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Abstract

Several imaging studies have attempted to characterize the contribution of glutamatergic
dysfunction to functional dysconnectivity of large-scale brain networks using ketamine models.
However, findings from BOLD imaging studies are conflicting, in part because the signal stems
from a complex interaction between blood flow, blood volume, and oxygen consumption.

We used arterial spin labelling imaging to measure regional cerebral blood flow (rCBF) in a group
of healthy volunteers during a saline and during a ketamine infusion. We examined changes in
rCBF and interregional connectivity patterns, as well as their associations with clinical symptom
severity and GlIx (glutamate+glutamine) assessed with magnetic resonance spectroscopy.

We report a regionally selective pattern of rCBF changes following ketamine administration and
complex changes in interregional connectivity patterns. We also found that the increase in rCBF in
the bilateral putamen and left hippocampus was positively correlated with ketamine induced
clinical symptom severity while anterior cingulate rCBF during the ketamine challenge was
negatively correlated with change in hippocampal GIx.

Our study adds to the efforts to empirically confirm putative links between an NMDA receptor
blockage and dysconnectivity of large-scale brain networks, specifically the salience, executive
control and default mode networks, suggesting that a glutamatergic imbalance may contribute to
dysconnectivity. Development of glutamatergic compounds that alleviate disease burden, possibly
through normalizing glutamate excess related increased rCBF, is direly needed.
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INTRODUCTION

Schizophrenia now is conceptualized as a dysconnectivity disorder, where the
synchronization of functional brain networks is disrupted (Friston et al., 2016; Friston and
Frith, 1995; Pettersson-Yeo et al., 2011). A number of imaging studies have attempted to
characterize the contribution of glutamatergic dysfunction to functional dysconnectivity
using ketamine, a non-competitive N-methyl-d-aspartate (NMDA) receptor blocker that
transiently induces a behavioural phenotype similar to that seen in the illness (Kraguljac et
al., 2018; Lahti et al., 1995; Lahti et al., 2001b; Parwani et al., 2005; Weiler et al., 2000),
without long term adverse effects (Lahti et al., 2001a). These studies often use blood oxygen
level dependent signal (BOLD) imaging during a resting state which have yielded
inconsistent results (Driesen et al., 2013; Grimm et al., 2015; Hoflich et al., 2015;
Scheidegger et al., 2012; Wong et al., 2016).

Discrepancies in findings may at least in part be attributable to intrinsic properties of the
BOLD contrast, which measures a complex signal related to neural activity (Detre and
Wang, 2002; Kwong et al., 1992; Ogawa et al., 1993). In contrast, arterial spin labelling
(ASL) measures regional cerebral blood flow (rCBF), a single physiological parameter that
is temporally stable and relatively straightforward to interpret (Stewart et al., 2014). Thus,
ASL is ideally suited to study the acute effects of psychoactive compounds on neuronal
activity.

Studies investigating effects of ketamine on rCBF, both with PET and ASL imaging,
consistently report increases in rCBF in prefrontal, orbitofrontal, and cingulate cortices
(Holcomb et al., 2005; Holcomb et al., 2001) as well as subcortical regions including the
thalamus, caudate, and putamen (Bojesen et al., 2018; Langsjo et al., 2003; Pollak et al.,
2015), but a decrease in rCBF in the hippocampus (Pollak et al., 2015) and cerebellum
(Holcomb et al., 2001) has also been reported. These are all areas of the brain commonly
implicated in the schizophrenia pathophysiology (Lahti et al., 2006; Medoff et al., 2001) and
antipsychotic drug action (Bolding et al., 2012; Hadley et al., 2014; Lahti et al., 2009; Lahti
et al., 2005). Regionally selective patterns of ketamine-related blood flow changes suggest
that experimentally induced NMDA receptor hypofunction may affect neuronal activity on a
network level. Network level changes in ASL imaging can be characterized by assessing
interregional connectivity patterns of rCBF across subjects, a proxy of brain connectivity.

