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ARTICLE INFO ABSTRACT

Keywords: Patients with major depressive disorder (MDD) exhibit impaired control of cognitive and emotional systems,
Ketamine including deficient response selection and inhibition. Though these deficits are typically attributed to abnormal
Cerebellum

communication between macro-scale cortical networks, altered communication with the cerebellum also plays
an important role. Yet, how the circuitry between the cerebellum and large-scale functional networks impact
treatment outcome in MDD is not understood. We thus examined how ketamine, which elicits rapid therapeutic
effects in MDD, modulates cerebro-cerebellar circuitry during response-inhibition using a functional imaging
NoGo/Go task in MDD patients (N = 46, mean age: 39.2, 38.1% female) receiving four ketamine infusions, and
healthy controls (N = 32, mean age:35.2, 71.4% female). We fitted psychophysiological-interaction (PPI) models
for a functionally-derived cerebellar-seed and extracted average PPI in three target functional networks, fron-
toparietal (FPN), sensory-motor (SMN) and salience (SN) networks. Time and remission status were then eval-
uated for each of the networks and their network-nodes. Follow-up tests examined whether PPI-connectivity
differed between patient remitter/non-remitters and controls. Results showed significant decreases in PPI-
connectivity after ketamine between the cerebellum and FPN (p < 0.001) and SMN networks (p = 0.008) in
remitters only (N = 20). However, ketamine-related changes in PPI-connectivity between the cerebellum and the
SN (p = 0.003) did not vary with remitter status. Cerebellar-FPN, -SN PPI values at baseline were also associated
with treatment outcome. Using novel methodology to quantify the functional coupling of cerebro-cerebellar
circuitry during response-inhibition, our findings highlight that these loops play distinct roles in treatment
response and could potentially serve as novel biomarkers for fast-acting antidepressant therapies in MDD.

Large-scale networks
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1. Introduction depressive symptoms (Langenecker et al., 2007; Park et al., 2019; Disner

et al., 2011). Disruptions in goal directed attention and inhibitory con-

Major depressive disorder (MDD) is one of the most common
neuropsychiatric disorders and a leading cause of disability world-wide
(WHO, 2019). The symptoms of MDD span multiple domains including
emotional and mood disturbances, as well as psychomotor and cognitive
impairments (WHO, 2019; Keller et al., 2019). Among these impair-
ments, much evidence supports that disturbances in cognitive control,
including difficulties in adjusting or inhibiting behavior, contribute to
the pathophysiology of depression (Snyder, 2013; Rock et al., 2014).
Specifically, response inhibition may play a role in the top-down control
or regulation of emotion, which when compromised, could contribute to

trol may lead to difficulties in day-to-day social and occupational
function (Keller et al., 2019; Bennabi et al., 2013) and suicide risk in
MDD (Moniz et al., 2017) and thus present important behavioral targets
for intervention. However, the brain mechanisms and circuitry associ-
ated with response inhibition in MDD are incompletely understood and
require further investigation.

Recent literature suggests that the cognitive and attentional deficits
observed in MDD are not attributable to regionally localized brain ab-
normalities, but instead involve abnormal communication between
large scale networks (LSNs) across spatially distributed brain regions or
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network nodes (Keller et al., 2019; Hamilton, 1960). Previous studies
have emphasized disrupted communication in MDD between three sets
of LSNs that include task-positive networks, such as the fronto-parietal
network (FPN); the default mode network (DMN), involved in self-
referential processes and internal attention; and the salience network
(SN), which is involved in attention to salient stimuli and in the
switching between DMN and FPN, during rest and functional tasks
(Menon, 2011; Kaiser et al., 2015). Functional connectivity disruptions
within DMN and between the dorsal-attention (DAN), sensory-motor
(SMN) and visual (VN) networks have also been reported (Yan et al.,
2019; Korgaonkar et al., 2019). Additionally, recent work suggests
changes in connectivity within and between LSNs associate with
remission to standard antidepressant therapy irrespective of type (Kor-
gaonkar et al., 2019). However, it remains unclear how these networks
are disrupted in MDD to impact particular domains of function such as
inhibitory control and change with respect to treatment outcome (Yan
et al., 2019).

