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Abstract Neural activity as indirectly observed in blood
oxygenation level-dependent (BOLD) response is thought
to reflect changes in neurotransmitter flux. In this study, we
used fMRI-guided functional magnetic resonance spectroscopy (MRS) to measure metabolite/BOLD associations
during a cognitive task at 3 T. GABA and glutamate
concentration in anterior cingulate cortex (ACC) were determined by means of MRS using the SPECIAL pulse sequence before, during and after the performance of a
manual Stroop task. MRS voxel positions were centred
around individuals’ BOLD activity during Stroop performance. Levels of GABA and glutamate showed inverted
U-shape patterns across measurement time points (before,
during, and after task), glutamine increased linearly and
total creatine did not change. The GABA increase during
task performance was associated with ACC BOLD signal
changes in both congruent and incongruent Stroop conditions. Using an fMRI-guided MRS approach, an association between induced inhibitory neurotransmitter
increase and BOLD changes was observed. The proposed
procedure might allow the in vivo investigation of normal
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and dysfunctional associations between neurotransmitters
and BOLD signal crucial for cerebral functioning.
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Neurotransmitters are commonly classified as excitatory or
inhibitory, although this property is, strictly speaking, not
an attribute of the neurotransmitter itself but depends on
the properties of the receptors that the neurotransmitters
bind to on the postsynaptic cell. The majority of cortical
neurons are excitatory glutamatergic cells, the remaining
are inhibitory gamma-aminobutyric acid (GABA)ergic interneurons (Markram et al. 2004). The coordination between these glutamatergic excitatory neurons and
GABAergic interneurons has been described as fundamental to the regulation of neural activity and is the target
for several pharmacological interventions (Wang 2010).
In addition to magnetic resonance spectroscopy (MRS)
methods dedicated to the detection of specific neurotransmitters, such as glutamate (Schubert et al. 2004) and
GABA (Rothman et al. 1993), both these neurotransmitters
as well as even glutamine can also be detected and fairly
reliably quantified in the human brain by means of ultrashort-echo time MRS (Mlynarik et al. 2006; Mekle et al.
2009). Recent studies have discovered a link between
resting GABA levels and the blood oxygen level-dependent
(BOLD) functional magnetic resonance imaging (fMRI)
signal (Donahue et al. 2010; Muthukumaraswamy et al.
2009; Northoff et al. 2007; Arrubla et al. 2014), for an
overview see (Duncan et al. 2014). For instance, Northoff
et al. (2007) reported a positive correlation between GABA
level and BOLD signal in anterior cingulate cortex (ACC)
at rest, whereas Donahue et al. (2010) as well as
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Muthukumaraswamy et al. (2009) observed a negative
correlation between resting GABA in visual cortex and
BOLD signal during checkerboard stimulation.
In contrast to the frequent assessment of metabolite
concentrations at rest, dynamics of GABA and glutamate
during any kind of task performance have only seldomly
been investigated. Such studies include are reports on
GABA reductions in the motor system (M1) in association
with motor learning (Floyer-Lea et al. 2006), transcranial
direct current stimulation (Stagg et al. 2011) and transcranial magnetic stimulation (Stagg et al. 2009a), as well
as reports on GABA increases after continuous theta burst
stimulation, which is known to have an inhibitory effect on
the brain (Stagg et al. 2009b). To the best of our knowledge, so far only one study has focused on the association
of changes in neurotransmitter concentrations and haemodynamics in a cognitive task, with the topic of working
memory (Michels et al. 2012). An initial increase of GABA
in dorsolateral prefrontal cortex (DLPFC) was observed
during the first working memory run, followed by a continuous decrease across subsequent task runs. Overall a
negative association between GABA level at rest and
perfusion during task performance was reported.
We set out to explore the association between the neurotransmitters GABA and glutamate and BOLD activity in
the ACC during conflict processing. The ACC is known to
be involved in conflict monitoring; it detects conflict between simultaneously active, competing representations
and subsequently engages the DLPFC to resolve this conflict (Botvinick et al. 2004; Carter et al. 1998; Carter and
van Veen 2007). To serve its monitoring function, the ACC
signal needs to be dynamically adjusted, depending upon
the current level of conflict. We examined whether dynamic
ACC recruitment in response to conflict is related to inhibitory (i.e. GABAergic) neurotransmission, excitatory
(i.e. glutamatergic) neurotransmission, or both. To this end,
we used a manual version of the Stroop task, during which
participants responded to the print colour of colour words
(Stroop 1935). Whenever the print colour fits the colour
word (e.g. ‘‘blue’’ printed in blue colour), participants are
faster and more accurate, because print colour and colour
word are mapped onto the same response. However, when
print colour is different from colour word (e.g. ‘‘blue’’
printed in red colour), response times are slowed and an
increased number of errors occur, as print colour and the
colour word activate different response options and therefore induce conflict. Quantitative meta-analyses have
shown that the comparison of incongruent (e.g. ‘‘blue’’
printed in red) and congruent (e.g. ‘‘blue’’ printed in blue)
Stroop trials in fMRI results in reliable ACC activation
across multiple independent studies (Laird et al. 2005; Nee
et al. 2007). To achieve optimal positioning of the MRS
voxel, we first acquired fMRI data, while participants
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performed the Stroop task. We then used the individual
peak activation together with the group-level random effect
activation within ACC during incongruent vs. congruent
trials to position the MRS voxel accordingly for a subsequent session, during which neurotransmitters were
quantified.
The measurement of neurotransmitter concentrations
was performed before, during and after the cognitive task
performance to investigate the complete dynamics over the
course of the task session. Our main hypotheses were that
GABA, glutamate and glutamine concentrations in ACC
would increase from pre-task to during-task measurement.
As for post-task measurements, a decrease in all neurotransmitter concentrations with respect to during-task was
expected. In addition, we expected an association between
task-related neurotransmitter change and task-related
BOLD activity. Methodologically, we expected that the
detection of an association between transmitter and brain
activity would be facilitated by the activation-guided positioning of the MRS voxel.