Here, we used ASL imaging in a group of healthy controls during a saline infusion and
during a ketamine infusion to assess the effects of experimentally induced NMDA receptor
hypofunction on rCBF patterns and interregional connectivity patterns. We hypothesized that
ketamine would be associated with an increase of rCBF in the prefrontal, orbitofrontal, and
cingulate cortices, thalamus and putamen as well as altered interregional connectivity.
Because we have recently reported an association between hippocampal Glx (glutamate
+glutamine) measured with magnetic resonance spectroscopy (MRS) and changes in resting
state functional connectivity during a ketamine challenge in the same subjects (Kraguljac et
al., 2017), and because glutamatergic neurotransmission plays a key role in the regulation of
cerebral blood flow, we also chose to probe associations between rCBF and the extent of
ketamine induced glutamate dysfunction (i.e. increase in hippocampus GIx). Additionally,
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we conducted exploratory analyses investigating the relationships between changes in rCBF
and psychosis severity.

We recruited 19 healthy volunteers who gave written informed consent for this University of
Alabama at Birmingham Institutional Review Board approved study. Experiments were
performed in accordance with relevant guidelines/ regulations. Exclusion criteria were a
history of an Axis I disorder or a psychotic disorder in a first-degree family member,
significant medical or neurological conditions (including hypertension requiring prescription
of blood pressure medications), lifetime use of psychotropic medications, prior exposure to
ketamine, and pregnancy or breastfeeding.

Subjects meeting eligibility criteria during a phone screen were invited to complete a
Diagnostic Interview for Genetic Studies and a psychiatric assessment and physical exam
conducted by a board certified psychiatrist (NVK). Urine drug screens and, if applicable,
pregnancy tests were completed during the screen and before each ketamine infusion. The
Hamilton Rating Scale for Depression (HRSD) (Hamilton, 1980) and Young Mania Rating
Scale (YMRS) (Young et al., 1978) were used to assess mood symptoms before each
infusion. The Clinician Administered Dissociative States Scale (CADSS) (Bremner et al.,
1998) and the Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962) were
completed before and after the ketamine challenge (subjects were asked to retrospectively
report symptoms at the time drug effects were the most prominent).

To ensure drug tolerability and minimize novelty, subjects received an intravenous racemic
ketamine challenge (0.27mg/kg bolus over 10 minutes, followed by a continuous infusion of
0.25mg/kg/hour for 50 minutes) in the Clinical Research Unit at least one week prior to
imaging. Ten milliliters of blood were collected immediately after completion of the bolus
and 50 minutes after start of the challenge during the drug tolerability assessment rather than
scanning to avoid potential delays in our scanning timeline due to complications during the
blood draws. Blood samples were centrifuged to obtain plasma and stored at —40°C.
Ketamine plasma levels were assayed (Nathan Klein Institute) using a liquid
chromatographic procedure. During the ketamine challenge, vital signs including heart rate,
blood pressure, peripheral oxygen saturation, and respiratory rate (CO, monitoring during
scanning) were monitored by an anaesthesiology fellow under supervision of a board
certified anaesthesiologist according to the standards for basic anaesthetic monitoring.
Monitoring was continued for one hour after infusion completion. Prior to discharge into the
care of an accompanying driver, subjects were medically cleared by the fellow and
psychiatrist.

Two subjects withdrew from the study because they developed emesis, and two subjects
revoked consent after the initial ketamine challenge, citing time constraints as their reason
(both denied adverse drug effects); 15 subjects completed imaging.
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To limit effects of nicotine intoxication or withdrawal, subjects were allowed, but not
encouraged, to smoke up to one hour prior to image acquisition. Following anatomical,
spectroscopy, resting state fMRI (for spectroscopy and resting state fMRI results see
(Kraguljac et al., 2017)) and ASL scans during a saline infusion (flow rate of 0.01ml/s),
subjects were given a short break. After repeat anatomical scans, subjects received a
ketamine challenge consisting of a bolus (0.27mg/kg over 10 minutes), followed by a
continuous infusion (0.25mg/kg/hour, flow rate of 0.01ml/s). ASL acquisition was started
approximately 65 minutes after start of the ketamine challenge.

Imaging Parameters

Imaging was performed on a 3T head-only scanner (Magnetom Allegra, Siemens) with a
circularly polarized transmit/receive head coil. A high-resolution structural scan was
acquired to aid anatomical localization and image registration (MPRAGE, TR/TE/
T1=2300/3.93/1100msec, 1mm isotropic voxels).

