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Abstract

Background. Schizophrenia-spectrum disorders (SSD) are characterized by structural and func-
tional brain abnormalities, including disrupted functional connectivity within networks such as
the salience network. The anterior cingulate cortex (ACC), a core hub of this network, has shown
alterations in themajor neurotransmitter systems comprising glutamate (Glu) and γ-aminobutyric
acid (GABA).While dysfunctional glutamatergic signaling has been proposed as a keymechanism
in SSDs, the relationship between anterior cingulate cortex (ACC) functional connectivity,
glutamatergic neurotransmission, and clinical symptomatology remains poorly understood.
Methods. Here, we combined resting-state functional MRI to measure functional brain con-
nectivity with proton magnetic resonance spectroscopy to measure Glu and GABA levels in the
dorsal ACC of 26 patients with schizophrenia spectrum disorders and 38 healthy controls.
Results. Patients showed reduced connectivity within the salience network compared to controls.
Across the whole sample, a dorsal ACC-seed showed glutamate-dependent connectivity to several
clusters, including right insula, thalamus, and cerebellum. In patients, the averaged connectivity of
these clusters was associated with positive symptom severity.
Conclusions. These findings suggest that disrupted glutamatergic modulation of large-scale
brain networks may underlie core clinical features in schizophrenia spectrum disorders.

Background

Schizophrenia-spectrum disorders (SSDs) are debilitating disorders characterized by a hetero-
geneous constellation of symptoms, including positive and negative symptoms as well as
cognitive dysfunction [1]. Early research using magnetic resonance imaging (MRI) established
structural abnormalities, such as volume deficits and a higher rate of atrophy in patients with
SSDs, further supported by longitudinal studies [2–4]. The loss of gray-matter volumemay reflect
a reduction of neuropil, indicating changes in synaptic and dendritic organization in patients
with SSDs [5], that could in turn underlie disruptions in functional connectivity. This is in line
with increasing evidence supporting the conceptualization of SSD as a network disorder [6–10].
Accordingly, studies employing resting state functional MRI (rs-fMRI) have not only demon-
strated widespread changes in regional function using regional homogeneity (ReHo) and
amplitude of low-frequency fluctuations (ALFF) as local activity measures [11, 12] but also
abnormal organization in large-scale functional connectivity (FC) networks in patients with SSDs
compared to healthy controls [13]. A triple network model of disturbed networks (i.e., default
mode (DMN), central executive (CEN), and salience network (SN)) has been suggested to play a
prominent role in SSDs [14]. Importantly, the SN is thought to act as a switch between activating
and deactivating the DMN and CEN, thus modulating internal and external attention
[15, 16]. Consistent with this role, disturbances in the SN – particularly in regions such as
the anterior insula and anterior cingulate cortex – have been linked to both positive and
negative symptoms in SSDs [17–20]. However, themechanisms behind rs-fMRI abnormalities in
SSDs remain unknown.

With regard to brain neurotransmission systems, both animal and post-mortem studies have
implicated the dysfunction of glutamatergic signaling in the pathophysiology of SSDs, findings
further supported by in vivo studies in which pharmacological manipulation of glutamate (Glu)
signaling either triggered or reduced psychotic symptoms [21–23]. This link has also been
established in in vivo neuroimaging studies directly demonstrating abnormal glutamatergic
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levels among SSD patients using proton magnetic resonance spec-
troscopy (1H-MRS; see Merritt et al. [24]). Similarly, evidence
suggests that abnormalities of the γ-aminobutyric acid (GABA)
system are also implicated in the pathophysiology of SSDs [25, 26].
Glutamatergic and GABA signaling together maintain the balance
between excitation and inhibition, thereby fundamental for gener-
ating synchronized neural oscillations [27]. These synchronized
patterns drive slow fluctuations in brain activity, which are
observable with rs-fMRI, and form the foundation of functional
brain networks [28, 29]. Given the essential role of both glutam-
ate and GABA signaling in coordinating synchronized neural
activity across the brain, disruptions in these systems may impact
functional brain networks. Supporting this, studies have shown
that administering drugs affecting glutamatergic and GABAergic
signaling, such as ketamine, can alter functional network con-
nectivity [30, 31].

