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Supplementary Figure 1. Effect Size by Reward Network Anatomical Subdivision. A) The reward
network segmented into 7 cortical (purple/pink) and 4 subcortical (yellow/orange) subregions. B) Effect
sizes for the association between regional GIUCEST contrast and BAS Reward Responsiveness scores
across the 11 subregions. Minimum coverage of 50 mm? was required for inclusion in this regional
analysis. The sample size for each region is indicated within the bar.
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Supplementary Methods

Participant Recruitment, Study Exclusion Criteria, and Sample Medication Information

Participants were recruited from the community through ongoing research and clinical activities in the
Brain Behavior Laboratory, the Lifespan Brain Institute, the Penn Psychosis Evaluation & Recovery
Center, and the Outpatient Psychiatry Center at the Perelman School of Medicine, University of
Pennsylvania. Study exclusion criteria included a previous or current significant medical or neurological
illness, previous head trauma with loss of consciousness, acute intoxication, acute substance
withdrawal, substance abuse or dependence within the past six months, pregnancy, contraindications
to receiving an MRI, and GIuCEST data that failed rigorous visual quality assurance checks. This study
did not exclude individuals with a history of psychotropic medication use from the clinical group.
Eighteen individuals in the clinical group reported a history of being prescribed at least one psychotropic
medication, representing 40% of the entire sample and 60% of the clinical sample. Reported
medications were highly variable across individuals, and included antidepressants (N=7), anxiolytics

(N=1), mood stabilizers (N=3), antipsychotics (N=2), stimulants (N=4), and class not reported (N=5).

Additional Information on Clinical Questionnaires
All participants completed clinical questionnaires on the day of the MRI scan, with the exception of two

participants who completed questionnaires 6 and 15 days prior to scanning.

Behavioral Activation System Scale: A Measure of Reward Responsiveness

The Behavioral Activation System (BAS) Scale comprises 13 questions answered on a 4-point Likert
scale, and provides insight into motivational systems that influence an individual’'s affect and behavior
[1]. The BAS Reward Responsiveness (BAS RR) subscale is a reliable measure of reward sensitivity
that predicts happiness levels during reward anticipation [1], behavior on reward tasks [2—4], and brain
responses to rewards [5, 6]. BAS RR scores have been found to remain stable over time despite

fluctuations in clinical state [7].
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The Patient-Reported Outcomes Measurement Information System Depression Scale

The Patient-Reported Outcomes Measurement Information System (PROMIS) Depression scale
consists of 8 questions answered on a 5-point Likert scale. Questions assess feelings of sadness,
helplessness, hopelessness, and worthlessness. To index overall depression severity, the eight

PROMIS items were summed into a composite depression symptom severity score.

PRIME Screen-Revised

The PRIME Screen-Revised (PS-R) assesses the presence of positive psychotic symptoms, and is
sensitive to both sub- and supra-threshold psychosis symptomatology. The 12 PS-R items, answered
on a 7-point Likert scale, were summed into a composite score. Two participants did not have data for

one PRIME item; the two missing values were imputed by taking the average of all other items.

Neuroimage Acquisition Parameters

GIuCEST

Glutamate is an optimal metabolite to quantify with CEST imaging at 7.0T given that the proton
exchange rate with water is slow to intermediate. This exchange regimen allows for continuous
application of radiofrequency pulses and a prolonged saturation period, and thus for accumulation of
the contrast effect and enhanced methodological sensitivity. The contrast effect is produced when
exchangeable amine protons on glutamate that are saturated via frequency-selective radiofrequency
pulses exchange with unsaturated protons on water, decreasing the bulk water signal. Hence, a higher
concentration of tissue glutamate leads to increased B4 saturation of glutamate protons, greater proton
exchange and attenuation of the water signal, and a higher GIUCEST contrast. The GIUCEST contrast
displays high within-day and between-day reproducibility [8]. Mathematically, the GIUCEST contrast (%)

is defined as:

Msat(—3ppm) — Msat(+3ppm) o

100
Msat(—3ppm)
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where Msat(-3ppm) is the amplitude of water proton magnetization during a baseline acquisition when
glutamate protons are not saturated, and Msat(+3ppm) is the amplitude of water proton magnetization

when the B field is at the resonance frequency for glutamate (3 ppm downfield from water, see [9]).