Methods
Participants
Nineteen healthy students (11 female and 8 male) with a
mean age of 25 years (SD = 1.7) participated on the basis
of informed consent. The study was conducted according to
the Declaration of Helsinki, with approval of the local
ethics committee. All subjects had normal or corrected-tonormal vision. No subject had a history of neurological,
major medical, or psychiatric disorder, were medication
free and non-smokers. All participants were right-handed
as assessed by the Edinburgh handedness questionnaire
(Oldfield 1971).
Procedure
Participants took part in two separate scanning sessions,
one consisting of an fMRI measurement, the other consisting of MRS measurements. In both sessions, they
completed a manual version of the Stroop task of 13 min
duration. The colour words ‘‘green’’, ‘‘blue’’, ‘‘yellow’’ and
‘‘red’’ (in German) were presented randomly in these four
different colours. Participants were instructed to press
buttons to indicate the print colour of the presented word.
Each trial consisted of the presentation of one of the colour
words for 3 s. Stimulus presentations were separated by a
jitter interval of 5–6.5 s (varied in steps of 500 ms). The
task consisted of 120 trials. Half of the trials were congruent trials, where the print colour was congruent to the
colour word (e.g. ‘‘blue’’ in blue colour), the other half
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were colour words presented in an incongruent print colour
(e.g. ‘‘blue’’ in red colour).
In a separate scanning session, 2 to 5 days after the
fMRI acquisition to enable the individual analysis of the
fMRI data, MRS data were acquired. During the first MRS
acquisition participants rested, during the next acquisition,
the Stroop task was administered for the entire duration of
the measurement. After this, another MRS acquisition at
rest was performed.
Scanning procedure
All MR data were collected on a 3T Verio MRI scanner
system (Siemens Healthcare, Erlangen, Germany) using a
32-channel receive-only head coil. First, high-resolution
anatomical images were acquired using a three-dimensional T1-weighted magnetization-prepared gradient-echo
sequence (MPRAGE), repetition time = 2.3 ms; echo
time = 3.03 ms; flip angle = 9̊; 256 9 256 9 192 matrix,
1 9 1 9 1 mm3 voxel size. Whole-brain functional images
were collected on the same scanner using a T2*-weighted
EPI sequence sensitive to BOLD contrast (TR = 2000 ms,
TE = 30 ms, image matrix = 64 9 64, FOV = 224 mm,
flip angle = 808, slice thickness = 3.5 mm, 35 near-axial
slices, aligned with the AC/PC line).
For MRS, all first- and second-order shims were adjusted using FAST(EST)MAP. Spectra were acquired at
rest, during Stroop task administration and at rest again,
using the spin-echo full intensity-acquired localized
(SPECIAL) technique (Mlynarik et al. 2006). The SPECIAL sequence is based on a combination of 1D imageselected in vivo spectroscopy (ISIS) (Ordidge 1986) and a
slice-selective spin-echo sequence. Localization in the direction perpendicular to the plane selected by the spin echo
is achieved by application of a slice-selective adiabatic
inversion pulse in alternate scans. Then a spin-echo sequence is applied using an asymmetric 90° and a 180°
slice-selective refocusing pulse to localize the signal within
two dimensions. The signal is added in odd scans and
subtracted in even scans. Since only one refocusing pulse is
used, very short echo times can be achieved using this
technique (Mekle et al. 2009). Spectra were recorded from