We acquired a 2D pCASL scan (TR/ TE= 5230/ 53ms, excitation flip angle= 90°, in-plane
resolution= 3.8x3.8mm2, matrix= 64x64, Bandwidth 3004 Hz/ Px, 24 slices, slice
thickness= 5mm, label time 1s, delay time 1s, labeling offset 8cm (Chen et al., 2012), total
scan time 5 minutes 24 seconds) with 30 pairs of labeled and unlabeled images. Subjects
were instructed to keep their eyes open during the scan.

A spectroscopic voxel was placed in the left hippocampus (2.7x1.5x1cm). Manual
shimming was performed to optimize field homogeneity across the voxel. We used the
CHESS technique for water suppression. Spectra were acquired using a PRESS sequence
(TR/TE= 2000/80ms to optimize the glutamate signal (Schubert et al., 2004) and minimize
macromolecule contribution; 1200 Hz spectral bandwidth; 1024 points; 640 averages, and 8
averages without water suppression). Voxel placement for the second acquisition was guided
by an image of the voxel placement during the first scan.

pCASL data processing

Raw pCASL scans were skull stripped with FSL BET (Smith, 2002). We performed motion
correction in two steps: (1) unlabeled and labeled images were aligned and motion corrected
separately with as described by Wang et al. (Wang et al., 2008) (2) DVARS based motion
correction was applied as described in Tanenbaum et al. (Tanenbaum et al., 2015).

Functional images were registered to the high resolution structural T1 scan and smoothed
with a 3mm gaussian kernel. We calculated rCBF in ml/min/100g as described in (Wang et
al., 2008) for the whole brain. To transform images to MNI space, functional images were
segmented to create a DARTEL template (Ashburner, 2007), which was used for non-linear
registration such that the value of the voxel rather than the size was preserved. Prior to
statistical analyses, we applied a gray matter mask including subcortical areas resulting from
segmentation to the images, as gray matter rCBF was our focus of interest.
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MRS data processing

As previously reported (Kraguljac et al., 2017; Kraguljac et al., 2019), MRS data were
quantified in the time domain with AMARES (Vanhamme et al., 1997) in jMRUI (version
5.2). We included prior knowledge form in vitro and in vivo metabolite spectra in the model.
No spectra exceeded a (1) line width of the magnitude signal during manual shimming >20
Hz at FWHM and (2) Cramer-Rao lower bounds (CRLB) >20%, which were our exclusion
criteria. Glutamate+glutamine (GIx) was quantified with respect to creatine. Structural scans
were segmented into grey matter (GM), white matter (WM), and cerebrospinal fluid to
calculate voxel tissue fractions.

Statistical analyses

Statistics were done in SPM12 for image analyses and in SPSS for other calculations. To
investigate change in blood flow between saline and ketamine infusions, we used paired t-
tests to compare ketamine and saline conditions and accounted for multiple comparisons
with family wise error correction (FWE), ppwe< 0.05.

As a post hoc analysis, we examined interregional connectivity patterns across subjects
using Interregional Correlation Analyses (Azari et al., 1992). We extracted rCBF values
from the regions relevant to ketamine action both during the saline and ketamine condition
using FSLmaths. Regions of interest (ROIs) were defined as the conjunction of areas of the
brain that showed statistically significant changes in rCBF during the ketamine challenge
and anatomical ROIs per the Harvard-oxford structural atlas (http://neuro.debian.net/pkgs/
fsl-harvard-oxford-atlases.html) using FSLeyes (Table 1). Interregional connectivity between
two ROIs was defined as the partial correlation between rCBF values across subjects using
whole brain rCBF as a covariate (Horwitz and Rapoport, 1988). This was calculated
separately for saline and ketamine conditions. ROIs showing correlated patterns of rCBF
were considered to be connected. In order to test whether the interregional correlations were
significantly different between saline and ketamine conditions, Fisher’s z transformation was
applied to convert the correlation coefficients to z values. A z statistic was used to determine
the significance of the between-condition differences in interregional correlations.

In an exploratory fashion, we also investigated the relationship between changes in rCBF,
Glx and clinical variables using Pearson’s correlation coefficients.