GIuCEST data were acquired in a right hemisphere sagittal slice in a field of view (FOV) placed near
the midline. This FOV captures major reward network regions including the medial prefrontal cortex,
posterior cingulate, ventral striatum, thalamus, and midbrain. Placement of the GIUCEST FOV was

initiated using ImScribe (https://www.med.upenn.edu/cmroi/imscribe.html). ImScribe was developed for

use in group studies wherein acquisition of the same brain region(s) is desired, as it allows for

reproducible selection of the same anatomical FOV across individuals.

The GIUCEST acquisition parameters utilized in this study included: slice number = 1, slice thickness =
5 mm, FOV = 224 x 224, matrix size = 224 x 224, in-plane resolution = 1 x 1 mm?, GRE read out TR =
6.4 ms, TE = 3 ms, number of averages = 1, shots per slice = 2, shotTR = 8000 ms. The CEST saturation
pulse was as follows: B1ms 0f 3.06 uT with a 800 ms long saturation pulse train consisting of a series of
95 ms Hanning windowed saturation pulses with a 5 ms interpulse delay (100 ms pulse train). Raw
CEST images were acquired at varying saturation offset frequencies from + 1.5 to + 4.5 ppm (relative
to water resonance) with a step size of £ 0.3 ppm. Bo maps were acquired using water saturation shift
referencing [10] with a saturation pulse at Bims of 0.29 pT with 200 ms long saturation pulse train and
saturation offset frequencies from + 0 to + 1.5 ppm (relative to water resonance), with a step size of +
0.15 ppm. A B1 map was generated from three images obtained using square preparation pulses with

flip angles 20°, 40°, and 80°. Total acquisition time was approximately 10 minutes.

MP2RAGE
Parameters for the 3D Magnetization Prepared 2 Rapid Acquisition Gradient Echoes (MP2RAGE)
sequence were: 0.82 mm isotropic spatial resolution, 240 mm FOV with 176 slices, TR/TE/TI/TIl./ =

5000/2.5/700/2500 ms, ai/az = 7°/5°, 240 Hz/Px bandwidth, 3 x GeneRalized Autocalibrating Partial
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Parallel Acquisition (GRAPPA) acceleration in the first phase-encoding direction and 6/8 partial

Fourier undersampling in both phase-encoding directions. With MP2RAGE acquisitions, data from
short (INV1) and long (INV2) inversion time images can be combined to mitigate B1 inhomogeneity
effects. This produces a more homogeneous T1-weighted image with superior gray matter to white

matter contrast, referred to as a uniform (UNI) image.

Reward Network Delineation

The meta-analytically derived reward network atlas [11] utilized in this study is comprised of brain
regions that exhibited a significant change in the blood oxygen level-dependent (BOLD) signal in
association with diverse rewarding outcomes and/or aversive outcomes across 206 functional MRI
studies. The nature of outcomes was variable across these 206 studies and included monetary, social,
consumable, and other outcomes. Hence, this network encompasses regions that evaluate or encode
positively and negatively valenced outcomes across diverse situations and stimuli. Convergence across
hundreds of functional MRI studies solidifies our confidence that these brain regions are central to

reward responsiveness (RR).

The total meta-analytic functional reward network was divided into valence-related subcomponents for
analyses presented in Figure 4. This was accomplished using valence maps from Bartra et al. (2013)
Figure 3A-C [11]. The appetitive encoding component included voxels that exhibited an increase in
BOLD signal to more rewarding outcomes only in the overall meta-analysis (Bartra et al. Figure 3A,
excluding 3C). The aversive encoding component included voxels that exhibited an increase in BOLD
signal to aversive or less rewarding outcomes only (Bartra et al. Figure 3B, excluding 3C). The salience
component included voxels that exhibited an increase in BOLD signal to both rewarding and negative

outcomes (Bartra et al. Figure 3C), and are thereby presumed to encode general reward salience.
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Supplementary Results

GIUCEST and Single Voxel 'HMRS Demonstrate Cross-Method Agreement: Extended
Methodology and Results

