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Abstract: Recent functional magnetic resonance spectroscopy (fMRS) studies have shown changes in
glutamate/glutamine (Glx) concentrations between resting-state and active-task conditions. However,
the types of task used have been limited to sensory paradigms, and the regions from which Glx concentrations have been measured limited to sensory ones. This leaves open the question as to whether
the same effect can be seen in higher-order brain regions during cognitive tasks. Cortical midline
structures, especially the medial prefrontal cortex (MPFC), have been suggested to be involved in
various such cognitive tasks. We, therefore set out to use fMRS to investigate the dynamics of Glx
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concentrations in the MPFC between resting-state and mental imagery task conditions. The auditory
cortex was used as a control region. In addition, functional magnetic resonance imaging was used to
explore task-related neural activity changes. The mental imagery task consisted of imagining swimming and was applied to a large sample of healthy participants (n 5 46). The participants were all competitive swimmers, ensuring proficiency in mental-swimming. Glx concentrations in the MPFC
increased during the imagery task, as compared to resting-state periods preceding and following the
task. These increases mirror BOLD activity changes in the same region during the task. No changes in
either Glx concentrations or BOLD activity were seen in the auditory cortex. These findings contribute
to our understanding of the biochemical basis of generating or manipulating mental representations
C 2015 Wiley Periodicals, Inc.
V
and the MPFC’s role in this. Hum Brain Mapp 36:3204–3212, 2015.
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INTRODUCTION
Functional magnetic resonance spectroscopy (fMRS) has
been used recently to investigate changes in biochemical
concentrations in particular brain regions when a task is
being performed. These have shown that levels of glutamate/glutamine (Glx) increase during task performance,
as compared to resting conditions [Gussew et al., 2010;
Lally et al., 2014; Lin et al., 2012; Mangia et al., 2006; Schaller et al., 2014a, 2014b]. To date the tasks used have
focused on sensory stimulation—either visual or tactile—
and metabolite changes in the respective sensory regions
of the brain. This leaves open the question as to whether
equivalent metabolite changes occur in so-called higherorder regions during non-sensory cognitive tasks.
Cortical midline structures (CMS), and especially the
medial prefrontal cortex (MPFC), have been suggested to
be involved in, among other things, various such cognitive
tasks. These include self-reference [Northoff and Bermpohl, 2004; Qin and Northoff, 2011], mind wandering
[Mason et al., 2007], and consciousness [Huang et al.,
2014a; Qin et al., 2010; Raichle et al., 2001]. Within the
MPFC, task-related activity has been shown to be associated with concentrations of Glx and GABA, as measured
using MRS [Duncan et al., 2011, 2013, 2014a, 2014b; Enzi
et al., 2012; Hu et al., 2013; Kapogiannis et al., 2013; Northoff et al., 2007]. Interestingly, MRS measures of Glx are
altered in schizophrenia and depression, both of which are
typified by cognitive defects [Alcaro et al., 2010; Poels
et al., 2014; Sanacora et al., 2012; Walter et al., 2009]. Taken
together, these prior findings from the MPFC suggest
that there will be changes in metabolite concentrations in
that region during cognitive tasks, but this remains to be
tested.
We therefore aimed to investigate potential changes in
Glx concentrations in the MPFC, as induced by a mental
imagery task. The specific task used involved the imagination of swimming, as has been used previously [Macintyre
et al., 2013]. This task requires the generation and manipulation of mental representations in the absence of sensory
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stimulation. A large sample of healthy participants was
used (n 5 46); all of whom were trained competitive
swimmers to ensure proficiency in the task [Cumming and
Hall, 2002; Martin et al., 1999; Short et al., 2005; Weinberga
et al., 2003].
Glx concentrations in the MPFC were measured with
MRS using a block design. An initial rest period was followed by the task and then a second period of rest. In
addition, functional magnetic resonance imaging (fMRI)
was used to measure task-related activity changes. Building on previous resting-state MRS studies of the MPFC
[Duncan et al., 2011, 2013, 2014a, 2014b; Enzi et al., 2012;
Northoff et al., 2007; Wiebking et al., 2014], we hypothesized that an increase in MPFC Glx would be accompanied
by a reduction in fMRI activity during the task periods (as
compared to rest).

