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1 | INTRODUCTION

The human brain is organized in multiple functional and structural
levels that enable its complex functioning and that are dynamically
modulated by the neurotransmitter systems. At the microscale level,
the gating of ion channels is modulated by the neurotransmitters that
subsequently enable membrane potential dynamics and neuronal fir-
ing (Burke & Bender, 2019; Meir et al., 1999). The microscale func-
tioning of a particular brain region depends on its cyto- and
chemoarchitecture (Amunts & Zilles, 2015). At the macroscale level,
the neural firing of thousands of neurons across different brain areas
is integrated to form and maintain the evolving brain states and brain
organization (Suarez, Markello, Betzel, & Misic, 2020).

A well-known example of reproducible brain organization is the
resting-state activity pattern that can be measured via functional con-
nectivity, known as the resting-state functional connectivity (rsFC)
(Biswal, Yetkin, Haughton, & Hyde, 1995; Greicius, Krasnow, Reiss, &
Menon, 2003). The rsFC describes the similarity between the neuro-
nal activation patterns of investigated regions by assessing the tempo-
ral correlation of blood-oxygen-level-dependent (BOLD) fluctuations
(Friston, 1994). RsFC are also reproducible across different partici-
pants (Damoiseaux et al., 2006; De Luca, Beckmann, De Stefano, Mat-
thews, & Smith, 2006). Altered rsFC patterns have been found in
patients with neuropsychiatric diseases compared to healthy partici-
pants and have been suggested as potential biomarkers to predict
diagnostic status and/or the severity of the disorders (Greicius, 2008).
Nevertheless, the interpretability of the rsFC patterns remains chal-
lenging due to an incomplete understanding of the underlying neuro-
biological characteristics of the BOLD signal and consequently the
rsFC (Allan et al., 2015; Friston, 2011; Logothetis, 2003; Logothetis &
Wandell, 2004; Mueller et al., 2013; Tagliazucchi, Balenzuela, Fraiman,
Montoya, & Chialvo, 2011; Tak, Polimeni, Wang, Yan, & Chen, 2015).
A better understanding of the mechanisms that form and maintain the
brain's rsFC architecture would lay the foundation for future investi-
gations of brain disorders.

The rsFC patterns are likely to be associated with the cyto- and
chemoarchitecture of an observed region. For example, higher overall

pregenual anterior cingulate cortex (pgACC) and the anterior mid-cingulate cortex
(aMCC) by varying rsFC strengths at the whole-brain level. Our results showed that
both glutamatergic and GABAergic edge weights (defined as the across-participants
partial correlation coefficients between the local metabolite levels and the rsFC of
the seed region to each target parcel) were positively correlated with the rsFC
strengths in the pgACC and negatively correlated with the rsFC strengths in the aMCC.
The region-dependent directionality of associations may indicate that region-specific
microscale properties, such as neurotransmitter receptor architecture, modulate the

interaction between brain regions at the macroscale level.

anterior cingulate cortex, fMRI, GABA, glutamate, MR spectroscopy, multimodal imaging

rsFCs were found in the frontal cortical areas with higher excitatory
receptor levels compared to inhibitory receptor levels (van den Heuvel
et al,, 2016). It is further proposed that the organization of functional
interactions may be modulated even by a small perturbation of the
regional neurotransmitter concentrations (Sudrez et al., 2020). How-
ever, one central aspect that has yet to be elucidated is to what extent
and how the regional neurotransmitter activity contributes to the
rsFC across anatomically separated brain regions.

