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Abstract
This study examined the relationship of γ-aminobutyric acid (GABA) and glutamate levels from
the anterior and posterior cingulates (AC and PC) with cerebral blood flow (CBF) at rest. 1H
magnetic resonance spectroscopy measurements in the AC and PC and pseudo-continuous arterial
spin labeling data were acquired from 10 healthy controls. GABA levels from the AC were
strongly inversely correlated with global (whole-brain) CBF (r =−0.91, p=0.0015). GABA levels
from the PC and glutamate levels from both regions were not significantly correlated with CBF.
We hypothesize that GABA-mediated inhibition of AC activation of the locus coeruleus-
norepinephrine pathway may influence global CBF.
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Introduction
Determining the relationship between neurotransmitters and cerebral blood flow (CBF) has
important implications for understanding the function of both the healthy and pathological
brain. Neurotransmitters are known to modulate CBF through flow-metabolism coupling,
where synaptic activity influences the release of chemical messengers that regulate
vasodilation, and through neurogenic regulation, where blood vessels can be stimulated
directly by innervation and indirectly through astrocytic processes [1, 2]. The main
excitatory and inhibitory neurotransmitters of the brain, glutamate (Glu) and γ-aminobutyric
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acid (GABA), have been implicated in CBF regulation [1–4]. However, the relationship
between these neurotransmitters and CBF has not been systematically studied using
magnetic resonance (MR) techniques in human subjects. Only one MR study previously
examined the relationship between GABA levels and CBF in humans, and it focused
exclusively on the visual cortex [5]. Investigation of this relationship in healthy controls in
the anterior and posterior cingulates (AC and PC), which are implicated in several brain
disorders, would provide information that may be of use in understanding these diseases.
Therefore, this study examined the relationship of GABA and Glu levels from the AC and
PC with CBF.

Materials and Methods
All studies were performed under a University of Maryland Baltimore IRB approved
protocol, and informed consent was obtained for each study participant. Ten healthy
participants (mean age: 26.1 ± 9 years: 4 males, 6 females) completed the study. To be
included in this study, participants had to be free of any major medical or psychiatric illness,
not pregnant, and able to have an MRI scan. Imaging was conducted on a 3T Siemens TIM
Trio MR scanner (Siemens Medical Solutions, Inc., Erlangen, Germany) with a 32-channel
phased array head coil while participants were at rest. T1 anatomical images were acquired
using a 3-D MP-RAGE sequence. Spectroscopic voxels were prescribed in two regions of
interest: AC and PC (Figure 1A, 1B). For shimming, the Siemens “Advanced” shimming
algorithm was used and manual adjustments were made when necessary. All spectroscopic
data were acquired using phase rotation STEAM: TR/TM/TE = 2000/10/6.5-ms, VOI ~ 6-
cm3 in the AC and PC, NEX=256, 2.5-kHz spectral width, 2048 complex points, and
phases: φ1=135°, φ2=22.5°, φ13=112.5°, φADC=0° [6]. A water reference (NEX=16) was
also acquired for phase and eddy current correction as well as quantification. A basis set of
19 metabolites was simulated using the GAVA software package: alanine, aspartate,
creatine, GABA, glucose, Glu, glutamine, glutathione, glycine, glycerophosphocholine,
lactate, myo-Inositol, N-acetylaspartate, N-acetylaspartylglutamate, phosphocholine,
phosphocreatine, phosphoroylethanolamine, scyllo-Inositol, and taurine [7]. The basis set
was imported into LCModel (6.3-0I) and used for quantification [8]. Correction for the
proportion of the gray matter, white matter, and cerebrospinal fluid (CSF) within each
spectroscopic voxel was performed using in-house Matlab code [9]. Only metabolites with
Cramer Rao lower bounds (CRLB) less than 20% were included in statistical analyses.
Spectra with LCModel reported linewidths (LW) greater than 0.1 Hz and signal-to-noise
ratio (SNR) less than 10 were excluded from further analyses. Metabolite levels are reported
in institutional units.

Psuedo-Continuous Arterial Spin Labeling (pCASL) was applied with the following
parameters: TR/TE = 4000/16ms, FOV = 220×220mm, Number of slices = 23, Slice
thickness = 5 mm, Voxel size = 3.4×3.4×5.0 mm3, Bandwidth=1594 Hz/pixel, 136
measurements, labeling offset = 90 mm, labeling duration of 1.85 s, post labeling delay of
0.93s [10]. ASL data were processed with pCASL MATLAB scripts (http://
www.mccauslandcenter.sc.edu/CRNL/tools/asl) with SPM8 (http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/) using ASL tbx [11]. Labeled and unlabeled ASL images were
independently motion-corrected, and a combined mean image was computed and
coregistered to the T1-weighted anatomical image. The ASL images were resliced to match
the mean image and spatially smoothed with a 6 mm full-width half-maximum Gaussian
kernel. CBF at each image voxel was determined by subtraction, resulting in a mean CBF
image. Absolute CBF quantification was calculated in native space from the mean CBF
images masked to exclude voxels with a combined grey matter and white matter probability
of < 0.5 from the SPM8 segmented T1 images. The T1 images were normalized using
SPM8’s unified segmentation-normalization, and these parameters were used to reslice the
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CBF images and T1 image to standard space. SPM8’s default brain mask was then used to
mask the normalized CBF images (with a 50% threshold).