Single voxel of interest (VOI) 'THMRS data were collected from the right anterior cingulate cortex in a
subsample of study participants to enable a methodological comparison between 'HMRS and
GIUCEST. 'HMRS data were acquired at the end of the scanning session and were collected from
participants only when adequate time permitted. The '"HMRS VOI was positioned in the anterior
cingulate to maximize comparability between the present study and the majority of previous
investigations that assessed associations between RR and brain glutamate with "HMRS [12—16]. Below,
we present findings from two sets of comparative analyses. In the first set of analyses, we studied the
association between a) BAS RR scores and '"HMRS glutamate concentration within the 'THMRS VO,
and b) BAS RR scores and mean GIUCEST contrast within this VOI. In the second set of analyses, we
examined correlations between mean GIUCEST contrast within the VOI and the concentration of

numerous 'HMRS-derived neurochemicals (including glutamate).

"HMRS Acquisition, Neurometabolite Quantification, and Quality Control

The "HMRS VOI (average size 3000 mm®) was placed using a semi-automated method via ImScribe;
manual adjustment was used to fine-tune VOI positioning for each participant. '"HMRS data were
collected with a short echo time custom-modified Point RESolved Spectroscopy (PRESS) sequence
with the following acquisition parameters: averages = 8 (water reference) / 128 (water suppressed), TE
=23 ms and TR = 3000 ms. Acquisition time was 36 seconds for the reference spectrum and 6 minutes
48 seconds for the suppressed spectrum. The water reference scan was used to compute the absolute
concentration of brain neurochemicals, including absolute glutamate concentration. Water suppression
was achieved with variable power RF pulses with optimized relaxation delays (VAPOR) prior to the
acquisition. VAPOR implements seven frequency selective RF pulses to reduce sensitivity to variations

in the B field [17]. Pulse amplitudes were calibrated before measurement to reduce B4 inhomogeneity
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by acquiring six localized STimulated Echo Acquisition Mode (STEAM) water spectra at fixed reference
voltage and varying flip angle from 0° to 180° with a step size of 30°. The vendor-provided
FASTESTMAP shimming method (from vendor Siemens Medical Solutions, Erlangen, Germany) was
employed to minimize spectral linewidths (< 30 Hz) of water signal [18]. Spectra obtained were analyzed
using a user-independent spectral fit program, Linear Combination (LC) Model v6.3-1L with the
corresponding 7T basis set [19]. To ensure that the 'THMRS data used for comparative analyses was of
high quality, participants with 1) a spectral peak full width half maximum (FWHM) > 0.1, 2) a signal-to-
noise ratio (SNR) < 10, or 3) Cramer-Rao Lower Bound (CRLB) estimates > 15% for glutamate were
excluded from all analyses. 'HMRS data from 25 individuals passed these three '"HMRS quality checks.
From these 25 participants, an additional 5 participants were excluded from analyses due to low overlap
between the 'THMRS VOI and the GIuCEST FOV (additional details below). Thus, 20 participants passed

all quality control procedures.

Volume of Interest Processing and GIuCEST Quantification

The "HMRS VOI was extracted from DICOM images and binarized to create a VOI mask using ImScribe.
The cerebrospinal fluid volume fraction (fCSF) within the VOI mask was quantified for each participant
(mean fCSF = 0.29 + 0.12), as was the percent of the VOI occupied by reward network (mean percent
= 55 1 14) versus non-reward cortex (mean percent = 45 + 14). To facilitate comparative analyses
between '"HMRS and GIuCEST, the portion of the total VOI that was represented in each participant’s
5 mm thick GIuCEST FOV was extracted. This allowed for 1) quantification of the percent of the '"HMRS
VOI that overlapped with the GIUCEST FOV, and 2) quantification of mean GIuCEST, reward network
GIUCEST, and non-reward GIUCEST within the portion of the 'THMRS VOI included in the GIUCEST
FOV. For 5 of the 25 participants with '"HMRS data that passed FWHM, SNR, and CRLB quality checks,
the percent of the '"HMRS VOl included in the GIUCEST FOV was very low (< 20%). These 5 participants
were thus excluded from analyses, given that methodological comparisons are not appropriate with

such minimal anatomical overlap. GIUCEST-'HMRS comparative analyses were performed with the
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remaining 20 participants (8 typically developing, 1 with a depressive disorder, 3 with a psychotic
disorder, 8 clinical high risk). For each of these 20 participants, the percent of the '"HMRS VOI included

in the GIUCEST FOV was > 45%.