a voxel of 25 9 35 9 20 mm3 placed around the region of
maximum activation in ACC during Stroop task performance in native space. For each metabolite spectrum, 256
scans were acquired using TR = 3 s and TE = 8.5 ms.
Immediately afterwards, a spectrum without water suppression was recorded (8 averages).
fMRI data pre-processing and main analysis
The fMRI data were analysed using the SPM8 software
(Wellcome Department of Cognitive Neurology, London,
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UK). The first 4 volumes of all EPI series were excluded
from the analysis to allow the magnetisation to reach a
dynamic equilibrium. Data processing started with slice
time correction and realignment of the EPI datasets. A
mean image for all EPI volumes was created, to which
individual volumes were spatially realigned by means of
rigid body transformations. The T1-weighted structural
image was co-registered with the mean image of the EPI
series. Then the structural image was normalized to the
Montreal Neurological Institute (MNI) template for the
random effects analysis. The normalization parameters
were then applied to the EPI images to ensure an
anatomically informed normalization. A commonly applied filter of 8 mm FWHM (full-width at half maximum)
was used. Low-frequency drifts in the time domain were
removed by modelling the time series for each voxel by a
set of discrete cosine functions to which a cutoff of 128 s
was applied. The statistical analyses were performed using
the general linear model (GLM). We modelled each trial
as an event separately for the conditions congruent and
incongruent. These vectors were convolved with a canonical haemodynamic response function (HRF) and its
temporal derivatives to form regressors in a design matrix.
Furthermore, six movement regressors were entered into
the GLM. The parameters of the result.ing general linear
model were estimated in the standard way and used to
form contrasts, testing for main effects and interactions.
The resulting contrast image was then entered into one
sample T tests at the second (between-subject) level. To
display the results of the group analysis, statistical values
were thresholded with a level of significance of p \ 0.001
(z [ 3.09, uncorrected); a significant effect is reported
when the volume of the cluster was greater than the
minimum cluster size determined by Monte Carlo
simulation above which the probability of type I error was
\0.05 (Song et al. 2011).
The same analysis was conducted in native space
(without the normalization step) to guide MRS-voxel positioning. The voxel position was guided by the individuals’ brain activity. The subjects’ voxel position
included the individual activation within the ACC as well
as the cluster identified by means of a random effects group
analysis on the contrast incongruent [ congruent trials
(Fig. 1).
Magnetic resonance spectroscopy (MRS) processing
Only data, for which the linewidth of the water signal after
shimming was\7 Hz, were considered for further analysis.
This was the case for all but one subject, which reduced the
sample size to 18. Metabolite levels were determined using
LCModel (Provencher 1993) with a simulated basis set,
applying the unsuppressed water scan for eddy current
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Fig. 1 Main contrast of incongruent vs. congruent Stroop trials in
fMRI across the group of subjects (peak voxel: 6, 18, 42) mapped
onto a template in MNI space (colin27)