MATERIALS AND METHODS
Participants
The study group consisted of 46 trained swimmers
(right-handed; 26 females; 18–29 years): 17 Canadian Swim
Team members; 14 who had previously competed at the
same level; and 10 triathletes who had competed below
the national or international level. Swimmers often use
mental imagery to rehearse their swimming and to
enhance their motor abilities. Such training through mental
imagery is common practice in high-level athletes across a
range of disciplines involving complex motor performance
[Cumming and Hall, 2002; Martin et al., 1999; Short et al.,
2005; Weinberga et al., 2003]. With this experience of mental imagery, we reasoned that these athletes were particularly suitable participants for this study.
Participants had no history of major psychiatric or neurological disorders, and written informed consent was
obtained from each prior to the experiment. The study
was approved by the ethics committees at both the University of Ottawa and the University of British Columbia.
All the subjects were scanned using MRS and fMRI during
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Figure 1.
(A) The VOIs for single voxel proton MR spectroscopy (examples
from one subject). The MPFC VOI was placed anterior to the
genu of the corpus callosum, parallel to the AC-PC plane; the
RPAC VOI was placed parallel to Heschl’s gyrus on the axial slice.
(B) The fMRS paradigm consisted of three sessions for each VOI.
Each session lasted 12 min and 48 s. The Rest1 and Rest2 were

acquired as pre- and post- task baseline, and the participants were
instructed to perform mental-swim during the Task session. VOI:
volumes of interest, MPFC: medial prefrontal cortex, RPAC: right
primary auditory cortex. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

two sessions on the same day. The data from five subjects
were excluded due to anxiety and excessive movements
during scanning.

task-irrelevant region during mental-swimming [Macintyre
et al., 2013], and so could be used to detect potential
global Glx changes; and (2) given the fact that we included
auditory cues (“swim” and “rest”) to instruct the participants to begin and stop mental-swimming (see below for
details), these auditory instructions were considered as
confounds. Therefore, to control these task-irrelevant
effects, the auditory cortex was chosen.
To achieve consistent VOIs positioning, placement was
done by the same investigator for all subjects according to
easily identifiable anatomical landmarks: the MPFC VOIs
(20 3 15 3 30 mm3) were placed anterior to the genu of
the corpus callosum, parallel to the AC-PC plane; the
RPAC VOIs (15 3 26 3 24 mm3) were placed parallel to
Heschl’s gyrus on axial slice. Single voxel proton MR spectroscopy was then performed using PRESS with the following parameters: single channel transmit/receive head
coil, TR/TE 5 3000 ms/24 ms, spectral width 5 2000 Hz,
data points 5 2048, total number of signals averaged 5 128,

fMRS Data Acquisition
Prior to scanning, participants were familiarized with
the task and completed a practice run. MR scanning was
performed on a Philips Achieva 3.0T MR scanner
equipped with an 8-channel phased array head coil. High
resolution T1-weighted anatomical images (FOV 5 256 3
256 mm2; spatial resolution 5 1 3 1 3 1 mm3; TE 5 3.39
ms; TR 5 2530 ms; flip angle 5 88) were first acquired to
locate volumes of interest (VOIs), including the MPFC and
right primary auditory cortex (RPAC) as a control VOI
(Fig. 1A) [see also Duncan et al., 2013, 2014a, 2014b]. The
purpose of choosing the auditory cortex as a control
region was twofold: (1) this region was assumed to be a
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VAPOR water suppression. Spectra without water suppression were also acquired for use in the MRS analysis.