RESULTS

Demographics, clinical observations, and laboratory results

Fifteen subjects (10 male/ 5 female) aged 24.80+/- 3.49 years completed scanning. One
subject smoked 3 cigarettes per day; all others denied smoking. None had HDRS or YMRS
scores in the clinical range. BPRS and CADSS scores were significantly higher during the
ketamine challenge compared to the saline infusion (Table 2). Ketamine plasma levels were
74.27+/- 22.08ng/ml and 97.47+/- 19.59ng/ml immediately after completion of the bolus
and 50 minutes after start of infusion, respectively.
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Cerebral blood flow

During the ketamine infusion, both whole brain and gray matter rCBF were significantly
increased (Table). Voxelwise analysis comparing rCBF during a saline infusion and
ketamine challenge demonstrated regionally selective increases in cortical areas including
the medial prefrontal cortex, hippocampus, posterior cingulate cortex and angular gyrus
(areas of the default mode network), the ACC and insula (areas of the salience network), the
dorsolateral prefrontal cortex (a region of the executive control network), the orbitofrontal
cortex and amygdala, as well as subcortical areas including the caudate, putamen, and
thalamus (Figure 1). We found no areas with significantly decreased rCBF during the
ketamine challenge compared to the saline infusion.

As previously reported, the signal to noise ratio (saline: 12.57+/- 1.76; ketamine 11.89+/-
1.85; p=0.23) and full with at half maximum (saline: 7.42+/-1.32; ketamine 7.63+/— 1.46;
p=0.50), did not differ between spectroscopy acquisitions. rCBF in the ACC and frontal
pole during the ketamine challenge negatively correlated with change in hippocampus Glx
(r=-0.60; p = 0.02 and r= —0.64; p= 0.01 respectively; Figure 2A), whereas the increase in
BPRS total scores was correlated with change in rCBF in the bilateral putamen (left: r=
0.62; p=.02 and right: r= 0.63; p=.02) and left hippocampus (r= 0.59; p=.03) (Figure 2B).

Post hoc interregional connectivity analyses revealed a complex pattern of ketamine related
rCBF changes (Figure 3, note that due to the small sample size, a number of significant
correlations in rCBF patterns across brain areas did not survive Benjamini-Hochberg
corrections for multiple comparisons). Positive correlations between the ACC/ frontal pole
and insula as well as the bilateral amygdala decreased, and positive correlations between the
thalamus and putamen increased, while negative correlations between the hippocampus and
the DLPFC as well as the putamen decreased, and correlations between the bilateral
hippocampi became negative (Figure 3).

DISCUSSION

In this multimodal neuroimaging study of experimentally induced NMDA receptor
hypofunction, we report a regionally selective pattern of rCBF changes following ketamine
administration. Specifically, rCBF increased in the prefrontal, orbitofrontal and cingulate
cortices as well as the insula, angular gyrus, caudate, putamen, thalamus and hippocampus.
No areas show a decrease in rCBF. Interregional connectivity analyses of these regions
demonstrate a complex pattern of ketamine related changes in interrelationships of rCBF
patterns between brain regions across subjects. We further find that the increase in rCBF in
the bilateral putamen and left hippocampus is positively correlated with ketamine induced
clinical symptom severity while ACC rCBF during the ketamine challenge is negatively
correlated with change in hippocampal GIx.

Following ketamine administration, we report increased rCBF in a number of cortical and
subcortical brain regions that is largely consistent with prior reports in the literature. Spatial
patterns echo the functional anatomy of large-scale brain networks, specifically the default
mode network (medial prefrontal cortex, posterior cingulate cortex, angular gyrus, and
hippocampus), the salience network (ACC and insula) and the cognitive control network
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(dorsolateral prefrontal cortex), as well as the motor loop, all which have been reported to be
dysfunctional in patients with schizophrenia (Baker et al., 2014; Hadley et al., 2014;
Kraguljac et al., 2016; Menon, 2011; Palaniyappan et al., 2013; Walther et al., 2017). To
better capture the complexity of NMDA receptor hypofunction effects at the brain network
level, we chose to complement our analyses with an exploration of changes in interregional
connectivity. Here, we find decreased interregional connectivity within the salience network,
which is consistent with a recent resting state fMRI study that showed a decrease in salience
network functional connectivity during a ketamine infusion (Mueller et al., 2018). We also
report a decrease in negative interregional connectivity between the hippocampus and
dorsolateral prefrontal cortex, suggesting a possible ketamine induced imbalance between
the default mode and cognitive control networks at rest. This NMDA receptor hypofunction
related disruption in anticorrelated large-scale functional networks has previously been
demonstrated during a working memory task (Anticevic et al., 2012). The same
hyperconnectivity between the hippocampus and dorsolateral prefrontal cortex has also been
shown in schizophrenia patients while performing a working memory task (Wolf et al.,
2009). Taken together, findings lend further empirical support to the putative link between
NMDA receptor hypofunction and large-scale functional brain network dysconnectivity.
Similarly, recent reports from our group suggest that alterations in the relationship between
cortical glutamate and task related BOLD response is disrupting the dynamics of major
neural networks, both in first episode psychosis patients (Overbeek et al., 2018) and
unmedicated patients with schizophrenia (Cadena et al., 2018). At the subcortical level, we
unexpectedly discovered a ketamine related increase in interregional connectivity between
the thalamus and putamen. Interestingly, these structures are linked by glutamatergic
projections (Alexander et al., 1990) and are part of the cortico-striatal-thalamic circuits that
regulate motor behavior, reward processing, and higher order cognitive processes.
Disruption of these circuits have been reported in patients with schizophrenia (Bernard et al.,
2017; Lottman et al., 2017; Siegel et al., 1993; Woodward et al., 2012), but to our
knowledge, no studies to date have directly examined the contribution of glutamate excess to
cortico-striatal-thalamic dysconnectivity in the illness.