To date, the main focus of neuroimaging research in MDD has been
directed towards the cerebrum and the interactions amongst primary
cortical hubs within the forebrain. Notably, it is now known that the
cerebellum also plays an important role in emotion, cognitive control
and executive function (Schmahmann, 2019; Noroozian, 2014). In
particular, prior studies support the cerebellum’s involvement in the
connectivity of most LSNs (Habas et al., 2009; Buckner et al., 2011; Ji
et al., 2019) and reveal structural and functional (Guo et al., 2013; Liu
et al., 2012) disruptions in cortico-cerebellar and cerebello-thalamo-
cortico loops in patients with MDD (Lupo et al., 2019). Prefrontal-
cerebellar loops have also been identified as key circuitry in motor
learning and executive function, where the cerebellum acts to modulate
the frontal cortex, regulating the start or end of actions by providing
sensory feedback through cerebellar ‘internal models’, which are
adjusted as a movement is repeated ([to, 2008; Diedrichsen et al., 2019;
Miquel et al., 2019). Further, the cerebellum’s contribution to response-
inhibition (Stoodley et al., 2012; Mottolese et al., 2013; Kilteni and
Ehrsson, 2020; Wynn et al., 2019) is emphasized by poor performance of
patients with cerebellar impairments on Go/NoGo tasks (Stoodley et al.,
2012) and is hypothesized to play an important role in post-error pro-
cessing in communication with the prefrontal and anterior cingulate
cortex via the thalamus (Lupo et al., 2019; Koziol et al., 2012; Gyurak
et al., 2016). When disrupted, these circuitries are also found to be
associated with cognitive and motor disturbances frequently observed in
MDD (Bennabi et al., 2013; Sweeney et al., 1998). This research impli-
cates the contribution of cerebro-cerebellar circuitries in MDD patho-
physiology and the need to further investigate these circuitries and their
role in executive control processes in depression and its treatment.

Ketamine is a non-competitive N-methyl-D-aspartate receptor
(NMDAR) antagonist known to elicit fast-acting antidepressant effects in
patients with MDD unresponsive to standard treatments (i.e., defined as
having treatment resistant depression - TRD) (Iadarola et al., 2015;
Zanos and Gould, 2018). Recently, ketamine therapy in MDD is also
demonstrated to affect the brain at the systems level by disrupting the
interaction between multiple networks during rest (Evans et al., 2018;
Fleming et al., 2019) and task fMRI (Anticevic et al., 2012; Reed et al.,
2018; Scheidegger et al., 2016; Sahib et al., 2020; Loureiro et al., 2020).
For example, we have shown significant decreases in activation in the
inhibitory control network and right cerebellum during a Go/NoGo task
following ketamine treatment where regional changes in activation
associated with clinical remission (Sahib et al., 2020). Notably, other
imaging studies using ketamine in MDD have also reported blood-
oxygenation-level-dependent (BOLD) changes in the cerebellum, as
well as connectivity changes between the cerebellum and cortical net-
works (Barch et al., 2013; Downey et al., 2016). However, there are no
studies specifically targeting ketamine’s modulation of cerebro-
cerebellar systems. In the current investigation we thus sought to
target the perturbation of cerebro-cerebellar circuitry using the Go/
NoGo task previously shown to elicit treatment-related effects in
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response-inhibition networks in patients with TRD receiving serial ke-
tamine (Sahib et al., 2020). Specifically, changes in target cortico-
cerebellar networks were achieved by computing psychophysiological
interaction (PPI) scores between a cerebellum-seed located in lobule-
VIIb, involved in response-inhibition processes, and three main LSNs of
the brain (FPN, SN and SMN) with respective nodes. This study had two
primary goals: (1) to investigate how single and serial ketamine in-
fusions modulate cerebro-cerebellar networks, and how these circuitries
relate to treatment remission, and; (2) to examine whether significant
ketamine-related PPI effects for cortico-cerebellar networks and
network-nodes are associated with secondary clinical outcomes such as
anxiety and anhedonia. Based on previous findings, we hypothesized
that PPI connectivity between cerebellar seed and the SMN and FPN; and
between SMN cerebellar seeds and DMN and FPN will be disrupted in
TRD patients prior to treatment (Yan et al., 2019; Ionescu et al., 2018)
and may distinguish treatment remitters from non-remitters (Rush et al.,
2003).