Associations Between BAS RR Scores and Dual Method Anterior Cingulate Glutamate

'"HMRS-derived glutamate concentration and mean GIUCEST contrast were quantified within the
anterior cingulate cortex VOI, and entered as predictors of BAS RR scores in independent multiple
linear regressions controlling for age, sex, and fCSF ('"HMRS model only). Replicating prior '"HMRS
studies of anterior cingulate glutamate and RR [12—16], neither the 'THMRS-glutamate concentration
(estimate = 0.15, rearmiac = 0.09, p = 0.733) nor the GIUCEST contrast (estimate = 0.15, rparmia. = 0.06,
p = 0.798) within the anterior cingulate VOI were associated with BAS RR scores. Harnessing the high-
resolution image generated by the GIUCEST acquisition, we were additionally able to parcellate the
anterior cingulate VOI into reward and non-reward components, and to quantify mean GIUCEST
contrast within each component. Supporting this study’s main findings, the association between BAS
RR scores and mean GIuCEST contrast was stronger in the reward network component of the anterior
cingulate VOI (rearmiac = 0.27) than in the non-reward component of the VOI (rearmiac = 0.07). Taken
together, this first set of comparative analyses reveals convergent findings across methods,
underscores the importance of acquiring neurochemical imaging data from expansive FOVs, and

highlights the benefit of function-based parcellation approaches.

GIuCEST- and "THMRS-derived Measures of Brain Glutamate are Positively Correlated

Across the 20 participants included in this methodological comparison, on average 69% (+ 23%) of the
total '"HMRS VOI was included in the GIuCEST FOV. We were thus able to compare GIUCEST and
'"HMRS measures within overlapping yet non-identical regions of the brain. Despite the fact that
measures were derived from non-identical volumes of brain tissue with differing tissue fractions, there

was a positive partial correlation (controlled for fCSF) between the GIUCEST contrast and '"HMRS-
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derived glutamate concentration (rearmiac = 0.26, N = 20). As expected, the strength of this partial
correlation was greater within participants who exhibited greater anatomical overlap between the
"HMRS VOI and the GIUCEST FOV. Specifically, the partial correlation between GIUCEST and '"HMRS
glutamate increased in participants with > 50% anatomical overlap between '"HMRS and GIuCEST
acquisitions (rearmiac = 0.36, N = 13), and further increased in those with > 90% anatomical overlap
(rearmiac = 0.60, N = 5). Critically, the strength of the partial correlation between the GIUCEST contrast
and 'HMRS neurochemical concentration was greater for glutamate than for other neurochemicals,
including N-acetylaspartate (rearmac = 0.02, N = 20), glutathione (rearmac = -0.02, N = 17), and
creatine/phosphocreatine (rearma. = 0.14, N = 20). (All partial correlations were controlled for fCSF.
Three participants were excluded from the glutathione analysis due to CRLB estimates > 15% for

glutathione).

Diagnostic Group Differences in Regional GIuCEST and Relationships to Prior 7.0T '"HMRS Case-
Control Studies

The primary goal of this study was to investigate dimensional associations between reward network
glutamate level and inter-individual variability in RR across clinical diagnostic categories. However, we
additionally capitalized on the inclusion of a diverse clinical population by examining differences in
regional GIUCEST between the typically developing group and each of the three clinical diagnostic
groups (depressive disorders, psychotic disorders, and clinical high risk groups). One aim of these
diagnostic group-based, regional analyses was to provide insight into the potential co-occurrence of
neurochemical differences related to both a dimensional psychological construct and to patient
diagnosis. A second, equally important aim was to assess whether diagnostic group-based differences
obtained with GIUCEST accord with the previously published 7.0T 'HMRS case-control literature,

offering a methodological validation.