Although previous studies have explored the relationship
between glutamate or GABA levels and functional brain networks
in SSD patients, the results – along with the choice of measure of
glutamate (e.g., glutamate or combination of glutamate and glu-
tamine (Glx)) and/or inclusion of GABA – have been inconsistent
[32–38]. Moreover, few, if any, have related these findings to
symptomatology, limiting our understanding of how neurochem-
ical alterations translate into clinical manifestations. Gaining
insight into the connection between glutamate and GABA levels
and functional brain networks is fundamental for advancing our
understanding of disease mechanisms and informing the develop-
ment of new therapeutic strategies [39].

In this study, we investigated how the neurotransmitters glu-
tamate and GABA are linked to differences in brain network
connectivity between schizophrenic patients and healthy controls,
and how these links may relate to symptomatology in SSDs. To this
end, we used proton magnetic resonance spectroscopy (1H-MRS)
to estimate Glu and GABA levels in the anterior cingulate cortex,
rs-fMRI to evaluate brain network connectivity, and a subset of the
Brief Psychiatric Rating Scale (BPRS; [40]) to assess symptom
severity. Our specific aims were: 1) to determine whether ACC
glutamate and GABA levels are associated with ACC functional
connectivity in patients with SSDs and healthy controls; and 2) to
examine whether such neurotransmitter-connectivity relationships
are linked to symptomatic burden.

Methods and materials

Participants

The data used in this study originates from two projects carried out
at the psychiatric clinic at Uppsala University Hospital: the Sup-
plementary Motor Area Targeted Magnetic Stimulation Against
Auditory Verbal Hallucinations study (AVH-SMA; registered as
NCT04651621) which investigated repeated transcranial magnetic
stimulation (TMS) targeting auditory verbal hallucinations, and the
Magnetic Stimulation of the Brain in Schizophrenia or Depression
study (MA-SCH-DEP; NCT02905604) which examined the effects
of magnetic stimulation in patients with SSDs and depression.
Clinical participants were referred from their outpatient clinics
with a diagnosis of schizophrenia spectrum disorders verified
through a Mini International Neuropsychiatric Interview (M.I.N.I.)
Swedish translation of version 6.0 [41]. All patients met the criteria
for schizophrenia spectrum disorder (ICD-10 code F20-F29) and
were mainly diagnosed with schizophrenia, except 1 with psychotic
depression, who was excluded from the present study. For the AVH-
SMA study, the presence of hallucinations was required for inclusion

in the study, whereas the inclusion criterion was negative symptoms
with anhedonia and avolition (≤40 points on the Motivation and
Pleasure Scale-Self-Report [42]) for the MA-SCH-DEP dataset.
However, only patients with SSDs were included in the present
study (ICD-10 code F20-F29; see Supplementary Material S1). By
combining these groups, the final sample captures a broad clinical
spectrum of SSD. Healthy participants were recruited via adver-
tisement and structured clinical interviews were conducted to
confirm the absence of current or previous psychiatric disorder.
Exclusion criteria for all our participants were neurological dis-
orders, contraindications to MRI/TMS, unstable medication regi-
mens, substance or alcohol use disorder, daily benzodiazepine use,
or other factors that make the participant unlikely to be able to
complete the study. Alcohol and substance abuse were screened
using AUDIT and DUDIT. The study sample consisted of 95 par-
ticipants, including 60 healthy controls and 35 patients. Of these,
13HC and 5 patients weremissing fMRI data due to scanner error;
8 HC and 2 patients did not pass quality control of rs-fMRI data
(see data processing further down); and 1 HC and 2 patients were
missing MRS data. Thus, the sample for group-level connectivity
analyses included 67 participants (39 HC and 28 patients),
whereas analyses involving MRS data included 64 participants
(38 HC and 26 patients). The sample characteristics are reported
in Table 1.