2. Methods and materials
2.1. Participants and study design

This study included 46 MDD patients defined as TRD (i.e., failed > 2
adequate antidepressant trials of adequate dose and duration, and had
been continuously depressed for > 6 months) and 32 healthy controls
(HC). Patients eligible for ketamine treatment were recruited from
clinician referral, targeted advertisements or clinicaltrials.gov
(NCT02165449). Demographically similar HCs were recruited using
advertisements from the same geographical area. The study cohort
included subjects overlapping with those participating in a previous
functional imaging study of response inhibition (Sahib et al., 2020).
Patients had moderate to severe depressive symptoms prior to treatment
as per the Hamilton Depression Rating Scale (HDRS), 17-item (Hamil-
ton, 1960) (scores > 17) [Tablel] and were permitted to remain on
approved monoaminergic antidepressant therapy, if unchanged in the
preceding 6-weeks, for the study’s duration. Benzodiazepines were
discontinued > 72 h prior to all study visits (e.g. scan sessions, ketamine
infusion session). Exclusion criteria for all participants included any
serious or unstable medical condition, currently or within the preceding
3-months, substance abuse or dependence (ascertained by laboratory
testing), current or past history of psychosis, schizoaffective disorder or
schizophrenia, developmental disorders, diagnosis of dementia of any
type, and any contraindication to scanning.

Each patient received four serial intravenous infusions of racemic
ketamine (Mylan Institutional, LLC). For each session a single sub-
anesthetic dose (0.5 mg/kg) of ketamine diluted in 60 ml normal sa-
line was delivered intravenously via pump, 2-3 times a week.

MRI scanning and clinical and behavioral data were acquired at three
different timepoints: 1) pre-treatment baseline (T1), which occurred <
1 week before the first ketamine infusion; 2) 24 h after the first ketamine
injection (T2) and; 3) 24 or 72 h after the last ketamine infusion (T3)
[Fig. 1A]. The 72-hour follow-up at T3 occurred in 5 patients who
received their final treatment on a Friday and their follow-up assessment
on Monday. All subjects provided written informed consent following
procedures approved by the UCLA Institutional Review Board (IRB).

2.2. Clinical data

At each time point, depression severity was assessed using the HDRS
(Hamilton, 1960) as well as the Quick Inventory of Depressive Symp-
tomatology (QIDS) (Lovibond, 1995), which provided self-assessments.
Anxiety was measured with the Depression Anxiety Stress Scale (DASS)
(Winter and Sheridan, 2014) [see Table 1]. Remitters were defined as
patients with a HDRS score of < 7 at T3.
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Table 1
Demographics and behavioral and clinical values by group and time point.

Neurolmage: Clinical 32 (2021) 102792

HC (N=32) MDD (N=46)
T1 (N=42) T2 (N=39) T3 (N=40)

Mean std Mean std Mean std Mean std

Age 35.16 13.54 39.24 10.96 39.23 10.41 40.03 11.16

gender (% male) | 71.43 38.10 40.48 45.24

Education 10.30 2.34 9.90 2.32 9.77 243 9.95 2.46

Duration lifetime N/A N/A 22.35 13.32 20.60 12.21 22.09 13.24

illness (years)

Current Bpisode |\ )\ N/A 5.30 6.78 5.39 6.85 4.82 6.85

(years)

HDRS N/A N/A 19.57 4.69 12.90 4.28 8.58 4.76

QIDs N/A N/A 16.27 458 11.26 5.43 6.55 4.04

DASS N/A N/A 5.10 4.64 3.38 3.38 1.68 2.09

Abbreviations: HC: healthy controls; MDD: major depressive disorder; std: standard deviation; T1: baseline; T2: 24 h after the first ketamine infusion; T3: 24 h after the
fourth ketamine infusion; HDRS: Hamilton depressive rating scale; QIDS: quick inventory depressive scale; DASS: anxiety scale; N/A: not applicable.
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Fig. 1. A) Study design illustrating the three time-
points where MRI and behavioral data were acquired:
TP1 refers to the first timepoint (baseline - before
ketamine infusions), TP2 refers to the second time-
point (24 h after the first ketamine infusion), TP3
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refers to the third timepoint (24 h after the fourth
ketamine infusion). Light blue squares indicate keta-

CARIT tfMRI

IINOG ”

mine infusions; B) Schematic of the task-fMRI block
design; C) Zstat maps, for the cortical surface (top
left), subcortical regions (bottom left), and cerebellum
surface (right) obtained from the one sample t-test
performed across HCs and MDD at TP1 for the NoGo
> Go contrast, TFCE and FEW corrected p < 0.05.
Upper right cerebellar surface is a posterior view
(dorsal is up), and lower right cerebellar surface is a
ventral view (posterior is up). Dorsal is up in the
flattened cerebellar surface at left. (For interpretation
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2.3. MR methods