correction and referencing. From segmentation of the T1weighted images using SPM8 (http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/), mean fractions of grey matter, white
matter and cerebrospinal fluid (CSF) in the spectroscopic
voxel of 0.56:0.265:0.175 were deduced and used to calculate the appropriate water reference parameters for the
respective LCModel control file. MRS data were expressed
as fractional metabolic change score with the reference
being the first resting-state MRS measurement.

Results
Behavioural data
Behavioural data obtained during the fMRI session revealed a clear Stroop effect, namely longer reaction times
in the incongruent (mean 1175 ms) compared with the
congruent (1029 ms) condition [t(17) = 3.673, p \ 0.01].
Furthermore, participants committed more errors for the
incongruent (mean 2.39) than for the congruent (1.50)
condition, an effect that was only marginally significant
[t(17) = 2.082, p = 0.053]. The behavioural data obtained during the MRS session likewise revealed an interference effect in reaction times [congruent: 874 ms,
incongruent: 1049 ms; t(17) = 4.444, p \ 0.001], but no
significant effects in errors [congruent: 2.44, incongruent:
3.00; t(17) = 1.097, p = 0.288]. The Stroop effect in the
reaction times and in the errors was correlated between
the fMRI and the MRS session [RT: r(18) = .52,
p \ 0.05; errors: r(18) = .47, p \ 0.05]. When averaging
the Stroop effect in the error rate across the fMRI and
MRS sessions the overall effect was significant
[t(17) = 2.15, p \ 0.05].
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Fig. 2 SPECIAL spectrum, LCModel fits for glutamate (Glu),
glutamine (Gln) and GABA, and residual from Stroop-activated
anterior cingulate cortex (ACC) voxel. TE = 8.5 ms, TR = 3 s,
number of acquisitions: 256. Top left The MRS voxel in the ACC is
fine-positioned according to the BOLD activation profile of the
individual participant

fMRI data
The results of the random effects fMRI analysis of the
contrast incongruent [ congruent are depicted in Fig. 1.
Apart from a cluster in ACC (6, 18, 42) additional clusters
were observed in bilateral inferior frontal gyrus (IFG) extending into bilateral insula (left IFG: -54, 33, 3 and -54,
15, 24; right IFG: 45, 27–3).
In a separate session—after the analysis of the fMRI
data—MRS was acquired using voxel positions guided by
the individually localized brain activity within ACC
(Fig. 2).
MRS neurotransmitter data
The mean (±standard deviation) water linewidth was calculated from a fit to the water spectrum after shimming to
be (6.2 ± 0.5) Hz. The excellent quality of the acquired
metabolite spectra is exemplified in Fig. 2, which includes
the overall fit and the fit results for GABA, glutamate and
glutamine. The average signal-to-noise ratio (SNR) as
calculated by LCModel, where it is defined as the ratio of
the maximum in the spectrum-minus-baseline over the
analysis window, i.e. the NAA peak at 2.01 ppm, to twice
the root-mean-square of the fit residual, was 144 ± 13. In
addition, since SNR calculated by LCModel might depend

Brain Struct Funct (2016) 221:2541–2551

2545

Table 1 Mean raw metabolite concentrations in mmol/l (SD) during
the three experimental phases
Pre-task

During task

Post-task

GABA

0.72 (0.19)

0.88 (0.20)

0.81 (0.22)

Glutamate

6.54 (0.78)

6.81 (0.62)

6.48 (0.60)

Glutamine

1.22 (0.15)

1.31 (0.34)

1.34 (0.28)

Total creatine

7.25 (0.61)

7.40 (0.40)

7.28 (0.49)

10.43 (0.90)

10.82 (0.60)

10.57 (0.84)

NAA

on fit quality, and to provide another assessment of MRS
data quality, SNR of the spectra was also computed by
dividing the height of the NAA peak by the standard deviation of the noise in the peak-free region of 6–8 ppm.
The corresponding result was 576 ± 82. The mean neurotransmitter concentrations for the three test periods together with that for total creatine are shown in Table 1.
Note that the values are those returned by LCModel analysis, i.e. they are not corrected for relaxation and CSF
content of the spectroscopic voxel, which was not required,
because we compared the values within the same session.
If, however, these corrections are applied (using the mean
CSF fraction of 0.175 and published relaxation times at 3 T
(Schubert et al. 2004; Edden et al. 2012), concentrations
agree with published values (Govindaraju et al. 2000).
Mean Cramér-Rao lower bounds (CRLB) were for GABA
16.5 %, glutamate 4.1 %, glutamine 12.2 % and total
creatine 1.1 %. Of the 54 GABA CRLBs, 5 were between
20 and 25 %, all others below 20 %. All GABA values
were included in the data analysis. To investigate associations between transmitters and brain activity, we extracted BOLD percent signal changes during the fMRI
session from the location where the MRS voxels were
positioned in the second session. When comparing fMRI
activation during congruent with the incongruent condition,
we found—in line with our positioning procedure—higher
activity during incongruent compared to congruent trials
[t(17) = 3.484, p \ 0.01] within the voxel.
By means of repeated measures ANOVA with the factor
time (pre- vs. during vs. after task), we explored variations
of metabolite concentrations in ACC over time. GABA
[quadratic: F(1,17) = 6.705, p = 0.019], glutamate
[quadratic: F(1,17) = 7.069, p = 0.017] and glutamine
[linear: F(1,17) = 13.390, p = 0.002] showed a significant
effect of time. Testing the effect on metabolite ratios (/total
creatine) yielded for GABA p = 0.049 [quadratic:
F(2,34) = 3.308], for glutamate p = 0.035 [quadratic:
F(2,34) = 3.7] and for glutamine p = 0.24 [linear:
F(2,34) = 1.449]. Thus, GABA and glutamate increased
during task performance and decreased again, whereas
glutamine increased during the task and continued to increase after the task (this effect being discernible only for