We did not discover areas of rCBF reductions that have been reported in some (Holcomb et
al., 2001; Pollak et al., 2015), but not all prior studies. This could in part be explained by our
experimental design. Pollack and colleagues report dose-related decreases in hippocampal
rCBF, where the lower dose of ketamine (target serum level of 50-75ng/ml) showed a
decrease in hippocampus rCBF but not the higher dose (target serum level of 150ng/ml)
(Pollak et al., 2015). Furthermore, ASL imaging in our study took place approximately 65
minutes after the bolus was started. It is possible that we were outside the time window
capturing an initial decrease in rCBF, as the rCBF response to ketamine has been shown to
be dynamic (Bojesen et al., 2018; Holcomb et al., 2001). Similarly, rCBF studies in
schizophrenia are somewhat inconsistent in the reports of rCBF reductions vs elevations.
Speculatively, the ketamine model may better replicate the early stages of the illness and/ or
those who are not currently exposed to antipsychotic medications, as these may reduce/
normalize rCBF.

It is interesting that we found a dissociation between the areas of the brain where rCBF
changes mapped onto clinical symptom severity and areas that showed a linear relationship
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with hippocampal glutamate excess. Several studies reported that ketamine decreases
dopamine receptor availability in the striatum providing experimental confirmation that
NMDA receptor hypofunction affects dopamine function (Breier et al., 1998; Smith et al.,
1998; Vollenweider et al., 2000). Notably, the degree of decrease in striatal dopamine
receptor availability was correlated with clinical symptom severity (Breier et al., 1998;
\ollenweider et al., 2000), which is consistent with our finding of an association between
the extent of increase in rCBF in the bilateral putamen and symptom severity. The only other
area of the brain where we found this association was the hippocampus. This regional
specificity in rCBF increase related to clinical symptom severity fits well with a
pathophysiological model of schizophrenia positing that dysregulation of glutamatergic
transmission in the hippocampus (Lieberman et al., 2018) results in downstream subcortical
elevation of dopamine function (Lodge and Grace, 2011). On the other hand, we did not
replicate a correlation between rCBF in the ACC and clinical symptom severity, which has
been found in many (Breier et al., 1997; Holcomb et al., 2005; Holcomb et al., 2001;
Vollenweider et al., 1997), but not all (Bojesen et al., 2018; Pollak et al., 2015), previous
ketamine studies, and in drug free patients with schizophrenia (Lahti et al., 2006). Instead,
we did discover a negative relationship between increase in hippocampus Glx and rCBF in
the frontal pole and ACC during the ketamine challenge. The only other study concurrently
examining ketamine induced rCBF changes and glutamate metabolism in humans found a
relationship between rCBF and glutamate levels in the ACC before and immediately after
ketamine administration, albeit without a corresponding increase in ACC glutamatergic
metabolites (Bojesen et al., 2018) that would be expected based on prior studies (Rowland et
al., 2005; Stone et al., 2012). In a preclinical model, ketamine related extracellular glutamate
excess in the hippocampus has been shown to drive local increase in blood flow (Schobel et
al., 2013). Even though we failed to replicate the association between local rCBF and
glutamate excess, possibly because MRS measures whole tissue glutamate as opposed to
extracellular glutamate, our findings suggest that hippocampal glutamate excess is
associated with rCBF patterns in the ACC, a hub area of the salience network that is
critically implicated in the schizophrenia pathophysiology. One could speculate that
medications targeting the glutamate system could help alleviate network level metabolic
alterations.