The regional concentration of the excitatory neurotransmitter
glutamate (Glu) and the inhibitory neurotransmitter y-aminobutyric
acid (GABA) can be noninvasively assessed in vivo by magnetic reso-
nance spectroscopy (MRS). MRS-measured Glu and GABA levels can
index glutamatergic and GABAergic activity within the investigated
regions (Donahue, Near, Blicher, & Jezzard, 2010; Martinez-Maestro,
Labadie, & Moller, 2019; Takado et al., 2021). Given the glutamatergic
dominance in the long-range cortico-cortical projections (Felleman &
Essen, 1991; Markov et al., 2013; Shipp, 2007) and the local tuning
and inhibitory role of the GABAergic neurons on the glutamatergic
neurons (Buzsaki, Kaila, & Raichle, 2007; Logothetis & Panzeri, 2013),
it can be hypothesized that the MRS-measured Glu levels reflect the
excitatory glutamatergic activity that is driving the cortico-cortical
functional connections, while the MRS-measured GABA levels reflect
the local inhibitory GABAergic activity on these long-range cortico-
cortical connections. Current evidence from multimodal resting-state
functional magnetic resonance imaging (rsfMRI)-MRS studies indicates
that there is an association between functional and metabolic mea-
sures (Arrubla, Tse, Amkreutz, Neuner, & Shah, 2014; Duncan
et al, 2013; Duncan, Enzi, Wiebking, & Northoff, 2011; Enzi
et al., 2012; Horn et al, 2010; Kapogiannis, Reiter, Willette, &
Mattson, 2013; Levar, Van Doesum, Denys, & Van Wingen, 2019;
Newman et al., 2020). Duncan and colleagues concluded that the rsFC
between regions, especially within the default mode network (DMN),
is positively correlated with the Glu level and negatively correlated
with the GABA level in the investigated DMN MRS voxel (Duncan,
Wiebking, & Northoff, 2014). However, the generalized hypothesis of
a region-independent relationship between local neurotransmitter

levels and rsFC was challenged by rsfMRI-MRS studies focusing on
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regions outside the DMN, such as the left dorsal and left ventral lat-
eral prefrontal cortex (Wang et al., 2020).

Existing rsfMRI-MRS studies focused on the association of
regional Glu or GABA levels and rsFC between two regions mostly in
predefined canonical networks. The heterogeneity in the literature
regarding the relationship between regional neurotransmitter levels
and rsFC (Martens et al., 2020; Passow et al., 2015) suggests that ana-
lyses based on single-link rsFCs are not sufficient to reveal a stable
general pattern. This, however, can be achieved by an analysis that
examines the association between rsFC and regional metabolite levels
by varying rsFC strengths at the whole-brain level as the strength of
rsFC  might index underlying neuronal coupling (Pijnenburg
et al., 2019; Wilson, Yang, Gore, & Chen, 2016) rooted in regional
neurotransmitter activity. Moreover, previous test-retest reliability
studies reported poor consistency of the rsFC between two regions at
the individual level (Noble, Scheinost, & Constable, 2019), whereas
the whole-brain rsFC profile has been proposed to be more stable and
robust across multiple scans and imaging sessions (Pannunzi
et al., 2017; Shehzad et al., 2009; Takagi, Hirayama, & Tanaka, 2019).
Furthermore, a recent study demonstrated that the whole-brain rsFC
profile of the respective seed region could robustly predict its regional
Glu level (Martens et al., 2020).

In the current study, we examined the overall rsFC profiles of two
neighboring cingulate cortex regions, known as the pregenual anterior
cingulate cortex (pgACC) and the anterior mid-cingulate cortex
(@aMCC) that differ in cytoarchitecture, chemoarchitecture and func-
tion (Dou et al, 2013; Menon, 2015; Palomero-Gallagher, Vogt,
Schleicher, Mayberg, & Zilles, 2009; van Heukelum et al., 2020; Yu
et al,, 2011). The pgACC is part of the DMN, while the aMCC belongs
to the salience network. With the ultra-high field rsfMRI-MRS imag-
ing, we investigated the association between regional neurotransmit-
ter levels and rsFC by varying functional connectivity strengths. We
hypothesized that the glutamatergic and GABAergic edge weights,
which are defined as the degree of the linear association between
regional neurotransmitter levels and rsFCs, vary according to the
strength of functional connections (rsFC strength) in healthy partici-
pants. Based on the previous studies, we hypothesized that gluta-
matergic edge weights show a positive linear association with rsFC
strengths at the whole-brain level, while GABAergic edge weights
show a negative correlation. Furthermore, a similar relationship
between rsFC strength and edge weights was expected in both the
pgACC and aMCC.

2 | METHODS

2.1 | Participants

One hundred twenty-one healthy participants (mean age + standard
deviation [SD] = 27.2 + 6.7 years, 45 women) were assessed with the
mini-international neuropsychiatric interview (MINI, German Version
5.0.0) to ensure the absence of psychiatric disorders (Ackenheil

et al., 1999). Medical history was acquired and confirmed by a study

physician. All participants did not show any psychiatric or neurological
diseases and were medication-free (with the exception of contracep-
tion pills) determined by their medical history. Further exclusion
criteria were pregnancy, left-handedness and MRI contraindications.
All participants gave written informed consent and received
financial reimbursement. This study was conducted according to the
Declaration of Helsinki and was approved by the Institutional Review

Board of the Otto-von-Guericke-University Magdeburg, Germany.