10
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Structural and functional MRI studies have implicated the anterior cingulate cortex [20-23] and the
thalamus [20-22, 24, 25] in depressive and negative psychotic symptoms, in agreement with the role
of these regions in the reward network. For this reason, prior single voxel 7.0T 'HMRS studies
investigating glutamatergic differences between a control group and patients with psychotic [26—36] or
depressive [15, 32, 33, 37] disorders have most frequently chosen the anterior cingulate and the
thalamus as cortical and subcortical 'HMRS VOls. As such, to embed the present diagnostic GluUCEST
data within the prior case-control 'THMRS literature, we anatomically delineated the anterior cingulate
cortex and thalamus with Harvard-Oxford atlases, quantified mean GIUCEST contrast within these two
regions, and examined group differences in regional GIUCEST using ANCOVAs controlled for age and
sex. ANCOVA results are presented below along with group mean z-scores, computed using control
group means and standard deviations. Z-scores are provided to enable comparisons of standardized
differences between the typically developing and diagnostic groups across regions and diagnostic

categories.

GIuCEST is Lower in Individuals Diagnosed with a Psychotic Disorder

Individual 7.0T 'HMRS studies investigating glutamatergic differences between healthy controls and
patients with psychotic disorders have produced rather heterogeneous results [38]. For example, prior
work has reported either no significant difference in anterior cingulate cortex glutamate concentration
between controls and patients [28, 31-35] or a lower concentration in patients [29, 36]. A recent meta-
analysis of pooled data (9 studies, 255 patients, 293 controls) from these 7.0T studies, however, found
evidence for an overall reduction in brain glutamate levels in psychosis [29]. In the present study, the
GIuCEST contrast was numerically lower in individuals with psychotic disorders (N=7) than in typically
developing individuals (N=15) in both the anterior cingulate cortex and the thalamus. This difference
was not significant in the anterior cingulate cortex (typically developing group mean z-score = 0 hereon,
psychotic disorders group mean z-score = -0.43, F11s = 0.59, p = 0.452) but was nearly significant in

the thalamus (psychotic disorders group mean z-score = -1.45, F11s = 4.36, p = 0.051). The present

11
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GIUuCEST-derived results thus converge with the 7.0T '"HMRS meta-analysis, as well as with a prior

study of GIUCEST in psychosis [39].

GIuCEST is Not Significantly Different in Depression

To date, four 7.0T "HMRS studies have examined differences in anterior cingulate cortex [15, 32, 33,
37] and/or thalamic [33, 37] glutamate concentrations between healthy individuals and those with
depression, and all have reported null results. Moreover, a large '"HMRS meta-analysis of all available
1.5, 3.0, 4.0, and 7.0T studies additionally found no significant difference in anterior cingulate/medial
prefrontal glutamate concentration between 371 patients with depression and 359 controls [40]. In
accordance with these prior 'THMRS results, we observed no significant difference in GIUCEST contrast
between typically developing (N=15) and depressive disorder (N=11) groups in either the anterior
cingulate cortex (depressive disorders group mean z-score = 0.44, F1» = 0.88, p = 0.358) or the

thalamus (depressive disorders group mean z-score = -0.22, F12, = 1.61, p = 0.218).

Clinical High Risk Individuals Tend to Have Higher GIuCEST Than Those with Psychotic Disorders

To our knowledge, there are currently no published 7.0T "HMRS studies of individuals at clinical high
risk for psychosis. However, a meta-analysis of lower field strength "HMRS studies did find significantly
higher GlIx (glutamate + glutamine) concentrations within the anterior cingulate/medial prefrontal cortex
in high risk individuals compared to controls, but no significant group differences within the thalamus
[41]. GIUCEST data collected from those at clinical high risk for psychosis (N=12) for the current study
again mirrored this pattern of previous findings (anterior cingulate cortex: clinical high risk group mean
z-score = 0.39, Fi123 = 1.31, p = 0.265; thalamus: clinical high risk group mean z-score = -0.02, F123 =
0.086, p = 0.772). Notably, the GIUCEST contrast was higher in individuals at clinical high risk for
psychosis than in those with a diagnosed psychotic disorder in both the anterior cingulate cortex and

the thalamus.

12
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Altogether, these regional analyses of specific diagnostic groups align well with the extant 7.0T "HMRS
literature. Furthermore, the results underscore the possibility that reward sensitivity and patient
diagnosis may be differentially associated with glutamate availability in distinct brain areas.
Nevertheless, given the small sample size of each clinical diagnostic group and known neurobiological

heterogeneity within diagnostic categories [42], these diagnostic group-based GIUCEST analyses must

be considered preliminary.

13
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