Symptom rating

The BPRS-E is a widely used clinical interview tool used to assess the
severity of psychiatric symptoms ranging from psychotic to affective
symptoms. It combines patient reports with clinician observations
during the interview, with each item rated on a seven-point scale,
where a score of 1 indicates absence of a symptom and 7 indicates
extreme severity. In the present study, we formulated the positive
(suspiciousness {9}, hallucinations {10}, & unusual thought content
{11}), negative (blunted affect {16}, emotional withdrawal {17}, &
motor retardation {18}), and the affective symptom (depression {3},
suicidality {4}, & guilt {5}) factors based on the most recent and
rigorous confirmatory factor analysis study on the BPRS-E [43].

Neuroimaging data acquisition

Participants underwent anatomical and functional MRI together
with 1H-MRS on a Philips Achieva dStream 3T scanner equipped
with a 32-channel phased-array head coil at Uppsala University
Hospital.

Structural MRI
T1-weighted images were acquired using a 3D gradient echo
sequencewith the followingparameters: TR=8.18ms,TE=3.75ms,
flip angle 8°, 220 axial slices, 1 mm isotropic voxels, and an axial
field of view of 256 × 256 mm.

Functional MRI
The functional images were acquired using a T2*-weighted echo-
planar imaging (EPI) sequence with 32 axial slices, voxel size
3 × 3 × 3.9 mm3, TR = 2000 ms, TE = 30 ms, flip angle = 90°,
and FOV = 192 × 192 × 125 mm.

Spectroscopy
Spectroscopy data were acquired using the J-difference Mescher-
Garwood spectral editing sequence (MEGA-PRESS; [44]). MEGA-
PRESS was developed for the quantification of GABA, but can also
give reliable estimates of glutamate using the OFF spectra [45]. The
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following parameters were used: TR/TE = 2000/68 ms, spectral
bandwidth 2000 Hz, 1024 points, and phase cycling 4. For each
condition (ON and OFF), 160 averages were obtained. Data were
gathered in groups of 40, each starting with an unsuppressed water
line, followed by four consecutive pairs of water-suppressed tran-
sients in the ON and OFF conditions. The water line positions were
used for magnetic field drift correction and to update the carrier
frequency of radiofrequency pulses for each group.

A voxel measuring 40 × 40 × 20 mm (left–right × anterior–
posterior × feet–head) was placed along the bilateral cingulate
gyrus, with its inferior border aligned to the superior margin of
the corpus callosum and its anterior edge positioned at the most
anterior point of the corpus callosal genu (Figure 1A).

Data processing

Pre-processing of functional data using fMRI prep and CONN
toolbox
Here, brief descriptions of the processing steps are given. Full descrip-
tions can be found in the Supplementary Material S2. Pre-processing

of the fMRI datawas performed through fMRI prep [46, 47]. Then, the
fMRI data were loaded into the CONN toolbox (v.22a [48]) for final
steps of processing (spatial smoothing with a Gaussian kernel of 8mm
full width half maximum (FWHM)) and analyses. Additionally, the
data were denoised using component-based correction in order to
reduce potential confounding effects characterized by white matter
time series (5 noise components reflecting respiration), CSF time series
(5 noise components reflecting cardiac activity), motion parameters
and their first order derivatives (12 regressors), outlier scans (fewer
than 192 factors), session and task effects and their first-order deriva-
tives (2 factors), and linear trends (2 factors) within each functional
run, followed by bandpass frequency filtering of the BOLD timeseries
between 0.008Hz and 0.09Hz. The effective degrees of freedom of the
BOLD signal after denoising ranged from 0 to 59 (average 40.9) across
all subjects. Individuals were excluded if less than 125 frames remained
after scrubbing [49].