2.2 | Magnetic resonance data acquisition

All participants underwent structural MRI, MRS, and rsfMRI scans in
the same session. Participants were scanned following the same pro-
tocol order, first the structural scan, then the MRS scans and the
rsfMRI, followed by further task-based fMRI scans unrelated to this
study. Scanning parameters were as follows: for high-resolution
T1-weighted MRI scan: 3D magnetization prepared rapid gradient
echo (MPRAGE) sequence, echo time (TE) 2.73 ms, repetition time
(TR) 2,300 ms, inversion time (TI) 1,050 ms, flip angle 7°, bandwidth
140 Hz/pixel, acquisition matrix 320 x 320 x 224, isometric voxel
size 0.8 mm?3; for rsfMRI scan: echo-planar imaging (EPI) sequence,
280 time points, TE 22 ms, TR 2800 ms, flip angle 80°, FOV
21.2 cm x 21.2 cm, in-plane isometric voxel size 2 mm, 62 axial slices;
for *H spectra acquisition: stimulated-echo acquisition mode (STEAM)
sequence, TE 20 ms, TR 3000 ms, mixing time (TM) 10 ms, bandwidth
2,800 Hz, number of excitations 128. Spectra were acquired with a
20 x 15 x 10 mm°® voxel in the pgACC (Figure 1a) and with a
25 x 15 x 10 mm® voxel in the aMCC (Figure 1b). A single-average
water signal served as the internal reference for quantification and
eddy-current correction. The positioning of the two MRS voxels that
followed anatomical landmarks is described in previous papers from
our group (Dou et al., 2013; Dou et al., 2015).

2.3 | Spectroscopy data preprocessing
Spectral data (0.6-4.0 ppm) were fitted and quantified using LCModel
(V6.3.0; Oakuville, Canada)

(Provencher, 2001) with a sequence-specific basis set. The basis set

Stephen Provencher, Inc.,
was measured in the same scanner and included creatine (Cr), Glu,
myo-inositol, lactate, N-acetylaspartate (NAA), phosphocholine, tau-
rine, aspartate, GABA, glutamine (GIn), glucose, alanine, N-acetyl-
aspartyl-glutamate, phosphocreatine, scyllo-inositol, acetate, succi-
nate, phosphorylethanolamine, glutathione, citrate, and
glycerophosphocholine. Spectra were excluded based on visual
inspection of the curve fitting and the following objective criteria:
Cramér Rao lower bounds (CRLB) > 20%, line width of the magnitude
signal>24 Hz, or signal-to-noise ratio (SNR) < 20. Glu, GABA, total Cr
(tCr) and NAA were used in the subsequent analyses. An exemplary
pgACC spectrum is shown in Figure 1c. The correlation between Glu
and GABA was examined using Spearman correlation in both the

pgACC and aMCC.
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Voxel placement for the MRS measurement in the (a) pgACC and (b) aMCC. As shown in the study by Dou et al. (2013), the

pgACC voxel was placed touching the genu of the corpus callosum while bypassing the callosomarginal artery, the bottom of the voxel tilting into
the AC-PC plane, oriented using the sagittal projection line. For the aMCC, the center of the voxel is projected to the posterior border of the
genu of the corpus callosum, along the foot-head direction touching the border of the upper limits of the corpus callosum. (c) Example of a fitted
spectral curve using LCModel. AC-PC, anterior commissure-posterior-commissure; aMCC, anterior mid-cingulate cortex; GABA, gamma-
aminobutyric acid; GIn, glutamine; Glu, glutamate; MRS, proton magnetic resonance spectroscopy; NAA, N-acetylaspartate; pgACC, pregenual

anterior cingulate cortex; tCr, total creatine

2.4 | Structural and functional MRI data
preprocessing

Preprocessing of structural and functional MRI data was performed
using fMRIPrep 20.1.1 (Esteban et al., 2019), which is based on
Nipype 1.5.0 (Gorgolewski et al., 2011), Nilearn 0.6.2 (Abraham
et al., 2014) and xcpEngine 1.2.2 (Ciric et al., 2017).