Recently, efforts to identify MRI based measures with sufficient effect size and cross-site
reliability to serve as glutamatergic target engagement biomarkers in early-phase clinical
trials have been published (Javitt et al., 2018). In that study, the sensitivity of three putative
biomarkers in response to ketamine induced NMDA receptor hypofunction was tested in
healthy volunteers. Interestingly, only the resting state fMRI marker showed a robust effect
and strong cross-site reliability, suggesting it may have utility for multisite target
engagement studies. The failure of the other target engagement biomarkers is a testament to
the intricacies of conducting multisite neuroimaging studies, where even subtle differences
in measurement error can have significant effects on cross-site reliability (Kraguljac and
Lahti, 2018). While rCBF was not one of the biomarkers tested, a number of factors suggest
that ASL imaging may have potential utility for glutamatergic target engagement studies
where successful candidate drugs would blunt the effects of ketamine related increase in
rCBF. First, ketamine causes a robust increase in rCBF; second, there is high consistency in
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regional patterns and magnitude of increase between our data and the existing literature; and
third, ASL allows absolute quantification of rCBF making it less dependent on scanner
effects. But of course, the utility of this, and other BOLD metrics, e.g. amplitude of low
frequency fluctuations (ALFF), for target engagement biomarker development will have to
be empirically tested in a multi-site setting.

Our findings need to be interpreted in the context of a number of limitations. While we were
the first to demonstrate complex effects of NMDA receptor hypofunction on interregional
connectivity using ASL imaging, our sample size was modest, results did not survive
correction for multiple comparison testing and therefore need to be considered preliminary.
Additionally, we were not able to directly assess the relationship between changes in
interregional connectivity patterns and symptom severity, as it measures interregional
connectivity patterns of rCBF across subjects, rather than within a single subject. All
imaging was obtained during a continuous ketamine infusion. However, because ASL
images were acquired approximately 45 minutes after hippocampal GlIx was quantified, it is
possible that some of the associations between glutamate excess and elevated rCBF were
disguised by the temporal dissociation of measurements. Also, our ASL sequence had a
short labeling duration, future studies may benefit from implementing recommendations for
ASL sequence parameters from a recent white paper (Alsop et al., 2015). Here, we used a
spectroscopy sequence that is optimized for detection of glutamate, where glutamine
contributes approximately 15% to the combined glIx peak, it is therefore likely that glutamate
is the primary metabolite driving associations with rCBF. In addition, we did not control for
or record caffeine consumption or time of day of the scan, which could have affected results.
Lastly, we did not include a placebo control in this experiment as successful blinding in
these type of studies is notoriously difficult to achieve due to ketamine’s unique side effect
profile (Perlis et al., 2010). A study arm with an active placebo could mitigate these
concerns (Enck et al., 2013), but any drug producing similar side effects could also confound
imaging data, making interpretation of findings difficult.

In summary, we demonstrate complex network level changes in rCBF patterns related to
ketamine induced NMDA receptor blockage in healthy human subjects. Our study adds to
the efforts to empirically confirm putative links between an imbalance in glutamate
metabolism and dysconnectivity of large-scale brain networks that are thought to be central
to the schizophrenia pathophysiology. Development of glutamatergic compounds that
alleviate disease burden across symptom dimensions, possibly through normalizing
glutamate excess related increased rCBF, is direly needed. In this context, ASL shows
promise for target engagement biomarker development.
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Figure 1:
Areas of increased regional cerebral blood flow (rCBF) during a ketamine challenge

compared with a saline infusion (peywe < 0.05). No areas showed a decrease in blood flow.
Significant clusters were overlaid on a single subject T1 template. Numbers indicate
Montreal Neurological Institute (MNI) coordinates. Color bar indicates t values.
Abbreviations: ACC: Anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex;
MPFC: Medial prefrontal cortex; OFC: orbitofrontal cortex; PCC: posterior cingulate cortex.
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Top row. Relationship between regional cerebral blood flow (rCBF, measured in ml/min/
100g) during the ketamine challenge and change in hippocampal Glx (glutamate
+glutamine). Bottom row. Relationship between change in rCBF during the ketamine