Spectroscopy pre-processing using Osprey
The 1H-MRS data were analyzed in Matlab R2022b using Osprey
(v. 2.5.0), an all-in-one software suite for state-of-the-art processing

Table 1. Demographic information

Patients Healthy controls

Mean std Mean std p-value

N 26 38

Age 33.9 7.3 29.7 11.2 t(62) = 1.6, p = 0.1

Age range 21 53 18 58

Female sex (%) 10 (37) 23 (60) Χ2(1,64) = 4.1, p = 0.04

Level of education (%)

Primary school 3 (11.5) 2 (5)

High school 17 (65.5) 26 (68.5)

Higher education 6 (23) 10 (26.5)

Years of education 12.3 1.76 12.6 1.58 t(62) = �0.67, p = 0.5

Glutamate 0.862 0.113 0.903 0.165 t(62) = �1, p = 0.3

GABA 0.159 0.049 0.160 0.042 t(62) = �.08, p = 0.9

Voxel tissue composition

Gray matter 0.407 0.030 0.407 0.031 t(62) = 0.09, p = 0.9

White matter 0.490 0.029 0.506 0.033 t(62) = �1.97, p = 0.053

CSF 0.102 0.026 0.087 0.017 t(62) = 2.76, p = 0.008

Medication

Antipsychotics, n (%) 26 (100)

SSRIs, n (%) 6 (23)

Mood stabilizers, n (%) 2 (7)

Anxiolyticsa 3 (11.5)

Hypnoticsb 3 (11.5)

OLZPc 15.12 9.87

BPRS-subscale

Negative 7.73 2.73 3.32 0.68

Positive 9.30 4.68 3.03 0.17

Affective 6.30 3.38 3.41 0.70

Abbreviation: CSF, Cerebrospinal fluid.
aNon-benzodiazepine.
bZ-drugs.
cCalculated dose equivalent of olanzapine.
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and quantitative analysis of in-vivo MRS data [50]. Raw data
imported into Osprey underwent eddy-current correction, fre-
quency- and phase-alignment, residual water removal, frequency
referencing, and initial phasing for post-processing with the
OspreyProcess module. MRS voxel parameters (size, location,
and orientation) were utilized to construct a binary voxel mask,
which was then co-registered to the T1 anatomical image via
Osprey’s ‘Coreg’ module, facilitating spatially accurate alignment
of spectroscopic and structural data. The post-processed spectral
data were then fitted with a linear combination of the default model
spectra package within the range of <4;0.5 > ppm, and knot spacing
(digital resolution) of 0.55 ppm [51].

The difference (ON–OFF) andOFF spectra were used forGABA
and Glu quantification (Figure 1B), respectively. The levels were
estimated as the spectral intensity ratio of GABA and Glu using
alpha-corrected total creatin (tCr) as the reference [52]. Quality
metrics for the MRS signal were determined by calculating the
average signal-to-noise ratio (SNR) and the mean linewidth of
creatine. Relative residuals were calculated by comparing the amp-
litude of the residuals to the standard deviation (SD) of the noise,
serving as an indicator of the goodness of fit. Given the report of
differences in creatine between patients and healthy controls in
psychosis studies [53], we performed a validation analysis of tCr as
a stable internal reference (Supplementary Material R1).

Statistical methods

General analyses
Descriptive data were tabulated, and group differences were ana-
lyzed using an independent-samples t-test or Mann–Whitney for
non-normal data, and the Chi2 test for categorical data. Associ-
ations between estimated Glu and GABA levels, and between

connectivity and symptom ratings were assessed using Spearman’s
rho. Unless specified otherwise, tests were two-tailed with an alpha
level of 0.05. The analyses were performed using JASP 0.18.1 [54].

Functional connectivity analyses
The analyses were run in CONN Toolbox and statistical signifi-
cance was set at p < 0.001 at the voxel-level and p < 0.05 with FDR
correction at the cluster-level, unless otherwise specified. First-level
analysis was done to estimate seed-based connectivity maps char-
acterizing the patterns of functional connectivity with 164 HPC-
ICA networks and Harvard-Oxford atlas ROIs [55]. Functional
connectivity strength was represented by Fisher-transformed
bivariate correlation coefficients from a weighted general linear
model (weighted-GLM [55]), defined separately for each pair of
seed and target areas,modeling the association between their BOLD
signal time series.

Group level connectivity. Group-level analyses were performed
using a General Linear Model for each voxel with first-level connect-
ivitymeasures at this voxel as dependent variable and groups or other
subject-level identifiers as independent variables. Cluster-level infer-
ences were based on parametric statistics from Gaussian Random
Field theory. Results were thresholded using a combination of a
cluster-forming voxel-level threshold of p < 0.001 and a False Dis-
covery Rate (FDR)-corrected cluster-size threshold of p < 0.05.