fMRS Paradigm
The fMRS paradigm (Fig. 1B) consisted of three sessions
for each VOI: Rest1 (pre-task baseline); Task (mentalswim); and Rest2 (post-task baseline). Each session lasted
for 12 min and 48 s, yielding two 6 min and 24 s MRS
datasets, one of which was used to acquire metabolite signals—water signal suppressed—and the other as a reference scan—water signal not suppressed—for absolute
metabolite quantification. Participants were instructed to
keep their eyes closed during the entire examination. Eyetracking during fMRI was not available; however, off-line
post-scan recordings ensured that subjects did comply
with this instruction. The scanning order of the two VOIs
and the order of two MRS datasets (first and second half)
were balanced across subjects.
The task session consisted of 16 mental-swimming
blocks interleaved by 8 s of rest. At the beginning of each
block, an auditory cue “swim” instructed the subjects to
begin mental-swimming for either 30 or 50 s. The second
cue, “take a rest”, instructed them to stop mentalswimming and to rest for the next 8 s; rest was applied to
avoid possible adaptation due to prolonged stimulation
[Lin et al., 2012]. Eight 30 s-blocks and eight 50 s-blocks
were assigned pseudo-randomly during this task session.
To confirm that the subjects participated well during the
task, two auditory-based ratings were required between
the task and rest scans. First, an effort rating “How much
effort?” was presented. On this scale, a 5 indicates a great
deal of mental effort for doing the mental swim, and a 1
indicates minimum effort. Subjects heard the spoken numbers 1–5 and pressed a button on a response box, using
their right index finger, to indicate their choices. The second rated question was “How much feeling of flow?”
[Bakker et al., 2011; Sch€
uler and Brunner, 2009], with a 5
indicating maximal mental involvement and being
absorbed in the mental-swimming (rated as above). All
stimuli were programmed using E-Prime (Psychology Software Tools, Pittsburgh, PA) and delivered via an auditory
stimulus presentation system designed for an MRI environment. The volume of the headphones was adjusted to
the comfort level for each subject.

fMRS Data Analysis
Raw spectral data were automatically averaged, eddycurrent corrected by the scanner, and then exported for
further analysis by LCModel 6.2-1A. Using a simulated
basis set optimized for the scanner (provided by the software producer) which included an experimentally measured metabolite-nulled macromolecular spectrum, spectral
fitting was performed over the range of 0.5–4.0 ppm, with
absolute metabolite quantification achieved using the tis-
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sue water signal from the unsuppressed water spectrum
as the internal reference. No other pre-processing—
baseline correction, zero-filling, apodization functions—
were applied prior to LCModel analysis.
Only outputs from metabolite concentrations with
Cramer–Rao lower bounds (CRLB) below 20% were
included for statistical analysis. Outputs with a CRLB
higher than 20% were considered unreliable and discarded
(See Supporting Information Figure S1 for a representative
MR spectra and the LCModel fits). Combined values (Glx)
of glutamate (Glu) and glutamine (Gln) were analyzed
using both absolute concentrations and their ratio to
Cr1PCr concentrations. The MPFC was the target region
for the study and the RPAC was used as a regional specificity control.
For each region, a one-way repeated measure analysis of
covariance (ANCOVA) was used to test the task effect,
taking subject age, gender, and the proportion of gray
matter (GM) volume within the given MRS region as covariates. Individual GM volumes were calculated by applying the MRS region to the segmented GM maps created
using the FSL program FAST [Duncan et al., 2013]. For
regions showing a significant main effect, post hoc Tukey
HSD tests were used to compare Rest1 versus Task, Rest2
versus Task, and Rest1 versus Rest2.
To examine the potential difference between the MPFC
and RPAC in terms of task-evoked changes in Glx, we first
calculate an index, namely “Task-evoked Glx,” to quantify
the relative change of Glx during the task compared to
both the pre-task and post-task baseline periods:
Task 2 (Rest1 1 Rest2)/2. In the next step, one-sample ttests against zero were performed for the Task-evoked Glx
both in the MPFC and RPAC to confirm the above analysis
by ANCOVA. Finally, a paired sample t-test was used to
examine the difference between the MPFC and RPAC in
Task-evoked Glx (and thus regional specificity).