2.3.1. Go/NoGo functional imaging task

The Conditioned Approach Response Inhibition (CARIT) Task was
adapted from (Harms et al., 2018), is used in the Human Connectome
Project (HCP) Lifespan studies for Aging (Bookheimer et al., 2019;
Andersson et al., 2003) as well as in a previous study by our group (Sahib
et al., 2020). The task consisted of a block paradigm of geometrical
shapes interleaved with resting periods marked with a fixation cross.
Subjects were instructed to press a button with their right index finger
each time they saw a shape (“GO”), but were instructed to withhold the
response for circles and squares (“NO-GO”) [Fig. 1B]. Stimulus duration
was 600 ms with 200 ms of fixation. Button presses were attributed to a
given trial if they occurred within 800 ms of stimulus onset. No-Go and

FWE p stat

of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Go accuracy and reaction time were computed. For these three task-
measures a general linear mixed model (GLMM) and 2-sample t-tests
evaluated effects of time and time-by-remission and differences between
HC, and MDD patients (remitters and non-remitters) at T1, respectively.

2.3.2. Image acquisition and preprocessing

Imaging of all subjects was performed on a Siemens 3 T Prisma MRI
system at UCLA’s Brain Mapping Center using a 32-channel head coil.
Image acquisition sequences were identical to the HCP Lifespan studies
(https://www.humanconnectome.org). Here, structural sequences
included a T1-weighted, and a T2-weighted acquisition, both with real-
time motion correction. Functional scans included: one run of a Go/
NoGo task-fMRI using a multi-band EPI sequence (MB accl. factor = 8,
acquisition time = 6:15 min), and two sets of spin echo images that were


https://www.humanconnectome.org

J.R.A. Loureiro et al.

used for distortion correction of the functional images using FSL’s topup
(Glasser et al., 2013).

FMRI task data was preprocessed using the HCP minimal processing
pipelines (Gorgolewski et al., 2017) implemented within the BIDS-App
(Marcus et al.,, 2013) as previously described elsewhere (Loureiro
et al., 2020) [Fig. 2A). After preprocessing, the functional images were
further denoised using FSL’s FIX (https://fsl.fmrib.ox.ac.uk/fsl/fs
lwiki/FIX). Smoothing of 5 mm was applied to the preprocessed im-
ages using the grayordinates based approach (HCP). The quality of the
functional images was assessed using relative and absolute motion plots.
Subjects that moved > 3 mm and/or images that exhibited artifacts after

Neurolmage: Clinical 32 (2021) 102792

FIX were excluded. One subject at T1 and three subjects at T2 (n = 4),
were excluded due to motion artifacts (9). For visualization we used the
Connectome Workbench platform (Woolrich et al., 2001).

2.3.3. Average BOLD activation for NoGo > Go

To restrict PPI analysis brain regions involved in response-inhibition,
we computed an average map for the NoGo > Go contrast (Sahib et al.,
2020) for all the subjects at baseline (T1). The average activation map
was thresholded after using threshold-free cluster enhancement (TFC) at
p < 0.05, family-wise error (FWE) corrected for multiple comparisons
[Fig. 1C]. The resulting p-map was then used to select PPI-seed and

A. Preprocessing B. GLM task-analysis
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RN :
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Fig. 2. Flow chart of the preprocessing and post-processing pipeline. A) Preprocessing pipeline: after processing the data through the Human Connectome Project
(HCP) minimal preprocessing pipeline (MPP), data was denoised using FSL’s FIX and registered to MNI using CIFTI format; B) Task-fMRI analysis (NoGo > Go
contrast): 1) general linear models (GLM) were fit for each subject at TP1 for HCs and MDD patients (first level analysis); 2) these maps were used for a one sample t-
test; C) The resulting average map was TFCE corrected and thresholded and binarized at p < 0.05 FWE to be used as a mask for further analysis. D) ROI generation for
the psychophysiological interaction (PPI) analysis: The thresholded map obtained from (C) (mapped in the cerebrum and cerebellar surfaces) was then overlaid with
a large scale network (LSN) atlas (obtained from (Ji et al., 2019). The resulting overlaid map of the cerebellum was used to generate the cerebellar PPI-seed ROI (left)
and the resulting overlaid map of the cerebrum was used to generate PPI-target ROIs (right). E) Timeseries were extracted from PPI-seed ROI (described in D). F)
GLM-PPI analysis for the for each subject at each timepoint. Three explanatory variables (EVs) are required for the PPI analysis: 1) Extracted timeseries from the PPI-
seed; 2) the NoGo > Go contrast text file and 3) the PPI interaction (between the NoGo > Go contrast and the extracted timeseries from the PPI-seed). G) Target-PPI
masks generated from (C) were used to extract mean PPI beta values from the maps generated in (F). H) Extracted mean values were fed into SPSS for group-level
analysis: general linear mixed models (GLMMs) evaluated time, remission and network-node effects of the PPI-connectivity changes between the PPI-seed and each of
the main LSNs.
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target ROIs, in the cerebellum and cortex respectively, for subsequent
PPI analysis [Fig. 2].