Fig. 3 Metabolite fractional change in relation to the respective
metabolite measured during the first resting MRS (pre-task)

the water-referenced concentrations). Neither total creatine
(p = 0.32) nor NAA (p = 0.11), showed a significant time
effect. In Fig. 3, we present metabolite changes as percent
changes from the initial, pre-task measurement. When
testing the increase during task performance by means of
paired samples t test, only the GABA increase reached
significance [t(17) = -4.664, p \ 0.001; for glutamate,
glutamine, creatine p [ 0.182].
Association between GABA change and fMRI
activity
Given that the GABA increase during task performance
reached statistical significance in post hoc t tests, we associated the increase between the pre-task MRS and the
task MRS with the BOLD percent signal change within the
ACC voxel obtained during the first session in: (a) the
congruent Stroop condition (e.g. ‘‘blue’’ printed in blue
colour); (b) the incongruent Stroop condition (e.g. ‘‘blue’’
printed in red colour); and (c) the difference between the
incongruent and congruent condition as an indicator of
task-associated within-person adjustments. We found a
significant negative correlation between GABA change
during task and BOLD signal change during the congruent
Stroop condition [r(18) = -0.522, p = 0.026, Fig. 4];
Likewise a negative correlation with the incongruent
Stroop condition was observed [r(18) = -0.475,
p = 0.046, Fig. 4], congruent did not correlate significantly with task-related GABA change [r(18) = 0.306,
p = 0.218]. In contrast, for the glutamate increase, we
found no significant association to BOLD signal [congruent
condition: r(18) = -0.270, p = 0.279, incongruent condition: r(18) = -0.241, p = 0.336; incongruent minus
congruent condition: r(18) = 0.154, p = 0.542].
For bilateral inferior frontal gyrus, brain regions that
were also activated in the contrast incongruent vs.
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Fig. 4 Scatterplot of GABA percent changes (during-task compared to pre-task) and BOLD signal change in the a congruent condition and
b incongruent condition

congruent same as ACC, we did not find a significant association, neither for GABA change [congruent condition:
r(18) = -0.169, p = 0.502, incongruent condition:
r(18) = -0.352, p = 0.152; incongruent minus congruent
condition: r(18) = 0.056, p = 0.825] nor for glutamate
change [congruent condition: r(18) = 0.144, p = 0.569,
incongruent condition: r(18) = 0.172, p = 0.494; incongruent minus congruent condition: r(18) = 0.115,
p = 0.651], showing the specificity of the observed results
for the brain region where GABA was measured.