Functional Magnetic Resonance Imaging
The same scanner was used to acquire gradient-echo
EPI images of the whole brain (TR, 1.0 s; TE, 30 ms; 21 slices; slice thickness 5 6 mm; spacing 5 0; field of
view 5 210 mm; flip angle 5 768; image matrix: 64 3 64).
As in fMRS, a mental-swim task with a block design was
acquired in fMRI after the MRS session. Eighteen mentalswim blocks were assigned pseudo-randomly into six
fMRI scans. Each block began with an auditory cue
informing subjects to swim for 30 or 50 s. The subjects
were instructed to press a button on a response box using
their right index finger at the end of blocks. Right after
pressing the button, subjects were instructed to “take a
rest” and then a rest period was jittered from 32 to 36 s
between blocks. As in fMRS, subjects were instructed to
relax, stay awake and keep their eyes closed. Time-locked
cardiac and respiratory signals were recorded. Finally,
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high-resolution anatomical images were acquired at the
end of the experiment.
Pre-processing steps were implemented in AFNI [Cox,
1996] (http://afni.nimh.nih.gov/afni). The first four
frames of each fMRI run were discarded. Physiological
noise correction consisted of removal of time-locked cardiac and respiratory artifacts using RETROICOR [Glover
et al., 2000]. The rest steps included slice timing correction,
realignment, co-registration, detrending, and removal of
the effect of head motion by linear regression. This data
then underwent normalization into Talaraich stereotactic
space [Talairach and Tournoux, 1988], was resampled to 3
3 3 3 3 mm3 voxels, and spatially smoothed with 6 mm
full-width at half-maximum isotropic Gaussian kernel.
To estimate the BOLD response for the mental-swim
task, we first expressed each signal value as a percentage
change from its block onset value, and then calculated a
mean percentage change within each block and averaged
across all blocks [Garrett et al., 2010, 2011]. Next we performed the same analysis for the rest period (32–36 s) to
obtain a baseline for the mental-swim. Third, the mean
BOLD response of the mental-swimming target blocks was
subtracted by the rest period control blocks to obtain a relative BOLD percentage signal change for mental swim.
This subtraction approach controls for the auditory
instruction, arousal, and/or attentional effects at the beginning of each block. Finally, the relative percentage signal
change of mental-swimming was extracted from the two
MRS regions for each subject and entered into one sample
t-tests (against zero) at the group level. In addition, a
paired sample t-test was used to examine the difference in
BOLD signal changes between the MPFC and RPAC.

RESULTS
Behavioral Data
By recruiting well trained swimmers and examining the
performance from post-scan self-evaluations we ensured
that all subjects performed well during the mental-swim
task in the MRS, as both the mean effort and feeling of
flow were above medium level (2.5) for the whole group
(Supporting Information Figure S2). Moreover, we confirmed that there was no significant difference between the
MPFC and RPAC in either effort or feeling of flow evaluations during MRS acquisitions for mental-swim (Supporting Information Figure S2).

fMRS Data
Next, we sought to detect the Glx changes in the MPFC
during mental-swim in the MRS. As expected, we
observed a significant main effect in the MPFC by oneway repeated measure ANCOVA (P 5 0.001; Fig. 2A). Post
hoc Tukey tests showed a significant difference for Rest1
versus Task and Rest2 versus Task, while no difference
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was seen for Rest1 versus Rest2. In contrast, no significant
change in Glx was observed in the RPAC control region
(Fig. 2A and Table I). In addition, the Task-evoked Glx,
indexed by Task 2 (Rest1 1 Rest2)/2, was significantly
above zero for the MPFC (t(40) 5 3.81, P < 0.001) but not
the RPAC (t(40) 5 1.11, P 5 0.276), confirming the above
observations. Furthermore, a significant difference in Taskevoked Glx was seen between the MPFC and RPAC
(t(40) 5 2.10, P 5 0.042), suggesting the Glx change was specific to the MPFC (Fig. 2B). Similar results were observed
for the Glx ratios referenced to Cr 1 PCr (Supporting Information Figure S3).

fMRI Data
Based on our MRS regions of interest, we focused fMRI
analysis on the MPFC and RPAC. The MPFC showed significant deactivation (t(40) 5 22.57, P 5 0.014) during
mental-swimming in the fMRI while no significant
(t(40) 5 1.34, P 5 0.186) signal change was observed in the
RPAC. A significant difference in BOLD signal change was
seen between the MPFC and RPAC (t(40) 5 23.39
P 5 0.002) (Fig. 2C). These findings demonstrate that the
mental-swim task recruited neural activity changes in the
MPFC specifically, when compared to the RPAC.

DISCUSSION
For the first time, we found that an increase of glutamate/glutamine (Glx) in the MPFC, as distinguished from
sensory cortex, could be driven by a simple mental
imagery task. This finding demonstrates that the generation or manipulation of mental representations, in the
absence of sensory stimulation, is sufficient to induce
changes in Glx concentration. Parallel fMRI-BOLD changes
during mental-swimming were found in the MPFC, along
with the dynamic Glx increases. This was not the case in
the auditory cortex. This finding bears major implications
for understanding the biochemical basis of generating or
manipulating mental representations in the MPFC, as well
as various cognitive symptoms in mental disorders such
as schizophrenia and depression.