2.3.4. PPI-Seed and -target ROIs generation

The cerebellum PPI-seed and target ROIs were generated by over-
lapping the NoGo > Go average activation map with an LSN atlas (Ji
et al., 2019). We targeted three LSNs that are known to be involved in
response-inhibition processes and also known to be disrupted in MDD
(including the FPN, SN and SMN). A significant cluster in the cerebellum
in lobule-VIIb in a dorsal-attention part of the cerebellum was defined as
the PPI-seed, whereas the regions overlapping regions in the cortex were
defined as PPI-target ROIs [Fig. 2D]. For each of the three networks we
selected 3-4 target ROIs. The FPN target-nodes included the lateral
orbitofrontal cortex (OFC) the inferior frontal cortex (IFC), the supra-
marginal gyrus (SMG) and dorsolateral prefrontal cortex (DLPFC); the
SN target-ROIs included the anterior insula, the dorsal anterior cingulate
(dACC) and the middle frontal cortex (mFC); the SMN target-ROIs
included the posterior insula, the precentral and the superior para-
central [Fig. 2D].

2.3.5. PPI-GLM analysis

To evaluate connectivity changes between the cerebellum and
intrinsic networks during the NoGo > Go condition, we conducted a PPI
analysis using the cerebellum-seed generated from the average NoGo-Go
activation using FSL FEAT (IBM SPSS, 2019). This analysis generated
one zstat map per subject and timepoint (T1, T2, and T3). The design
matrix included seven explanatory variables (EVs): EV1) NoGo; EV2)
Go; EV3) NoGo error; EV4) Go error; EV5) the contrast of interest (NoGo
> Go); EV6) the average time-course of the PPI-seed ROI and; EV7) the
interaction term between the PPI contrast and the PPI-seed ROI time-
course. The interaction term (EV7) is defined as the scalar product of
the task contrast time course (EV5) and the average time course of the
PPI-seed ROI (EV6) (defined through FEAT by selecting the “interaction”
option on the “Basic shape” section on the EV tab: https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/PPIHowToRun). The first five EVs are binary and
represent the block design for each condition and for the contrast of
interest (NoGo > GO), and the last two EVs are continuous. To evaluate
the change in connectivity between the cerebellum PPI-seeds and
cortical networks and nodes, beta values obtained for the PPI-interaction
contrast were extracted and averaged from target LSNs and node ROIs
(for significant networks only) for each subject and timepoint.

2.3.6. PPI group analysis

Group level analyses were conducted using SPSS software (Stoodley
and Schmahmann, 2009) and designed to test two primary hypotheses.
First, we tested ketamine’s modulation of PPI-connectivity between
the cerebellum and LSNs. Specifically, we computed general linear
mixed models (GLMMs), using time and node ROIs as within-subject
measures for each LSN examined separately. PPI betas extracted from
the target ROIs served as the dependent variables, and time and remis-
sion as fixed effects. We were interested in main effects of time, time-by-
remission, time-by-node and time-by-remission-by-node interactions.
Follow-up analyses of significant interactions effects were performed as
appropriate. For the GLMMs, p < 0.017 was used as the threshold of
significance (Bonferroni corrected for the three LSNs). Secondly, we
evaluated clinical associations with PPI-connectivity. That is, if sig-
nificant main effects observed in the omnibus GLMMs described above
we investigated: a) whether PPI values differed between remitters, non-
remitters and HCs at baseline (T1) using GLMs; and b) whether PPI
changes, or PPI baseline values are associated with clinical outcome in
patients, including the QIDS, HDRS and anxiety (DASS) using Pearson’s
correlations. For all cross-sectional comparisons between independent
groups (patient remitters, non-remitters and controls), age and sex were
included as covariates.
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3. Results
3.1. Demographic and clinical results

Demographics and clinical variables for the HCs and MDD patients
are presented in Table 1. Two sample t-tests considering HCs and MDD
patients at baseline (T1), revealed no significant differences for age (t =
—1.42, p = 0.16), and education (t = 0.72, p = 0.47) and a trending
difference for sex (Xz = 3.845, p = 0.061). GLMMs revealed a significant
effect of time for all 4 clinical scales: HDRS (F(2) = 83.09, p < 0.001);
QIDS (F(2) = 85.49, p < 0.001); DASS (F(2) = 29.01, p < 0.001) and
SHAPS (F(2) = 31.39, p < 0.001). Two sample t-tests and a chi-square
test comparing remitters and non-remitters at T1 revealed no signifi-
cant differences for age (t = —0.81, p = 0.42), education (t= —1.03,p =
0.30), HDRS (t = 0.45, p = 0.48) and sex (3> = 0.538, p = 0.531).