In brief, for each participant, the T1-weighted (T1w) images
were corrected for intensity nonuniformity and used as Tiw-
reference throughout the workflow. The skull-stripped T1lw-
reference was normalized into the standard space (which is defined
by the ICBM 152 Nonlinear Asymmetrical template version 2009c)
through nonlinear registration with antsRegistration and seg-
mented into cerebrospinal fluid (CSF), white matter (WM), and gray
matter (GM). The nonlinear transformation for the spatial normali-
zation was saved and further applied on the pgACC and aMCC
MRS voxels. Then, the following preprocessing was performed for
the acquired rsfMRI images. A reference volume and its skull-
stripped version were generated and co-registered to the T1lw ref-
erence. The BOLD images were slice-time corrected and the head-
motion parameters with respect to the BOLD reference (transfor-
mation matrices and six corresponding rotation and translation
parameters) were estimated. Confounding time-series of frame-
wise displacement (FD) and DVARS (D temporal derivative of time
courses, VARS referring to RMS variance over voxels) (Power, Bar-
nes, Snyder, Schlaggar, & Petersen, 2012) were calculated and
region-wise averaged signals (within the CSF and WM) were
extracted with the help of the segmented Tlw. Frames that
exceeded a threshold of 0.5 mm FD or 1.5 standardized DVARS

were annotated as motion outliers. Participants with excessive
head motions, defined by a mean FD threshold > 0.25 mm over all
volumes during EPI scans, were excluded. With the preprocessed
BOLD images from fMRIPrep, xcpEngine was employed to perform
the nuisance regression for head motion and physiological signals.
Based on the benchmarking of 14 participant-level confounds
regression strategies for controlling motion artifact predefined in
xcpEngine, the denoising strategy 36P + SPKREG adapted from
Satterthwaite et al. (Satterthwaite et al., 2013) was applied. Prior
to the confounds regression, the same temporal filter (0.01-
0.08 Hz) was applied to both the preprocessed rsfMRI data and the
confounds time series (avoiding re-introduction of filtered frequen-
cies) (Hallquist, Hwang, & Luna, 2013). Finally, data were visually
inspected by two independent raters to exclude abnormalities of

anatomical segmentation and functional normalization.

2.5 | Functional connectivity profiles and rsFC
strengths

The rsFC seeds for the pgACC and aMCC matched the MRS voxel
placement for each participant. A binary mask was created based
on the placement of the MRS voxel with the native Tlw as the
structural reference and subsequently normalized into the same
standard space as the functional processed images. To characterize
the rsFC profile, the atlas of Schaefer2018_400Parcels_7Networks
(Schaefer et al., 2018) was applied to parcellate the cortex into
400 regions in MNI space. Subsequently, the averaged time
courses of these 400 parcellated regions and the pgACC and aMCC
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MRS seeds were extracted. For each participant, rsFCs were calcu-
lated as Pearson correlation coefficients between the pgACC and
aMCC and the 400 parcellated regions. Then Fisher Z transforma-
tion was performed with the calculated rsFC. The resulting rsFC
profile of each region was characterized by identifying brain par-
cels that showed a statistically significant rsFC to the pgACC or
aMCC at the group level (one-sample t-test with the adjusted
p value (Bonferroni correction, p <.05/200, the threshold of
200 was chosen due to the symmetry of the left and right hemi-
spheres). Parcels belonging to the DMN were investigated sepa-
rately in an exploratory manner.

The rsFC strengths were calculated as group mean rsFCs between
the seed regions and parcels across participants. Parcels with a rsFC
strength larger than the mean + 2 SD across participants were labeled

as outliers and removed from further analysis.

(a) Participant-level
1) MRS Voxel

3) pgACC seed

2) MRS Spectrum

4) BOLD time series of pgACC

2.6 | Glutamatergic and GABAergic edge weights

The glutamatergic and GABAergic edge weights were defined as the
across-participants partial correlation coefficients between the pgACC
and aMCC metabolite levels (Glu or GABA) and the rsFC of the
pgACC or aMCC to each target parcel, controlling for age, sex, the
proportion of the CSF within the investigated MRS voxel, control
metabolite and the mean rsFC between the pgACC or aMCC and all
parcels (See Figure 2 for an overview). Here, the mean rsFC was con-
trolled since it can reduce positive biases when the global signal
regression is not performed for the rsFC calculation (Glasser et al.,
2018; Smith et al., 2011). Glu served as the control metabolite for
GABA, and vice versa, in the primary analysis (Wang et al., 2020).
Additional tests were done with tCr and NAA as control metabolites