Discussion
The present study demonstrates a modulation of neurotransmitters across a complete cognitive task session,
namely from pre-task, during task up to post-task time
points. GABA and glutamate showed an inverted U-shape
pattern with an increase during task performance and a
drop after task performance. In contrast, glutamine showed
a linear increase. Total creatine did not change over time.
The significant changes of the metabolite levels with time
were shown not only for the water-referenced values of
GABA and glutamate but also for the data normalized to
total creatine. This indicates that these changes are unlikely
to be due to head displacement during the (rather long)
MRS acquisition time, which might have changed the
metabolite level/water ratios, but are rather due to true
concentration variation. However, the increase in glutamine over time could not be confirmed in this manner.
This may be due to the moderate intrinsic precision of the
glutamine measurement or could be related to limited numerical precision, when dividing small concentration
changes by an overall constant, but numerically slightly
varying value.
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Our result of an increase in glutamate during functional
activation confirms the findings of previous reports on
functional 1H-MR spectroscopy in the visual cortex
(Mangia et al. 2007; Schaller et al. 2013) or the motor
cortex (Schaller et al. 2014), applying appropriate
paradigms.
A recent meta-analysis has demonstrated trait-like
changes in glutamate level in major depression. Patients
were shown to have lower levels of glutamate and Glx (the
composite measure of glutamate and glutamine) compared
with controls (Luykx et al. 2012). Interestingly, Glx seems
to be decreased during current episodes, supporting our
present observation that the glutamate-associated metabolite levels can change over short periods of time. Moreover,
the fact that patients suffering from major depression
consistently show reductions in Stroop performance (Epp
et al. 2012) fits well to our observation that Stroop performance is accompanied by glutamate increases during
the task.
Within the context of the above-mentioned previous
studies focusing on metabolite level changes during visual
stimulation the study by (Lin et al. 2012), who used MRS
at 7 T, reported a change in cortical GABA, namely an
increase by about 5 %, which was evoked by visual
stimulation, but did not reach significance. Very recently,
we observed a significant GABA decrease by 9 % on average (p \ 0.01) during a visual paradigm probing retinotopy using SPECIAL on a 7-T scanner (Mekle 2014).
Measuring at 7 T as well, neither of the other studies
mentioned above (Mangia et al. 2007; Schaller et al. 2013;
2014) could detect changes in GABA levels upon functional activation. Even so, it should be noted that other
investigations indeed suggest changes in GABA concentration to occur as a result of functional activation, e.g. in
sensorimotor cortex during motor learning (Floyer-Lea
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et al. 2006) and in frontal brain regions during working
memory (Michels et al. 2012). Nota bene both increases
and decreases in GABA levels were observed. This raises
the question whether GABA can be determined using
short-echo time MRS at 3 T reliably enough to draw
conclusions on the effects of functional stimulation. Floyer-Lea et al. (2006) and Michels et al. (2012) used an alternative method for GABA, the MEGA-edited MRS
technique (Mescher et al. 1998), which, while suffering
from some disadvantages such as low intrinsic signal and
low number of detectable metabolites, is often considered
the gold standard for GABA measurement because of its
high selectivity achieved by spectral editing. In contrast,
short-echo time MRS sequences allow a large number of
metabolites to be detected with high precision due to
minimal transverse relaxation and spin evolution effects
and high SNR (Mekle et al. 2009; Tkac et al. 2009), which
have been the reasons for using such a method in the
present study. Besides yielding a much higher signal-tonoise ratio than MEGA-edited GABA spectroscopy due to
the shorter echo time and the low editing efficiency of the
latter, SPECIAL is advantageous, since it includes the three
methylene resonances of GABA to estimate its intensity
instead of only one as in MEGA-editing. On the other
hand, SPECIAL lacks selectivity for a specific compound
like GABA and is characterized by strong background
contribution due to unrelaxed macromolecule resonances.
In contrast to single-shot MRS localization techniques, such
as STEAM or PRESS, full localization in SPECIAL is
achieved using two (subsequent) acquisitions. As a consequence, this scheme is slightly more sensitive with respect
to motion, frequency drift or any other scanner instability
that might occur during these two acquisitions. This holds
for all two-shot methods including editing sequences, such
as MEGA-PRESS. In this study with healthy volunteers
though, an increased level of artefacts due to such effects
was not observed. An extensive study on GABA quantification using short TE at 3 T was conducted by Near et al.
(2013), who compared short-echo time SPECIAL as employed in the present study with MEGA-edited MRS.
GABA levels quantified by both methods were correlated
with r = 0.58, which was significant (p \ 0.05). For
GABA concentrations estimated using SPECIAL in 500
