketamine.
Moreover, our results indicate that baseline rCBF in visual areas could serve as a potential
biomarker of treatment response.

After serial ketamine treatment, rCBF values decreased in the bilateral hippocampus

and right insula [Figure 5]. A large literature supports the hippocampus is involved in

the pathophysiology of depression (Drevets et al., 2008). For example, reductions in
hippocampal volume are shown to exhibit the largest effect sizes with respect to other
subcortical abnormalities (Schmaal et al., 2016) in MDD, and to be linked with clinical state
(Kempton et al., 2011). Recent findings also suggest other treatments for TRD, including
electroconvulsive therapy (ECT), elicit changes in hippocampal rCBF that distinguish
treatment responders from non-responders (Leaver et al., 2019). At the same time, the
insula, which integrates cross-modal sensory and subjective state information necessary for
affective processing (Chang et al., 2013), has been is implicated as contributing to specific
depressive symptoms (Avery et al., 2014). Further prior research suggests right anterior
insula activity changes (Brody et al., 2001) and predicts (Dunlop et al., 2015) response to
standard antidepressant treatments. Connectivity changes have also been observed in the
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insula following acute ketamine infusion in MDD, which might suggest a treatment-related
normalization of the interaction between DMN and salience networks (Evans et al., 2018).
Notably, a prior ketamine PET study showed increases in visual cortex glucose metabolism
together with simultaneous decreases in insular and amygdala glucose metabolism (Carlson
et al., 2013). These results are at least partially compatible with our findings showing
increased rCBF in primary and secondary visual cortex after single infusion, and decreases
in rCBF in deep limbic structures and the right anterior insular after repeated treatment.
Taken together, our results demonstrate that neurofunctional plasticity associated with
ketamine treatment changes over time in particular networks.

Several limitations should be acknowledged for the current investigation. Firstly, MB-EPI
pCASL is relatively new compared to other functional imaging approaches (Wang et al.,
2011), which explains the absence of clinically relevant data with which to more directly
compare our data. Secondly, though we demonstrate sufficient power for detecting CBF
changes over time, the limited sample size (n=22) may have led to reduced statistical

power for detecting more subtle regional effects after single, or repeated ketamine treatment.
However, our results show that ketamine modulates rCBF in brain regions implicated in
multiple prior MDD studies, including in subcortical limbic and insula regions observed
after serial ketamine at a more lenient statistical threshold. Another limitation is that ASL
yields a lower SNR than fMRI, and can be more sensitive to motion. Longer scan times
allowing the acquisition of a greater number of volume pairs (tag and control images) can
thus ensure data is not lost due to artifacts. It should also be noted that the participants were
allowed to continue concurrent stable anti-depressant medication, which may have impacted
findings. Further, based on evidence suggesting possible attenuation of antidepressant effects
(Andrade, 2017) and acute effects on CBF (Matthew et al., 1995), benzodiazepines were
withheld prior to ketamine infusions and MRI scans. However, since only 4 patients were
prescribed benzodiazepines in the current study, we were not able to examine effects in these
patients separately.

CBF presents a quantitative index of brain hemodynamics related to oxygen and glucose
metabolism and neurofunction. Our results show that changes in rCBF are present 24

hours after treatment demonstrating neuroplasticity occurs beyond the immediate effects

of ketamine on glutamate signaling. Our findings also support that repeated low-dose
ketamine therapy leads to neurofunctional plasticity in a temporally specific regional
pattern. Specifically, results show neuroplasticity in primary and higher-order visual areas,
as well as the posterior cingulate and precuneus following initial ketamine treatment.
Further, perfusion increases at baseline and after single infusion in primary and association
visual cortex may serve as a biomarker of short- and longer-term treatment response,
respectively. The changes in perfusion observed in the bilateral hippocampus and right
insular following serial treatment suggest that repeated exposure to ketamine may be
necessary to perturb subcortical circuits, perhaps due to greater thresholds or time required
for neuroplastic changes. Although our results show that racemic-ketamine induces systems-
level neuroplasticity, it remains unknown if R- or S-ketamine perturb distinct neural circuitry
in patients with major depression. However, each enantiomer demonstrates distinct patterns
of neural response in cortical and subcortical brain regions in conscious rats (Chang et al.,
2019; Masaki et al., 2019). In addition, R-ketamine exerts a longer-lasting antidepressant
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effect than S-ketamine in animal models of depression and has less detrimental side-

effects than R, S-ketamine or S-ketamine (Hashimoto, 2019). Further, in healthy subjects,
subanesthetic administration of S- and R-ketamine each elicit regionally distinct changes

in brain metabolism in association with different behavioral responses (Vollenweider et

al., 1997a). Since S- and R-ketamine are associated with different patterns of metabolic
activity in humans and animals (Masaki et al., 2019; Vollenweider et al., 1997b) further
studies are needed on the scientific premise that warranted to establish if S- and R-ketamine
enantiomers will perturb distinct neural circuits to affect functional dimensions of relevance
to depression of benefit for improving clinical outcomes in depression.
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Figure 1.

A) Study design showing the timing of MRI sessions and clinical assessments; B) Imaging
pre-processing pipeline where wp= white paper mode, and Pvcorr = partial volume
correction.
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Figure 2.
A) Effect of ketamine treatment after first infusion (TP2vsTP1). Results are displayed on

surface, and in B) volume space. Clusters in red correspond to p<0.01, uncorrected statistical
thresholds, while clusters in yellow correspond to TFCE correction results (FWE, p<0.05).
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Figure 3.
Region of interests (ROIs color coded) used to perform follow-up analysis of relationships

between regional CBF and mood variables. The bar plots represent the average CBF in the
ROIs across ketamine treatment (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4.
Regional correlates of CBF with clinical variables. A) Baseline (TP1) CBF in the fusiform

showed a significant negative relationship with acute change in HDRS (TP1-TP2); B) Acute
change in CBF in the cuneus (TP1-TP2) showed a significant positive relationship with
serial change (TP1-TP3) in AES, SHAPS and HDRS scores.
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Figure 5.

CBF change after fourth infusion of ketamine (TP1vsTP3) (p<0.01, uncorrected). The
bar plots represent the average CBF in the bilateral hippocampus and right insula across
ketamine treatment (*p<0.05, **p<0.01, ***p<0.001).
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Table 1:

Patient demographic information with mean and standard deviation (SD).

HC MDD (TP1)

Mean (SD)  Mean (SD) MDD vs HC
Number of subjects (N) 18 22
Gender (% female) 55.56 27.27 x=3.31, p=0.07
Age (years) 36.11 (14.5) 35.27(9.95)  T=0.21, p=0.83
Education (years) 9.89 (1.84) 9.72 (2.56) T=0.22, p=0.82
Duration lifetime illness (years) N/A 18.91 (11.91) N/A
Current episode (years) N/A 4.7 (5.8) N/A
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Table 2:

Clinical Measures for patients at baseline (TP1); 24 hours after the first infusion (TP2) and after fourth
infusion (TP3).

TP1 TP2 TP3 TP1vsTP2 TP2vsTP3  TplvsTP3
Mean (SD) Mean (SD) Mean(SD) T p T P T P

HDRS 19.09(51) 13.68(4.7) 891(41) 867 <00001 534 003 103 <0.0001
SHAPS 813(43) 6.77(41) 3.82(44) 24 022 358 004 475 0.008
AES 4959 (7.6) 47.14(7.4) 4345(10.6) 3.29 0074 241 022 332 0071

Abbreviations: Hamilton Depression Rating Scale (HDRS); Snaith-Hamilton Pleasure Scale (SHAPS); Apathy Evaluation Scale (AES).
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