or without control metabolites (reported in Table S1). The Shapiro-

5) BOLD time series of brain parcels
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FIGURE 2 Overview of the analysis pipeline on (a) the participant-level and (b) across-participants for the pgACC. (a) MRS-Spectra were
acquired with a 20 x 15 x 10 mm? voxel in the pgACC (in red [a1]). Spectral data were fitted and quantified using LCModel (a2). The rsFC seed
for the pgACC matched the MRS voxel placement for each participant (a3) and the average time course was extracted (a4). The averaged time
series of brain parcels from the atlas of Schaefer2018_400Parcels_7Networks (Schaefer et al., 2018) were extracted (a5) and rsFCs between the
pgACC and 400 brain parcels were calculated via Pearson correlation. The rsFC profile was characterized by identifying brain parcels that showed
a statistically significant rsFC to the pgACC (a6). (b) The glutamatergic edge weights were calculated for each brain parcel via across-participants
partial correlation between the pgACC metabolite levels and the rsFC of the pgACC to each target parcel (b1). The rsFC strength per parcel was
calculated as a group mean rsFC (b2) between pgACC and that parcel. BOLD, blood oxygenation level dependent; GABA, gamma-aminobutyric
acid; Glu, glutamate; MRS, magnetic resonance spectroscopy; pgACC, pregenual anterior cingulate cortex; rsFC, resting-state functional

connectivity
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Wilk test was applied to examine whether the metabolite concentra-
tions were normally distributed or not. When the normal distribution
assumption was violated, partial Spearman correlation was applied
instead of Pearson partial correlation for the definition of the gluta-

matergic and GABAergic edge weights.

2.7 | Statistical analysis

Pearson correlation was used to test the associations between the
pgACC or aMCC glutamatergic or GABAergic edge weights and rsFC
strengths across brain parcels. The statistical threshold was Bonferroni
corrected for two MRS voxels and two metabolites that were investi-
gated (p < .0125).

All statistical analyses were performed using Python (version
3.6.8) with Pandas and NumPy, as well as the statistical package of
Pingouin (version 0.3.10; Vallat, 2018). The figures were created using
R (version 4.0.3) and the package ggpubr (version 0.4.0).

3 | RESULTS

3.1 | Sample characteristics and metabolites
Demographic and metabolite data are shown in Table 1. The number
of included participants for the investigated metabolites varied
between the pgACC and aMCC, due to the quality criteria for the
measured metabolites that were applied on each voxel separately.
Moreover, participants were excluded from the analysis if they
exceeded a motion threshold during rsfMRI. This led to inclusion of
81 participants for the pgACC analyses and 76 participants for the
aMCC analyses out of initial 121 participants.

TABLE 1  Sample characteristics and magnetic resonance
spectroscopy measures of metabolites in the pgACC and aMCC
(expressed as number, mean or percentage [SD])

pgACC aMcCC
N (f/m) 81 (34/47) 76 (30/46)
Age (years) 27.4 (7.0) 27.9 (7.4)
SNR 454 (6.0) 44.3 (5.4)
FWHM (ppm) 0.019 (0.007) 0.015 (0.005)
nonCSF (%) 93.1(4.5) 95.6 (4.5)
CRLB (%) Glu 2.9 (0.8) 2.7 (0.6)
GABA 8.9(2.1) 9.1(2.6)
Conc (i.u.) Glu 5.6 (0.6) 5.8(0.3)
GABA 1.6 (0.4) 1.7 (0.5)

Abbreviations: aMCC, anterior mid-cingulate cortex; Conc

(i.u.), concentration (institutional units); CRLB, Cramer-Rao Lower Bound;
CSF, cerebrospinal fluid; f/m, female/male; FWHM, full-width half-
maximum in parts per million (ppm); GABA, gamma-aminobutyric acid;
Glu, glutamate; N, number; pgACC, pregenual anterior cingulate cortex;
SNR, signal-to-noise ratio.

Except aMCC GABA (W = 0.94, p = .001), metabolites were nor-
mally distributed (pgACC: Glu, W = 0.98, p = .326; GABA, W = 0.97,
p = .052; aMCC: Glu, W = 0.99, p = .623). In both investigated MRS
voxels, Glu and GABA were significantly correlated (pgACC: r = 0.27,
Cl 95% = [0.05, 0.46], n = 81, p = .016; aMCC; r = 0.42, CI
95% =[0.22,0.59],n = 76, p < .001).