challenge and clinical symptom severity.
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Figure 3:
Interregional connectivity maps. Plots show partial correlations in regional cerebral blood

flow (rCBF, measured in ml/min/100g) of areas relevant to ketamine drug action, controlled
for global CBF. A. Interregional connectivity maps during a saline infusion. Plots show
partial correlations in regional cerebral blood flow (rCBF, measured in ml/min/100g) in the
regions of interest. Positive correlations are depicted in red, negative correlations are
depicted in purple. Back squares indicate significant correlations (p < .05), bold black
squares indicate correlations that remain significant after Benjamini-Hochberg correction for
multiple comparisons. B. Interregional connectivity maps during a ketamine challenge. Plots
show partial correlations in regional cerebral blood flow (rCBF, measured in ml/min/100g)
in the regions of interest. Positive correlations are depicted in red, negative correlations are
depicted in purple. Back squares indicate significant correlations (p < .05), bold black
squares indicate correlations that remain significant after Benjamini-Hochberg correction for
multiple comparisons. C. Schematic depicting changes in interregional connectivity during a
ketamine infusion compared to a saline infusion between regions of interest. Lines depict
significant changes in interregional connectivity. Abbreviations: ACC: Anterior cingulate
cortex; DLPFC: dorsolateral prefrontal cortex; PCC: posterior cingulate cortex; L: left; R:
right
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Regions of interest (ROI)

Table 1:

Region of interest MNI Coordinatesl Number of voxels
X y z
Anterior cingulate cortex 5 32 22 540
Posterior cingulate cortex -1 =27 33 1035
Paracingulate cortex 1 29 34 2343
Frontal pole 8 56 10 2244
Dorsolateral prefrontal cortex L~ -47 17 21 2610
Dorsolateral prefrontal cortex R 49 18 18 3465
Amygdala L =22 -4 18 359
Amygdala R 21 -3 18 350
Hippocampus L -28 -15 21 262
Hippocampus R 21 -7 =25 36
Insula L -32 22 0 141
Insula R 33 22 0 104
Pallidum L -20 -5 -2 465
Pallidum R 21 -6 -2 301
Putamen L -26 -1 0 1015
Putamen R 26 2 -1 1040
Thalamus L -13  -19 7 256
Thalamus R 15 -20 5 231

Abbreviations: L, Left; R, Right

'ZArea of peak activation
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Table 2:

. 1 . .
Clinical measures™, cerebral blood flow, image quality measures

Saline Ketamine t-score pvalue
Clinical measures
BPR82
Total 20.60 (0.74)  32.73 (4.94) -9742 <01
Positive 3.00 (0.00) 5.87 (1.69) -6590 <.01
Negative 3.13 (0.35) 6.87 (1.96) -7.047 <.01
CADSS
Total score 0.07 (0.02) 13.60 (6.50) -8.049 <.01
Amnesia 0.07 (0.02) 2.07 (1.71) -4472 <.01
Derealization 0.00 (0.00) 7.27 (3.92) -7.183 <.01
Depersonalization 0.00 (0.00) 3.47 (2.10) -6.394 <.01
Confusion 0.00 (0.00)  0.13(3.52) -1.468 .16
Cerebral blood flow”
Whole brain 39.50 (13.48) 60.06 (11.85) -7.202 < .01

Gray matter 69.03 (25.64) 119.20 (25.30) -8.789 <.01
Image quality measures
Mean framewise displacement  0.32 (0.13) 0.30(0.21) 0.224 .83

DVARS 19.70 (2.45)  1522(3.02)  4.268  <.01

Abbreviations: BPRS Brief Psychiatric Rating Scale; CADSS Clinician Administered Dissociative States Scale; HRSD Hamilton Rating Scale for
Depression; YMRS Young Mania Rating Scale

1 - .
Mean (SD) unless indicated otherwise, n= 15

Brief Psychiatric Rating Scale (1 — 7 scale); positive (conceptual disorganization, hallucinatory behavior, and unusual thought content); negative
(emotional withdrawal, motor retardation, and blunted affect)

3measured in ml/min/100g
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