3.2. Go/NoGo functional imaging task measures

Go accuracy (t = —1.036, p = 0.304), NoGo accuracy (t = —0.123, p
= 0.901) and reaction time (t = 1.620, p = 0.110) did not significantly
differ at baseline (T1) between patients and HCs. GLMMs revealed a
main effect of time for NoGo accuracy (F(2) = 7.255, p = 0.001) where
both remitters and non-remitters showed an increase in NoGo accuracy
after single and serial ketamine infusions. However, control subjects (n
= 17) who were scanned twice 2-4 weeks apart, did not show an in-
crease in NoGo accuracy over time, arguing against possible practice
effects. There were no significant main effects or interactions for Go
accuracy and reaction time, and therefore these measures were not used
as covariates in subsequent models.

3.3. Average BOLD activation for NoGo > Go

The average activation map for the NoGo > Go contrast revealed
mostly right hemisphere increases in BOLD (positive z-scores) in the
prefrontal cortex (PFC), supplementary motor area (SMA), anterior
insula (AI), superior frontal cortex (SFC), anterior cingulate cortex
(ACC), posterior cingulate cortex (PCC), precuneus, and in the left
cerebellum-lobuleVIIb [Fig. 1C].

3.4. Ketamine modulation of PPI between cerebellum and LSNs

GLMMs revealed a significant time-by-remission effect for PPI
changes between the cerebellum and the FPN (F(2,765.59) = 10.83, p <
0.001), and the SMN (F(2,769.48) = 4.86, p = 0.008), where only re-
mitters showed a significant decrease in PPI after ketamine in follow-up
analysis of simple effects as plotted in Fig. 3. GLMMs also revealed a
main effect of time for PPI between the cerebellum and the SN (F
(2,656.74) = 5.89, p = 0.003), though there was no significant inter-
action with remitter status [Fig. 3]. Within each LSN, there were no
significant interactions between time or remitter status for the node
ROIs. Finally, at baseline (T1) the connectivity for the remitters across
the three networks was significantly different than HCs as also shown in
Fig. 3.

3.5. Clinical correlates of PPI changes

Baseline (T1) PPI values between the cerebellum and FPN (Pearson’s
r = 0.41, p = 0.036); and between the cerebellum and the SN (r = 0.45,
p = 0.019) significantly correlated with %QIDS change across treatment
[Fig. 4]. At baseline (T1) PPI-connectivity between the cerebellum and
the SMN was associated with anxiety severity measured by DASS (r =
—0.558, p = 0.002). There were no associations between change in PPI
values for any of the networks with change in clinical outcome
measures.
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4. Discussion

The primary findings from this study indicate that low-dose keta-
mine infusion therapy, a rapidly acting treatment for MDD, served to
decrease the connectivity between the posterior cerebellum and both the
FPN and SMN in patient remitters, but not non-remitters. However, the
connectivity between the cerebellum and the SN decreased for both
remitters and non-remitters, though there was a greater mean decrease
for the remitters in comparison to non-remitters after both single and
serial infusion. Additionally, our results showed that cerebellar-FPN and
cerebellar-SN connectivity at baseline (T1) was associated with subjec-
tive clinical outcome as measured by the QIDs, suggesting cortico-
cerebellar connections during response inhibition are relevant to suc-
cessful treatment response and may have utility as biomarkers for suc-
cessful ketamine response.