simulated spectra generated with experimental conditions
similar to the ones of the in vivo data acquired in this study,
the correlation coefficient with the actual values was as high
as 0.84. Although the absolute concentration of GABA was
systematically underestimated using SPECIAL, the reproducibility was shown to be approximately the same for both
methods. The authors of this in-depth comparison concluded that when similar spectral quality is ensured across
datasets and data not fulfilling linewidth and SNR criteria
are excluded, short-echo time SPECIAL is ‘‘capable of
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providing reproducible GABA measurements’’. Their volume of interest was restricted to the occipital cortex, which
is a region where very high field homogeneity and SNR can
be obtained. This is comparable to our spectroscopic voxel
where careful shimming achieved high spectral dispersion/narrow linewidths, and the SNR of the acquired data
was high throughout the sessions. Moreover, our experimental setup does not necessarily require absolute
GABA concentrations to be correctly measured, since for a
follow-up measurement in a subject during a single session
the evolution of a relative signal is sufficient and significant.
We conclude that, even if methods like edited spectroscopy
at 3 T or short-echo time spectroscopy at ultrahigh field
may be superior to SPECIAL at 3 T for GABA quantification, the GABA time course reported here represents a
true evolution of the concentration of this neurotransmitter.
However, since these results are novel and not undisputable
with regard to other functional MRS studies, they should be
considered preliminary.
In this study, GABA was significantly increased by
22 % from pre-task to task (see Table 1). In the only other
study that attempted to assess neurotransmitter changes
during a cognitive task (Michels et al. 2012), a fractional
increase of GABA of roughly 6 % during the initial task
was reported, which was also significant, but clearly
smaller in magnitude than the result from this study.
However, in general, it is rather difficult to predict the
magnitude of neurotransmitter changes in cognitive experiments as measured by MRS. The experimental paradigm, selection of subjects, data acquisition including
magnetic field strength, and the particular neurotransmitter
of interest can all influence the observed outcome. Hence,
to assess neurotransmitter changes in a study, it is required
that the sensitivity of the applied measurement technique
has to be sufficiently high to detect the induced neurotransmitter change, which can vary in magnitude, that
ought to take place during the course of the experiment.
GABA has recently gained increasing attention in
schizophrenia. However, pertinent findings have been inconsistent so far. Some studies found reductions in GABA
levels (Goto et al. 2009; Yoon et al. 2010), whereas others
reported increases (Yoon et al. 2010; Kegeles et al. 2012)
and another did not find any differences (Rowland et al.
2013), but a trend for reductions of GABA in ACC in older
schizophrenic subjects. Interestingly, the authors found an
association between performance in an attention-demanding task similar to digit symbol and GABA levels with
poorer performance associated with lower GABA levels.
This finding may be seen as in line with our observation
that Stroop as an interference task is accompanied by
GABA increases.
The increase in GABA was negatively associated with
BOLD signal change in the congruent and incongruent
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condition assessed in a separate session, suggesting an
association between GABA and the dynamics of brain
activation that is stable across time.
The present association between GABA and glutamate
changes, on the one hand, and the course of functional task
activation, on the other, raises questions of causality. The fact
that the time course of the metabolite concentrations varies
with the three paradigm phases, and in particular the reversible nature of the changes in glutamate and GABA, together with unchanged total creatine, suggests a causal link
between neural activation as assessed with the BOLD signal,
and neurotransmitter concentrations as assessed by MRS.
The peak coordinate of the random effects analysis of
incongruent vs. congruent Stroop condition (6, 18, 42) was
located in close proximity to the coordinates identified in
quantitative meta-analyses on Stroop task fMRI data [MNI
coordinate: 3, 14, 45 (Laird et al. 2005); MNI coordinate:
0, 20, 40 (Nee et al. 2007)]. To improve positioning of the
ACC voxel beyond what is known from previous studies,
we determined each participant’s activation peak. Then, the
voxel was positioned such that it encompassed both the
individual’s activation and the activation ascertained by
group random effects. This procedure allows the direct
association of personalized brain activation pattern with
underlying neurochemistry.
The quadratic time effect was significant for GABA and
glutamate. A significant increase from pre-task to task was
found for GABA only. This result clearly differs from the
reported GABA decreases in motor cortex (Floyer-Lea
et al. 2006; Stagg et al. 2009a, 2011), but can be seen in
agreement with the initial GABA increase in a study exploring the effects of a working memory task on neurotransmitter levels (Michels et al. 2012). The present MRS
acquisition and simultaneous task performance was of