3.2 | Relationship between glutamatergic and
GABAergic edge weights and whole-brain pgACC rsFC
strengths

The pgACC rsFC profile included 302 parcels. The rsFC strengths
between the pgACC and its parcels were positively correlated with
the glutamatergic edge weights (r = .33, Cl 95% = [0.23, 0.43],
p < .001; Figure 3a). A positive correlation between the rsFC strengths
and the GABAergic edge weights was also found (r = .18, ClI
95% = [0.07, 0.29], p < .001; Figure 3b). Additional analyses (including
NAA and tCr as control metabolites and without control metabolites)
showed the same associations (except the tCr as control metabolite
for the Glu in aMCC) and the results are shown in Table S1.

To replicate previous findings within the DMN, the same analyses
were repeated, this time limiting the rsFC profile of the pgACC to
brain parcels within the DMN (n_parcels = 76). The rsFC strengths
between DMN parcels and the pgACC showed a significant positive
correlation with the glutamatergic edge weights (r = .44, Cl
95% = [0.24, 0.61], p < .001) but not with GABAergic edge weights
(r=—-.07,Cl 95% = [-0.29, 0.16], p = .56).

3.3 | Relationship between glutamatergic and
GABAergic edge weights and whole-brain aMCC rsFC
strengths

The aMCC rsFC profile included 334 parcels. A significant negative
correlation was found between the glutamatergic edge weights and
the rsFC strengths across these parcels (r = —.14, Cl 95% = [-0.25,
—0.04], p = .004; Figure 4a). The GABAergic edge weights were also
negatively correlated with the rsFC strengths (r = -—.28, ClI
95% = [—0.38, —0.18], p < .001; Figure 4b). Results of the exploratory
analysis, controlling for different metabolites (including NAA and total
Cr) or using no control metabolite were similar (Table S1).

When constraining the rsFC profile to the DMN (n_parcels = 69), a
trend-level negative correlation was found between the glutamatergic
edge weights and rsFC strengths between the aMCC and the DMN parcels
(r=—.27,Cl 95% = [-0.48, —0.04], p = .023). In contrast, no significant
correlation was found between the GABAergic edge weights and rsFC
strengths (r = —0.12, Cl 95% = [-0.35, 0.12], p = .31).

4 | DISCUSSION

Using multimodal ultra-high field MR imaging in a large sample of
healthy participants, we examined the association of rsFC strengths
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metabolite levels and the rsFC of the pgACC to a given brain parcel. GABA, gamma-aminobutyric acid; Glu, glutamate; pgACC, pregenual anterior

cingulate cortex; rsFC, resting-state functional connectivity

—

Q

Glutamatergic edge weights

—_
O
~

GABAnergic edge weights

aMCC

r=-0.211, p <0.001

0.4
rsFC strengths

FIGURE 4

0.4
rsFC strengths

Scatterplot of (a) glutamatergic and (b) GABAergic edge weights and rsFC strengths in the aMCC. Each dot represents one parcel.

Shaded areas represent 95% confidence intervals. Glutamatergic and GABAergic edge weights correspond to the partial correlation coefficients
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with the glutamatergic and GABAergic edge weights in two neighbor-
ing but distinct cingulate cortex subdivisions. Our results support the
hypothesized linkage of regional neurotransmitter levels and the
strength of rsFC across brain parcels at the whole-brain level. We
hypothesized that the rsFC strengths of both cingulate cortex regions
to their functionally connected brain parcels would correlate posi-
tively with glutamatergic and negatively with GABAergic edge weights.
On the contrary, our results showed a region-dependent relationship
robust to the effects of age, sex and local levels of control metabo-
lites. Specifically, both glutamatergic and GABAergic edge weights
were positively correlated with the rsFC strengths of the pgACC, while
both edge weights were negatively correlated with the rsFC strengths
of the aMCC. Our results indicate that the contribution of Glu and
GABA levels to the rsFC profile might differ between brain regions
at rest.

We hypothesized opposite directionality of the association
between the glutamatergic and GABAergic edge weights and rsFC
strengths, based on the findings of previous rsfMRI-MRS studies
(Duncan et al., 2014; Kapogiannis et al., 2013) and also considering
the distinct physiological effect of excitatory and inhibitory neuro-
transmitters. However, the present findings showed that gluta-
matergic and GABAergic edge weights correlate with rsFC strengths in
a similar manner. Here, it is important to differentiate the edge