4.1. Ketamine and the cerebellum

The cerebellum plays a key role in cognition and executive control

(Diedrichsen et al., 2019; Koziol et al., 2012; Hirose et al., 2014). In
particular, cerebro-cerebellar loops have been associated with response-
inhibition processes, and improvements in inhibitory performance has
been associated with functional changes in this circuitry (Wynn et al.,
2019; Villanueva, 2012). The interplay between LSNs and the cere-
bellum at rest or during task fMRI are shown to be impaired in several
psychiatric disorders, and in MDD specifically (Miquel et al., 2019;
Depping et al., 2018). Studies have also reported that the cerebellum
and cortico-cerebellar circuitries are modulated by both standard anti-
depressant medications (Guo et al., 2013; Lupo et al., 2019; Tozzi et al.,
2020; Khalili-Mahani et al., 2015) and single ketamine infusion, which is
found to disrupt the connectivity within LSNs and cortico-cerebellar
loops in HCs and in MDD (Reed et al., 2018; Rush et al., 2003; Woel-
fer et al., 2019). Further, increased levels of plasma brain-derived neu-
rotrophic factor (BDNF) after single ketamine infusion have been linked
with functional connectivity decreases between the dmPFC and poste-
rior cerebellum, which suggests that the antidepressant effects of keta-
mine may be related to neurotrophic processes in these circuitries
(Behan et al., 2014). Despite these findings, the current investigation is
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the first to explicitly address how ketamine, which elicits robust and
rapid antidepressant effects, modulates the connectivity of cerebellum
with cortical LSNs in MDD. As relevant for understanding ketamine’s
therapeutic effects on functional systems, our results revealed that ke-
tamine differentially affects the PPI-connectivity between distinct
cortico-cerebellar pathways during a NoGo/Go response-inhibition task.

4.2. Ketamine modulation during NoGo-Go

Our analysis revealed a significant time-by-remission effect for PPI
changes between the cerebellum and the FPN and SMN, where PPI
decreased significantly only for remitters. Frontocerebellar circuitry is
known to play a key role in executive function, and aberrant functional
activity of these loops have been linked to increased impulsive behavior
in various neuropsychiatric disorders including ADHD, bipolar and
drug-abuse patients (Miquel et al., 2019; Jung et al., 2014; Alalade et al.,
2011). Previous studies have also shown that disrupted connectivity
between the posterior part of the cerebellum and components of the FPN
and SMN is linked to the pathophysiology of MDD during rest and that
these dysfunctions may contribute to the cognitive control and psy-
chomotor retardation deficits encountered in depressed patients (Guo
etal., 2013; Liu et al., 2012; Tozzi et al., 2020; Schrijvers et al., 2009). In
particular, disruptions in the SMA were linked with higher levels of
psychomotor retardation (Chen et al., 2018). Further, a network
comprising of the lateral cerebellum, DLPFC, insula, SMA and M1, was
identified and linked with the ability to switch between tasks, which
facilitates making transitions in a constantly changing environment and
is a core feature of executive function (Koziol et al., 2012). Even though
FPN-cerebellar connectivity has been poorly studied in the context of
treatment response in MDD, increased FPN connectivity during a NoGo/
Go task has been associated with treatment response to the standard
antidepressant sertraline (Khalili-Mahani et al., 2015). Concerning the
effects of ketamine in these circuitries, ketamine is found to affect motor
and cognitive functioning and to modulate somato-motor regions (Sahib
et al., 2020; Rush et al., 2003; Muthukumaraswamy et al., 2015) and
activity within the FPN (Sahib et al., 2020; Abdallah et al., 2017) as well
as cerebellar and DLPFC global brain connectivity during rest (Rush
et al., 2003; Clark et al., 2020) in line with our observations.

Our results also showed a significant main effect of time for PPI
changes between the cerebellum and the SN, where PPI decreased for
both remitters and non-remitters (with a greater decrease for remitters).
Multiple studies have shown that the insula and regions of the salience
network are involved in proactive control during response-inhibition
processes, where it appears that these regions are closely related with
attention and task-monitoring (Menon and Uddin, 2010). The salience
network is also known to be responsible for facilitating attention to
external stimuli and to mediate the anticorrelations between thee
default mode network and task-positive networks (such as the FPN)
(Evans et al., 2018). In MDD disruptions in the SN activity have been
associated with both depression and somatic symptom severity (Avery
etal., 2014; Geliebter et al., 2016) and connectivity disruptions between
the FPN, SN and default mode network are also commonly reported in
MDD patients, in agreement with the triple network dysfunction model
(Menon, 2011). Further, heightened cerebellar-SN connectivity in
binge-eaters was previously associated with the integration of conflict
processing from external cues and motor learning and directed attention
which has a direct effect in response-inhibition processes (Moreno-Rius
and Miquel, 2017; Nugent et al., 2020). A decrease in the connectivity
between the cerebellum and the SN after ketamine may thus be associ-
ated with alterations in the reward function and impulsive behavior,
although these links were not explicitly examined here. In line with our
results, reductions in the salience network connectivity after ketamine
infusion have been observed in previous studies (Fleming et al., 2019;
Adhikari et al., 2020; Kilts et al., 2006). However, further studies would
be required to better understand this process as there are no studies to
date, to our knowledge, evaluating the effects of ketamine in cerebellar-
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SN connectivity during response-inhibition processes. Finally, it is also
worth noting that while some previous studies report decreased con-
nectivity of cerebro-cerebellar networks in MDD during rest or other
contexts (Tozzi et al., 2020), here we observed changes that occurred in
the direction of normal controls, suggesting decreased connectivity be-
tween cerebro-cerebellar networks during response inhibition signifies a
normalization of function.