Seed-based connectivity. To test our hypotheses of the involve-
ment of glutamate and GABA, we used seed-based voxel-level
functional connectivity analyses (SBA) with a bilateral dACC seed
to investigate the connectivity to the rest of the brain. To this end,
the level of the respective neurotransmitter was added as a covariate
in the SBA. The averaged connectivity from the SBA was extracted

Figure 1. (A) Voxel position of tCr along the cingulate gyrus. (B) Mean OFF spectra (green) with standard deviation (gray), mean residual (above), and mean fit (yellow) from the
baseline acquisitions. (C), (D) Comparison of glutamate and GABA levels between patients and healthy controls.
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and correlated with each symptom domain using Spearman’s rank
correlation. Given the small sample size, we conducted bootstrap-
ping analyses to confirm the stability of associations and to avoid
interpretation of spurious findings. The bootstrapping analyses
were based on 10,000 samples and reported bias-corrected 95%
confidence intervals (CIs) of parameter estimates for the correl-
ation coefficients. P-values were adjusted for multiple testing using
the Holm–Bonferroni method for controlling the Family-Wise
Error Rate (FWER) with an alpha level of 0.05.

Sensitivity analyses
We performed sensitivity analyses to control for the possible influ-
ence ofmedication. To this end, a dose equivalent to olanzapine was
calculated according to the mean dose method by Leucht et al. [56]
and included in the models as a covariate. Furthermore, we also
performed a sensitivity analysis by including years of education as a
covariate.

Results

Demographics and spectral quality

There was a statistically significant difference in sex distribution
between patients and controls, (p = 0.042). All acquired spectra
were of good quality. The mean creatine SNRwas 218 (SD: 37), and
the FWHM was 6.2 Hz (SD: 0.95), both of which were acceptable
[57]. The mean relative amplitude residuals were 17.7 (SD: 7.1) for
the OFF spectra and 13.7 (SD: 6.1) for the DIFF spectra. Levene’s
test for equality of variances confirmed that there were no signifi-
cant differences in the distribution of metabolite levels between
patients and controls for glutamate (p = 0.069) or GABA (p = 0.85),
indicating comparable data variability across groups. However, we
did not observe any differences in either glutamate or GABA levels

within the ACC between patients and controls (see Table 1,
Figure 1C,D). Voxel tissue composition analysis revealed no signifi-
cant group differences in fraction of gray matter (fGM, p = 0.9). In
contrast, patients exhibited a significantly higher fraction of cerebro-
spinal fluid (fCSF, p = 0.008) and a lower fraction of white matter
(fWM, p = 0.053) compared to controls. Consequently, group dif-
ferences in glutamate andGABA levels were tested using ANCOVAs
with fWM and fCSF as covariates. These analyses showed no signifi-
cant main effect of group for either glutamate (F(1,60) = 1.787,
p = 0.18, η2 = 0.024) nor GABA (F(1,60) = 0.347, p = 0.5, η2 = 0.006).

Functional connectivity

Group differences in dACC connectivity
Our SBA revealed significantly lower connectivity between the
dACC and right insula, left insula, and bilateral ACC (T(65) >
3.45, k ≥ 128) in patients than in HCs (Figure 2; Table 2).

dACC-connectivity related to glutamate but not GABA
Based on our SBA, we found several clusters where dACC connect-
ivity was related to glutamate level across the sample. Specifically,

Figure 2. Resulting clusters from SBA with dACC as seed. Top row and bottom left: Regions with reduced functional connectivity between core salience processing regions in
patients. Bottom right: Effect sizes of clusters displaying differences between patients and healthy controls.