Pearson product moment correlations were calculated for Glu and GABA levels from the
AC and PC with local CBF within the spectroscopic voxel and with global (whole-brain)
CBF. To control for individual differences between spectra, spectral LW and SNR were
added as co-variates in the correlation analyses. The significance level was set to p =
0.00625 to control for multiple tests of 2 neurotransmitters from 2 locations with both local
and global CBF using Bonferroni correction (0.05/8 =0.00625). The relationship between
AC GABA and global CBF was further explored to determine if the effect was widespread
or driven by specific regions by performing correlations between AC GABA and regional
CBF (rCBF) from 116 different regions of interest (ROIs) defined by the Automated
Anatomical Labeling (AAL) atlas [12]. To control for the 116 multiple correlation tests,
Benjamini-Hochberg correction was applied and corrected p values of < 0.05 were
considered statistically significant [13].

Results
The mean global CBF among the whole group was 52.2 ± 11.3 ml/100g/min, which is
within the range of previous reports [14]. The CBF for the AC spectroscopic voxel (Figure
1A) was 80.7 ± 12.4 ml/100g/min, whereas the CBF for the PC spectroscopic voxel (Figure
1B) was 91.8 ± 20.6 ml/100g/min.

Representative spectra, LCModel fits, and residuals from the AC and PC are shown in
Figure 1A and Figure 1B, respectively. Supplementary Figures 1 and 2 show all spectra
acquired for the AC and PC, respectively. No data were rejected based on our criteria for
CRLB, LW, or SNR. In the AC, mean Glu and GABA levels were 15.5 ± 0.4 and 3.72 ± 0.2,
respectively. Mean CRLBS for AC Glu and GABA were 3.5 ± 0.5% and 12.7 ± 0.9%. Glu
and GABA levels from the PC were 11.4 ± 0.9 and 3.02 ± 0.4, respectively. Mean CRLBs
for Glu and GABA in the PC were 4.2 ± 0.4% and 13.7 ± 1.9%.

Figure 1C shows correlation coefficients for Glu and GABA levels from the AC and PC
with local CBF within each spectroscopic voxel and with global CBF. The correlation
between AC GABA and global CBF was statistically significant (r =−0.91, p=0.0015)
(Figure 2A). The correlation between AC GABA and local CBF within the same AC
spectroscopic voxel was moderate but did not reach statistical significance (r =−0.69, p
=0.06). PC GABA was not significantly correlated with local CBF (r=0.26, p=0.53) or
global CBF (r=0.26, p=0.54). There were no statistically significant correlations between
CBF and Glu in either region (all p-values > 0.5).

A secondary correlation analysis between AC GABA and rCBF in AAL atlas ROIs revealed
that AC GABA was negatively correlated with rCBF in 97% of the ROIs (median strength
was r=−0.84). This correlation was significant at the p < 0.05 Benjamini-Hochberg corrected
level in 68% of the ROIs indicating that this relationship was widespread throughout the
brain. A voxel-wise correlation analysis also illustrated the global nature of this relationship
(Figure 2B). Supplementary Table 1 summarizes the r and p values of the secondary
correlation analysis.

Discussion
This study examined the relationship of GABA and Glu from the AC and PC with CBF,
both locally within the spectroscopic voxel and globally throughout the brain. A strong
inverse relationship was found between AC GABA and global CBF. The global nature of
this relationship was supported by the strong correlations between AC GABA and CBF in
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ROIs throughout the brain selected from the AAL atlas. Consistent with the AC GABA
global CBF relationship, AC GABA was moderately inversely correlated with local AC
CBF but did not reach statistical significance. There were no statistically significant
relationships between PC GABA levels and CBF, or between Glu levels from both regions
and CBF. The exclusivity of the relationship between AC GABA and global CBF suggests
that the AC may have an important role in mediating CBF throughout the brain.