about 13 min duration, comparable to the first acquisition
in (Michels et al. 2012) that took 10 min. Future research
should therefore address the question whether GABA
levels decrease over longer periods of Stroop task performance after the observed initial increase. While the total
creatine concentration did not change across the task performance, a simultaneous tendency for an increase of
GABA, glutamine and glutamate was observed in (Patel
et al. 2005) suggesting a general up-regulation of excitatory
and inhibitory neurotransmitters. The observation that
glutamate tends to decrease after the task, whereas glutamine keeps rising underlines the biological plausibility of
the observed effect. According to the glutamate/glutamine
cycle (Schousboe et al. 1993), glutamate is cleared from
the synaptic space and internalized into astrocytes, where it
is converted to glutamine resulting in rising glutamine
concentrations.
Over and above the task-related changes in neurotransmitter concentrations, we found a negative correlation
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between GABA increase and BOLD signal during congruent as well as incongruent Stroop trials compared to
baseline, but not with glutamate change. The observation
of this association extends previous knowledge of correlations between baseline GABA levels and fMRI task-related activity (Donahue et al. 2010; Muthukumaraswamy
et al. 2009; Stagg et al. 2011). Interestingly, this association was specific for BOLD measured in ACC and not
present in bilateral inferior frontal gyrus, although this area
was also active in the contrast of interest.
We did not observe a correlation between task-related
changes in GABA concentrations and the difference of
BOLD signals between incongruent and congruent conditions. This result speaks against a major role of inhibitory
neurotransmission in conflict-related processing of the
ACC. However, given the small sample size and the generally low reliability of difference scores, this null result
must be interpreted with great caution. One may speculate
that other neurotransmitters or neuromodulators may be
more relevant in this context. Particularly in prefrontal
areas, the dopamine system mediates activation in general
(Winterer and Weinberger 2004) and conflict processing in
particular (Guitart-Masip et al. 2014; Moeller et al. 2014;
Onur et al. 2011).
The present findings may be potentially relevant in the
context of clinical studies. Although GABA is still challenging to measure and therefore has not been as frequently
assessed in psychiatric disease as other metabolites, such as
NAA and glutamate, GABA reductions compared to
healthy controls have been demonstrated in bipolar disorder (Bhagwagar et al. 2008) and in major depression
(Hasler et al. 2007; Sanacora et al. 1999, 2000, 2004). For
insomnia, GABA reductions (Plante et al. 2012) as well as
increases have been reported (Morgan et al. 2012) and
GABA increases have been reported in post-traumatic
stress disorder (Meyerhoff et al. 2014; Michels et al. 2014;
Rosso et al. 2014).
Most interestingly from a functional perspective, GABA
levels in major depression have been shown to be renormalized after therapy with selective serotonin reuptake
inhibitors (SSRIs) (Sanacora et al. 2002) and after electroconvulsive therapy (Sanacora et al. 2003). A more statelike view on MRS measurements, compared to the more
common trait-like approach usually employed by research
in the field of psychiatry, may help to make better use of
MRS in the prediction of therapy outcome. One may attempt to compare GABA levels in major depression with
and without a single dose of SSRIs, e.g. to predict longterm treatment outcome.
Replication of our findings regarding the functional
changes in GABA using other MRS techniques including
MEGA-editing and MRS at 7 T would be most
enlightening.
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Further considerations
MRS has been shown to allow accurate quantification of
the concentration of neurochemicals within defined areas
of the brain. However, it does not provide direct information on activity at the synapses. What we measure in the
present study is an estimate of bulk metabolite levels in a
fairly large voxel, therefore only a fraction of the GABA
and glutamate measured is actually located in the synaptic
cleft. Furthermore, a number of additional neuromodulators, such as dopamine, serotonin, and acetylcholine, could
be relevant in conflict processing (Voon et al. 2010). Since
1H MRS is relatively insensitive to changes in these chemicals, we may have missed processes that could potentially correlate with conflict-related BOLD modulation in
ACC. Furthermore, the fact that we have determined the
voxel position according to each individuals’ BOLD activation allowed for variation in terms of the anatomical
location across participants. An additional MRS voxel in a
task-unrelated brain region would help to demonstrate the
specificity of the observed effects.
As for the question of causality between Stroop activation and neurotransmitter concentrations, the present findings need to be followed up by future research with bigger
sample sizes. For instance, it seems worthwhile exploring
MRS across Stroop task blocks that vary in the degree of
conflict and an additional ‘‘baseline’’ block without a task
to further elucidate the dynamics of neurotransmitter
changes and their association to brain activation.
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