Table 2. Resulting cluster from seed-based analysis using dACC as seed and
HC > patients

Region Cluster (x,y,z) Size p-FDR

Insula R +42 �12 +02 904 <0.0001

Bilateral dACC �14 +12 +38 736 <0.0001

Insula L �40 +02 +06 736 <0.0001

vACC +00 +18 �02 128 0.0325

Abbreviation: vACC, subgenual–anterior cingulate cluster.
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higher glutamate levels in the dACC were associated with greater
connectivity with the cerebellum, left insula, and the thalamus
(T(62) > 3.43, k ≥ 165; see Table 3 and Figure 3). In contrast, we
found no such associations for GABA in the dACC.

Averaged glutamate-related connectivity and symptom ratings
We found that greater glutamate-associated connectivity was sig-
nificantly related to higher levels of positive symptoms (ρ = 0.480,
pFWER = 0.039; BS 95% CI: 0.13/0.72), but not to negative
(ρ = �0.17, pFWER = 0.58; BS 95% CI: �0.48/0.17), or affective
symptoms (ρ = �0.21, pFWER = 0.58; BS 95% CI: �0.57/0.18;
Figures 3A-C).

Sensitivity analyses
Sensitivity analyses controlling for medication use yielded attenu-
ated results for the group differences in ACC connectivity, with loss
of significance for the bilateral clusters in insula and ventral ACC,
suggesting that medication may have contributed to the observed
effects (Supplementary Material T1). However, the glutamate-related
connectivity remained significant (Supplementary Material T1) and
the association to positive symptoms also remained significant

(ρ = 0.472, pFWER = 0.017; BS 95%CI: 0.13/0.72). Furthermore, the
group differences in bilateral insula remained significant after
controlling for education, but the effects in dACC and vACC were
attenuated (Supplementary Material T2).

Discussion

The current study investigated the contributions of glutamate and
GABA levels in dACC on resting-state activity among individuals
with schizophrenia-spectrum disorders. Our results add to the
literature on altered resting-state functional connectivity in the
salience network in SSD. The findings further suggest that
glutamate-related connectivity may be specifically related to nega-
tive symptoms among patients.

Glutamatergic andGABAergic alterations have long been impli-
cated in the pathophysiology of schizophrenia-spectrum disorders
[22, 58]. In the present study, we found no significant differences in
Glu/tCr or GABA/tCr levels in the dACC between patients and
healthy controls. This lack of a difference between our two groups
in this particular region is aligned with a growing body of literature
emphasizing the heterogeneity of neurochemical alterations across
patient subgroups and brain regions (see [24, 59, 60] for reviews
and meta-analyses). There is moderate evidence that early stages of
illness show more robust glutamate or GABA abnormalities in
ACC compared with controls, whereas the differences are less
consistent in chronic stages [24, 61] – such as our patient sample.
Moreover, methodological differences such as voxel placement,
field strength, and spectral modeling may contribute to variability
across studies. In addition, the small sample sizes in most previous
studies examining GABA and glutamate levels (typically between
10 and 40 participants) may have limited statistical power and

Table 3. Cluster with glutamate-related connectivity

Region Cluster (x,y,z) Size p-FDR

Cerebellum R +26 �70 �28 794 < 0.001

Cerebellum L �36 �50 �32 251 0.004

Insula L �36 +12 �04 233 0.004

Midbrain/thalamus +12 �22 �04 165 0.020

Figure 3. Top: Clusters with glutamate-related connectivity (see Table 3 for coordinates and regions). Bottom: Plots illustrating the associations between average glutamate-
related connectivity and different subscales of symptom burden. Reported P-values are FWER-corrected.
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contributed to the inconsistent findings [24, 38, 60]. Importantly,
Nakahara et al. [26] highlighted that inconsistent findings of glu-
tamate and GABA levels in patients compared to controls may
reflect whether ACC or midcingulate cortex (MCC) was investi-
gated. Reports showing group differences in MCC but not in ACC
underscore the importance of precise voxel placement and separate
analyses of these adjacent regions.