While causation cannot be established from the relationship between AC GABA levels and
CBF, this finding provides insight into the AC’s involvement in cortical CBF regulation. In
this study, the lack of a relationship between PC GABA and CBF, combined with a previous
finding that occipital lobe GABA was positively correlated with local CBF [5], suggests that
the AC’s relationship with global CBF is different from that of other cortical regions.
Evidence of AC involvement in autonomic regulation that may be mediated through
brainstem connections [15] led us to hypothesize that the AC may regulate cortical CBF
through its projections to the locus coeruleus (LC). Retrograde tracers were previously used
to show that the LC receives prominent inputs from neurons near the rostral/caudal border of
the AC [16], which corresponds with the AC spectroscopic voxel in this study. AC
activation of the LC-norepinephrine (NE) pathways appears to play an important role in
mediating levels of arousal [16], which could potentially lead to increased energy demands
throughout the brain. Additionally, activation of the LC-NE pathway causes large increases
in cortical CBF in rats, a finding that is dependent on K+ flux and metabolism of arachidonic
acid [17]. Thus, AC GABA may play an inhibitory role in AC innervation of the LC-NE
pathway and down-regulate CBF throughout the cortex.

Several possible limitations of this study should be considered. First, it is possible that the
calculated CBFs may have been influenced by between-subject differences in arterial transit
time (ATT), resulting in differences in CBF estimates. However, to minimize potential ATT
effects, only young healthy subjects were enrolled in the study, all scans were performed
while the subjects were at rest, and a post-labeling delay was utilized. Thus, it is unlikely
that differences in ATT contributed to the significant inverse relationship between AC
GABA and CBF in this study. Second, when using a very short TE spectroscopic sequence,
contributions from the macromolecule background are more pronounced. To minimize these
effects on quantification, all data were processed in LCModel, which parameterizes the
macromolecule background to remove its influence on metabolite values. Third, it is
possible that the GABA levels derived from our very short TE technique are contaminated
by metabolites with resonances that overlap with the three main multiplets of GABA.
Currently, spectral editing is the gold standard for measurement of GABA in vivo; however,
most editing studies report a measurement of “GABA+” which includes the 40–50%
contamination from macromolecules. Two recent studies by Near et al. and Wijtenburg et al.
using very short TE acquisition techniques at 3T have demonstrated the feasibility and
reproducibility of detecting GABA without spectral editing [18, 19]. Small residuals from
LCModel and low CRLBs from Wijtenburg et al. for GABA as well as from the metabolites
with overlapping resonances, such as N-acetylaspartate, Glu, glutamine, total creatine, and
glutathione, suggest that contamination of the GABA levels reported here are most likely
minimal. Thus, an inherent advantage of a very short TE technique over a spectral editing
technique is that multiple metabolites can be quantified from one experiment. Fourth, it is
possible that head motion can influence measurements of CBF and GABA levels. Head
motion was minimized by providing padding around each participant’s head to prevent
movement. Linewidth, which is greatly affect by patient motion, and GABA levels were not
significantly correlated in the AC (r=0.25, p=0.493) or the PC (r=−0.096, p=0.791). The
spectral quality of the each participant’s data is excellent (narrow LW and high SNR), and
the CRLBs for GABA are low. The CBFs reported are within ranges of previously reported
studies and the peripheral ring of elevated CBF values that is common with head motion
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[20] is also not observed. Thus, head motion is unlikely to have contributed to the strong
inverse correlation between AC GABA and global CBF. Fifth, the number of subjects
enrolled in this study results in limited statistical power; thus, a replication study with a
larger sample size is needed.

Conclusions
While the findings of this study alone cannot lead to definitive conclusions on mechanisms,
this study highlights the value of investigating the relationship between neurotransmitter
levels and CBF and presents a novel set of methods for doing so. This is the first study to
examine the relationship between historically difficult to quantify GABA and Glu and CBF
in the AC and PC. Additionally, this study acquired spectroscopic data at a very short TE,
which enables quantification of coupled spin systems, since it minimizes the effects of J-
coupling and T2 relaxation. Our findings also suggest that the role of AC GABA should be
considered in models of CBF regulation. Understanding how the cortex regulates blood flow
and addresses its metabolic needs has important implications for studying disorders that
involve altered CBF or GABAergic pathways. Future research will use the techniques from
this study to examine similar relationships in other brain regions and investigate the
hypothesized role of the AC-LC pathway in mediating CBF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Anterior cingulate GABA levels were inversely correlated with cerebral blood
flow.

• Posterior cingulate GABA levels were not related to CBF.

• Glutamate levels were not related to CBF.

• GABA-mediated inhibition from the AC may influence CBF throughout the
brain.
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Figure 1.
Spectroscropic voxel locations from the anterior cingulate (AC) (A) and posterior cingulate
(PC) (B). Representative spectra (−) and LCModel fits (−) from the AC and PC show
excellent fits to the data as evidenced by the lack of signal in residual shown above. Pearson
correlation coefficients were calculated for GABA and Glu levels in the AC and PC with
local CBF (within the same spectroscopic voxel) and global (whole-brain) CBF using
linewidth and SNR as co-variates (C).
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Figure 2.
The relationship between AC GABA and global CBF with linewidth and SNR as covariates
was inversely correlated (r = −0.91, p = 0.0015) (A). The widespread nature of this
relationship is apparent in a voxel-wise analysis (at a threshold r ≤ −0.5), shown in
normalized sagittal and axial images (B).
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