weights, which represent the magnitude of the linear association
between the rsFC and regional Glu or GABA levels across subjects
and the association between edge weights and rsFC strengths across
brain parcels, with the rsFC strength being defined as the group mean
rsFC between the selected cingulate cortex subregions and a particu-
lar brain parcel. As shown in Figures 3 and 4, there were both positive
and negative glutamatergic or GABAergic edge weights between the
selected cingulate cortex regions and brain parcels. It is therefore
plausible that the regional Glu and GABA levels are associated with
the rsFC between the selected cingulate cortex subregions and cer-
tain brain parcels in an opposite manner, while still showing a similar
whole-brain linear direction. Indeed, the heterogeneity found in the
literature indicates that the choice of seed regions in rsfMRI analyses
influences the reported association patterns. For example, several
studies did not find any significant association between the rsFC and
regional Glu (Levar et al., 2019; Passow et al., 2015) or GABA levels
(Martens et al., 2020; Stagg et al., 2014), while some reported a signif-
icant positive correlation of regional GABA levels with the rsFC (Levar
etal, 2019).

By examining the association between regional metabolite levels
and the whole-brain rsFC profile of the seed regions, our study shows
the potential to characterize the relationship between regional neuro-
levels and overall functional

transmitter connectivity of the
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investigated regions. Our findings indicate that glutamatergic or
GABAergic edge weights in the pgACC tend to increase with increas-
ing rsFC strengths, while the glutamatergic and GABAergic edge
weights tend to decrease with increasing rsFC strengths in the aMCC.
Stronger rsFCs might reflect underlying anatomical connections
(Wang et al., 2013), as well as neuronal coupling (Pijnenburg
et al., 2019; Wilson et al., 2016), while the remaining nonzero rsFCs
may root from observational noises or unobserved common-inputs
(Stevenson, Rebesco, Miller, & Kérding, 2008) underlying the statisti-
cal dependency between the BOLD activities of two investigated
brain regions. Our findings, linear but distinctive association between
metabolites and rsFC along with the varying rsFC strengths, suggest a
differential contribution of local neurotransmitter activity to cortico-
cortical functional connections in the pgACC and aMCC at rest. The
examination at the whole-brain level enabled us to shed some light on
the relationship between neurotransmitter activity at the microscale
level and functional connectivity at the macroscale level within the
spatial and temporal limitations of MRS and rsFC. Future studies com-
bining effective connectivity measures and multi voxel magnetic reso-
nance spectroscopic imaging (MRSI) at rest as well as functional
magnetic resonance spectroscopy of the brain (fMRS) are needed to
understand the relationship between local neurotransmitter activity
and long-range cortico-cortical projections.

The region-dependent association in the two investigated cingu-
late cortex subdivisions may root in their differences at the microscale
and the macroscale levels. These two neighboring cingulate cortex
regions differ not only in cyto- and receptor architecture (Palomero-
Gallagher et al., 2009) but also in their structural and functional con-
nectivity profile (van Heukelum et al., 2020; Yu et al., 2011). At the
microscale level, with regard to receptor architecture, the pgACC is
richer in metabotropic GABA-B and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, while the aMCC is rela-
tively rich in ionotropic GABA-A and N-methyl-p-aspartate (NMDA)
receptors (Palomero-Gallagher et al., 2009). The distinction in struc-
ture and function at both the microscale and macroscale levels also
shows itself in the distinctive roles of the pgACC and aMCC in cogni-
tion and emotion (Stevens, 2011; van Heukelum et al., 2020). The
pgACC, as part of the DMN, is involved in self-related cognitive pro-
cesses and its activity typically decreases when performing stimulus-
driven tasks (Greicius et al., 2003). It is furthermore one of the key
nodes of the affective network and part of the visceromotor system,
therefore the pgACC shows a high functional connection to brain
regions processing emotional stimuli (Pizzagalli, 2011) and is also
involved in the control of the autonomic nervous system (Thayer, Ahs,
Fredrikson, Sollers lll, & Wager, 2012). In contrast, the aMCC is one
of the major constituents of the salience network (Menon, 2015). It is
involved in attention and action control and its activation inhibits
goal-unrelated brain activity (Spielberg, Miller, Heller, & Banich, 2015)
or exerts an inhibitory influence on the DMN regions (Zhou
et al., 2018).