In the present study, we found that patients with SSDs exhibited
significantly reduced resting-state functional connectivity within
core regions of the salience network compared to healthy controls,
as revealed by seed-based connectivity analysis. Our findings are
consistent with previous studies emphasizing aberrant salience
network integrity in schizophrenia [62–64]. The observed hypo-
connectivity supports the hypothesis of SN dysfunction as a
network-level phenotype in schizophrenia and may reflect an
impaired ability to efficiently identify and respond to salient infor-
mation in the context of a network switchingmechanism. Given the
suggested role of SN as a switch between activation/deactivation of
DMN and CEN [15, 16], the hypoconnectivity could thus lead to
inefficient allocation of attentional resources, possibly explaining
some of the symptoms observed in schizophrenia [65]. The attenu-
ation of connectivity differences after adjusting for antipsychotic
dose suggests that medication exposure may partially account for
the observed group-level effects. However, because antipsychotic
exposure is intrinsically linked to illness severity and duration, it
likely functions as a confounder, being associated with both diag-
nostic status and functional connectivity patterns. Prior research
indicates that antipsychoticmedication attenuates group differences
in glutamate and GABA levels measured with MRS [66, 67], which
may in turn exert downstream effects on functional connectivity.
Still, several clusters remained significant after controlling for medi-
cation dose, suggesting that while medication contributes to the
observed dysconnectivity pattern, some alterations may represent
core, medication-independent features of SSDs.

With regard to the possible underlying mechanisms, we found
that ACC connectivity with cerebellar, thalamic, and insular
regions was positively associated with glutamate levels within
the dACC. This observation of glutamate-related increased activ-
ity across groups is consistent with the role of glutamate in
generating neural oscillations and, therefore, the hemodynamic
response detected with rs-fmri [27–29]. The absence of this
association within the patient group is in line with previous
research [38] and may reflect abnormal glutamatergic modula-
tion of resting-state brain activity, stemming from alterations in
the glutamatergic system in schizophrenia [58, 68]. Similar pat-
terns have been observed in previous studies where ACC glutam-
ate and rs-connectivity relationships observed in controls
appeared either weaker or absent in patients with SSDs [36, 69].

Higher glutamate-dependent connectivity was associated with
greater severity of the positive symptoms on the BPRS. Beyond our
cluster in the right insula, our averaged connectivity also included
clusters in the cerebellum and thalamus – two regions involved in
the Cerebello-Thalamo-Cortical (CTC) circuit [70–72]. While dys-
regulated activity within the SN leads to aberrant salience ascription
[63, 73], our finding of glutamate-dependent signaling within the
SN may contribute to positive symptoms through aberrant con-
nectivity with regions involved in the CTC circuit [72, 74, 75]. Thus,
our results are in line with previous work highlighting the disrup-
tion of large-scale functional networks that may underlie positive
symptoms in SSDs.

The results of this study need to be interpreted in light of its
limitations. First, the findings need to be interpreted within the

context of a sample with long-term illness, as neurochemical alter-
ations observed in early or untreated psychosis may differ from
those observed in later stages of illness (apart from the effect of
antipsychotic medication). Furthermore, the sample size may be
too small to reliably detect differences in neurotransmitter levels
with MRS in both groups. Nevertheless, a strength of our final
sample is that it captures a broad clinical spectrum of the SSDs
rather than a single symptom domain. Second, we chose to quantify
glutamate from difference spectra rather than Glx, as recent valid-
ation studies have shown that glutamate measurements from the
MEGA-PRESS OFF spectrum correspond closely to those from
conventional PRESS scans [45, 76]. Third, our sample was not
antipsychotic-naïve, introducing a potential confound. Anti-
psychotic exposure and dosage are closely linked to both diagnostic
status and neural activity measures, making it difficult to disentan-
gle illness-related effects from those attributable to medication.
Moreover, medication use may attenuate group differences, poten-
tially obscuring the full magnitude of illness-related effects.

In conclusion, the present study explored the neurochemical
underpinnings of resting-state functional connectivity within the
salience network in patients with schizophrenia-spectrum dis-
orders, focusing on the contributions of glutamate and GABA.
Together, these findings support the hypothesis that disrupted
glutamatergicmodulation of large-scale brain networks contributes
to the emergence of core clinical features in schizophrenia. Clari-
fying these neurochemical-connectivity relationships may ultim-
ately help identify new targets for intervention aimed at positive
symptoms in psychosis.
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