Glx Increases in the MPFC
Previous functional MRS glutamate studies have focused
on the visual [Lally et al., 2014; Lin et al., 2012; Mangia
et al., 2007; Schaller et al., 2014a] and motor [Schaller
et al., 2014b] cortices. They observed an increase in the
level of Glx during visual or motor tasks, when compared
to the preceding and following resting-state periods [Gussew et al., 2010; Lally et al., 2014]. Our data complements
and extends these results by showing a task-related Glx
increase in a “higher-order” region, the MPFC. Furthermore, it suggests that Glx modulates not only resting-state
activity [Hu et al., 2013; Kapogiannis et al., 2013] but is
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Figure 2.
(A) Significant main effect (P 5 0.001) was observed for the
MPFC, but not for the RPAC, by one-way repeated measure
ANCOVA. Post hoc Tukey tests showed significant difference
for Rest1 versus Task and Rest2 versus Task, while no difference
for Rest1 versus Rest2 in the MPFC. (B) The Task-evoked Glx,
indexed by Task 2 (Rest1 1 Rest2)/2, was significant above zero
for the MPFC (P < 0.001) but not the RPAC (P 5 0.276). A significant difference of Task-evoked Glx was seen between the
MPFC and RPAC (P 5 0.042). (C) The MPFC, but not the RPAC,

showed significant deactivation (P 5 0.014) of the fMRI-BOLD
during mental-swim. A significant difference of BOLD signal
change was seen between the MPFC and RPAC (P 5 0.002).
*denotes P < 0.05; **denotes P < 0.01; ***denotes P < 0.005.
MPFC: medial prefrontal cortex, RPAC: right primary auditory
cortex, ANCOVA: analysis of covariance. Error bars indicate 6 SEM. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

also sensitive to functional changes in cognitive task
demands. Although we did not observe a direct relationship between Glx and BOLD signal in the MPFC, one may

argue that the MPFC Glx increase reflects a general alteration in neural activity, which is supported by our fMRI
data. In contrast, we did not observe a Glx increase in the

TABLE I. ANCOVA between Rest1, Task, and Rest 2 for Glx in the MPFC and RPAC
Glx
MPFC
RPAC

Rest1
(mean 6 SD)

Task
(mean 6 SD)

Rest2 (mean 6 SD)

ANCOVA

Rest1 versus
Task

Rest2 versus
Task

Rest1 versus
Rest2

9.72 6 0.66
8.86 6 0.57

9.93 6 0.65
8.91 6 0.60

9.60 6 0.61
8.80 6 0.49

F 5 7.41 P 5 0.001
F 5 0.99 P 5 0.367

P < 0.05
N/A

P < 0.01
N/A

Non-significant
N/A

Abbreviations: Glx, Combined value of Glutamate and Glutamine; MPFC, medial prefrontal cortex; RPAC, right primary auditory cortex; ANCOVA, analysis of covariance.
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auditory cortex; our fMRI findings in this region were the
same. This supports the regional specificity of a Glx
increase in the MPFC during a mental task but not in the
auditory cortex.
What are the physiological mechanisms underlying the
observed task-related increase in Glx? The possibilities are
twofold: (1) The task-related demands are of energeticmetabolic origin; they may increase the oxidative metabolism, and accordingly the glutamate-glutamine cycling, to
make available a higher concentration of glutamate at the
synaptic cleft [Hyder et al., 2006; Lin et al., 2012; Mangia
et al., 2007; Schaller et al., 2014a, 2014b]; or (2) A taskrelated glutamate increase may be of neuronal origin, and
related to an increase in synaptic glutamate release [Gussew et al., 2010; Lally et al., 2014].
Our paradigm was carried out in blocks. The mean from
an averaging across blocks was termed the Glx value. This
approach is compatible with the first mechanism, an
increase in oxidative metabolism and glutamate-glutamine
cycling. This mechanism has an approximate duration of
1 h [Hyder et al., 2006]. In contrast, the structure of our
design—long blocks rather than single trials—makes it less
likely for the Glx increase to result from increased synaptic
release, as the latter occurs within the millisecond range.
Accordingly, one would expect a true event-related fMRS
design to predominantly reflect synaptic release, while a
block design, as ours is, would likely be more based on
glutamate-glutamine cycling. Future studies testing the
same type of stimuli or task in event-related and blockbased experiments would be necessary to decide this
issue.
Finally, the MRS signal measures a combination of
vesicular, as well as intrasynaptic/intracellular and extraintra synaptic/extracellular, Glx [Stagg, 2014; Stagg et al.,
2011]. Our data remains, therefore, unable to determine
the exact origin of task-related Glx: is the origin intracellular or extracellular, or does the task-related Glx come from
vesicular sources? Future studies, possibly with 13-C MRS
that directly measures the glutamate-glutamine cycling,
are needed to determine the exact origin of the Glx
increase.