4.3. Clinical and behavioral associations with PPI-connectivity during
NoGo > Go

Our results revealed that PPI connectivity between the cerebellum
and the FPN at baseline (T1), was associated with changes in QIDS after
serial ketamine infusion. Additionally, remitters exhibited increased
cerebellar-FPN and cerebellar-SMN PPI values at baseline in comparison
to non-remitters and HCs. Fronto-parietal and fronto-limbic-cerebellar
connectivity measures within the FPN network during response inhibi-
tion tasks, have been identified as predictors of MDD response to stan-
dard antidepressants (Langenecker et al., 2007; Gyurak et al., 2016).
Intrinsic connectivity between the SMN and task-positive networks is
also shown to differentiate responders from non-responders, where the
former presented increased connectivity at baseline (Korgaonkar et al.,
2019). Even though not significant, remitters showed increased
cerebellar-SN PPI-connectivity at baseline in comparison to non-
remitters and these values were associated with clinical outcome as
measured by the QIDS after serial ketamine infusion. Accordingly, pre-
vious studies have reported a differential change in connectivity be-
tween the salience and DMN for responders and non-responders to
ketamine, where the connectivity increased for responders and
decreased for non-responders (Avery et al., 2014). We did not detect any
correlations with HDRS measures. Even though QIDS and HDRS are
correlated, our results suggest that patient’s perception of symptom
improvement may be more sensitive. In summary, our study suggests
that the antidepressant effects of ketamine are differentially associated
with cerebellar-cortical loops including cerebellar-SN and cerebellar-
FPN PPI-connectivity during response inhibition at baseline, and that
these circuitries can potentially be used as biomarkers for ketamine
treatment response.

We also observed that reduced PPI-connectivity between the cere-
bellum and the SMN is associated with higher levels of anxiety symp-
toms at baseline. This result is in line with previous studies which
showed disrupted activity of the postcentral gyrus (Li et al., 2016; Li
et al., 2019) and its connectivity with the left cerebellum was associated
with impairments in the state of anxiety (Fales et al., 2008). This result
supports that cerebellar-SMN circuitry can be used to differentiate
particular features of depression as may be further examined in future
studies.

4.4. Limitations and future perspectives

This study has some limitations that bear consideration. Firstly, since
this study was not designed as a randomized clinical trial, it is not
possible to eliminate possible placebo effects. However, we emphasize
that our main goal is to understand the mechanistic effects of ketamine
at the level of higher sensory, motor, and cognitive systems. Secondly, in
this study, patients and controls did not differ in performance during
administration of the Go/NoGo fMRI task at baseline. As noted, the
current investigation was powered to detect within-subject changes in
neural activity related to ketamine treatment rather than cross-sectional
differences between patients and controls. However, it is important to
note that fMRI may better detect alterations functional circuitry even if
in the absence of performance differences (Khalili-Mahani et al., 2015;
Wagner et al., 2006). Further, despite its importance to cognitive and
executive control, there is very limited literature concerning the role of
different regions of the cerebellum in response-inhibition processes and
their disturbances in MDD and how this circuitry relates to treatment
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outcome after ketamine. Future studies are thus needed to further
investigate the effects of ketamine, and other rapidly acting treatments
for MDD, with regard to the cerebellum and cerebellar-cerebro loops
and their relation to clinical outcomes.

5. Conclusion

In summary, our findings suggest that ketamine modulates the con-
nectivity between the cerebellum and large-scale cortical networks
including the FPN, SMN and SN, which have previously been implicated
in the pathophysiology of depression. Additionally, cerebellar-FPN and
cerebellar-SN connectivity at baseline appear associated with clinical
outcome after serial ketamine therapy. These findings support that ke-
tamine may regulate higher order function through cerebellar-cortico
loops, which are involved in a number of functions including execu-
tive control, emotion regulation, motor learning and impulsive behavior
in MDD. This study generates new insights into the neural mechanisms
associated with response inhibition processes in MDD and the antide-
pressant effects of single and serial ketamine therapy, where cortico-
cerebellar circuitry at the systems level may be used as ketamine
biomarkers.
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