Considering the broad interest in the associations of regional
GABA and Glu with rsFC within the DMN (Duncan et al., 2014;
Gonen et al., 2020; Kapogiannis et al., 2013; Passow et al., 2015), we

repeated our analyses by limiting the rsFC strengths of the pgACC and
aMCC to brain parcels within the DMN. We found that the gluta-
matergic edge weights were positively correlated with the rsFC
strengths of the pgACC to the DMN regions, while there was no sig-
nificant correlation for the GABAergic edge weights. This exploratory
analysis supported the previously reported across subjects positive
linear association between the regional Glu levels and the rsFC within
the DMN (Duncan et al., 2011; Duncan et al., 2013; Enzi et al., 2012;
Kapogiannis et al., 2013). Contrary to some previous findings on an
across subjects level (Arrubla et al., 2014; Duncan et al, 2014;
Kapogiannis et al., 2013), there was no negative correlation between
the regional GABA levels and rsFC strengths within the DMN in our
study. The negative correlation between the glutamatergic edge
weights and the rsFC strengths of the aMCC to the DMN regions did
not reach the adjusted significance level. There was no statistically
significant correlation of the GABAergic edge weights with the DMN
rsFC strengths in the aMCC, either. These findings suggest that the
contribution of local neurotransmitter levels to rsFC within- and
between- brain networks differs at rest.

It is important to note that most of the previous rsfMRI-MRS
studies measured either Glu or GABA. It is challenging to integrate
the effects of different metabolites from separate studies considering
the spectral editing techniques that might be centered on GABA by
overly suppressing the Glu signal. Moreover, most of the studies mea-
sured Glx (pooled Glu, GIn, and GABA) as a surrogate marker of gluta-
matergic activity due to technical difficulties in resolving Glu from GIn
and GABA at lower field strengths. With the increased spectral disper-
sion at an ultra-high field, the increased ability to assess Glu and
GABA from the same measurement session provides a more reliable
assessment of the association of these neurotransmitters with rsFC in
the same individuals. Additionally, the validity of the applied measure-
ment strategy in this study has been investigated (Dou et al., 2015),
particularly in the human cingulate cortex subregions (Dou
et al., 2013).

5 | LIMITATIONS

Several limitations were taken into consideration and, where possible,
addressed to the best of our knowledge. First, the MRS voxels were
placed individually for each participant to avoid signal contamination
in the pgACC voxel by the callosomarginal artery, or in the aMCC
voxel by the callosal branches. To minimize the variation of place-
ments, the MRS voxels were placed by the same experienced techni-
cian (R.B.L.), who has participated in multiple studies involving MRS
measurements focusing on the pgACC and aMCC during the past
decade. Second, diurnal fluctuations may affect the glutamatergic sys-
tem and rsFC, at least the rsFC of the DMN (Fafrowicz et al., 2019;
Jiang et al., 2016; Shannon et al., 2012). To minimize the effects of
the time of the day, all participants were scanned between 10.30
a.m. and 4.30 p.m. The present study also relied on the validity of the
glutamatergic measures at 7 T with short TE MRS, while those at 3 T
utilize intermediate or long TEs. Therefore, in the context of
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generalizability, the reported findings and their translation to other
studies need to be done with caution, especially for studies at lower
field strengths. Lastly, besides their function in phasic inhibition and
excitation during neurotransmission, GABA and Glu serve multiple
other functions, such as the regulation of tonic inhibition and excita-
tion (Stagg et al., 2009), the regulation of metabolism (Albrecht,
Sidoryk-Wegrzynowicz, Zielinska, & Aschner, 2010; Bak, Schousboe, &
Waagepetersen, 2006; Hertz & Rothman, 2016) and the shaping of
cortical functional architecture (Kolasinski et al., 2017; Puts, Edden,
McGlone, & McGonigle, 2011; Ratai, &
Kanwisher, 2016). Moreover, the temporal (averaged signal over the

acquisition time) and spatial resolution (e.g., 20 x 15 x 10 mm® or

Evans, Robertson,

25 x 15 x 10 mm?® voxel size) of MRS is relatively low considering
that neurotransmission takes place at a nanometer scale within milli-
seconds. It is therefore difficult to draw direct conclusions about
mechanisms exclusively attributed to the neurotransmission within

the seed area and the associated rsFC strengths.

6 | CONCLUSION

With the ultra-high field rsfMRI-MRS measurements, we investigated
the association between the regional Glu and GABA levels measured
in the pgACC and aMCC and their whole-brain rsFC profiles. Instead
of a region-independent association, our results indicate a region-
dependent association of glutamatergic and GABAergic edge weights
and rsFC strengths. Our results highlight the complex relationship
between regional neurotransmitter levels and the rsFC that does not
follow basic assumptions of the physiological roles of neurotransmit-
ters at the cellular level. More studies mapping metabolites in multiple
regions (e.g., with volumetric proton MRSI; Maudsley et al., 2009) are
warranted to further elucidate metabolite and network specific inter-

actions and their role in brain organization.
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