Glx Increase in Response to Mental Task
Demands
The fMRS studies to date have applied sensory and
motor stimuli as they focus on the visual and motor cortex
[Lin et al., 2012; Mangia et al., 2007; Schaller et al., 2014a,
2014b]. This left open the investigation of cognitive task
induced Glx release in the absence of physical stimuli. To
accomplish this, we applied a mental-swimming task without the presentation of a stimulus. The behavioral data
show that participants performed the requested mentalswimming task. Furthermore, as the subjects were competitive swimmers, it could be assumed that they performed
well during the task, as was documented in our subjective
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measures. The special group of participants in our study,
however, might make it difficult to generalize the conclusion to the other populations, and so future investigations
of other groups are warranted.
Interestingly, our data shows a task-evoked increase in
Glx in the MPFC but not in the auditory cortex. This suggests that a purely mental task is sufficient to modulate
changes in glutamate, but only for the MPFC and not the
task-irrelevant RPAC (in accordance with our fMRI data).
The MPFC has been associated with various mental functions, ranging from self-reference [Qin and Northoff, 2011],
mind wandering [Christoff et al., 2009; Mason et al., 2007],
consciousness [Huang et al., 2014a, 2014b; Qin et al., 2010],
and autobiographical memory [Spreng and Grady, 2010;
Spreng et al., 2009]. One may now assume that some of
these aforementioned mental processes were implicated in
our mental-swimming task. Due to the lack of a control
task (e.g., self-referential processing), however, we are
unable to determine the exact mental component that
induced Glx increase in the MPFC. Moreover, we did not
find an association between either the task-evoked Glx or
BOLD signal change with our behavioral measures. We,
therefore, remain unable to conclude that the effects we
observed were specific to a mental-swimming task. Nevertheless, the focus of our study was more on whether a
mental task, using the mental-swimming task as an example, would elicit Glx changes, rather than determining the
exact mental or psychological component that is related to
Glx increase. Future studies with more refined cognitive
task designs are, therefore, necessary to associate MPFC
Glx increase with a specific mental task component (if it is
indeed so).
Our findings are highly relevant for psychiatric disorders such as depression and schizophrenia. They show
changes in exactly the above described mental task components, self-reference, and inner time consciousness for
example [Northoff et al., 2007; Northoff, 2014a, 2014b],
which have been generally associated with the CMS and
the MPFC in particular. Specifically, our study may provide some background to the biochemical basis of these
disorders relative to their various mental and behavioral
symptoms [Egerton and Stone, 2012; Sanacora and Banasr,
2013; Stone, 2009]. The design and data presented here
provide the groundwork for future applications of fMRS
in psychiatric patients. It may be possible, for example, to
use a mental task—for self-reference or emotions in particular—to induce a change in Glx levels in the MPFC in
depression [Northoff et al., 2007].

CONCLUSION
We demonstrate here for the first time a change in neural activity and a concomitant glutamate/glutamine (Glx)
increase in the MPFC in response to a mental task. In contrast to the MPFC, we did not observe a Glx increase or
neural activity changes in the auditory cortex, suggesting
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regional specificity of Glx in response to a mental task.
Our data show a mentally induced increase in Glx levels
in the MPFC, pointing to new understandings of neuralbiochemical relationships regarding the MPFC and cognitive symptoms. These findings are important in the
research of psychiatric disorders, and may also benefit the
area of sports psychology in its development of novel
training strategies.
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