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INTRODUCTION
Exercise is a simple environmental intervention that profoundly 
modifies brain function by inducing a cascade of molecular and cel-
lular processes that support brain plasticity. The effect on the exercise-
induced plasticity of the brain may be driven from impulses gener-
ated outside the brain. The best-recognized evidence presented in 
human and animal studies shows an association between contraction-
induced changes in working muscles of metabolic products and 
central nervous system (CNS) function by stimulation of group III 
and IV muscle afferents [1, 2, 3, 4]. Moreover, afferent signals from 
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the lungs (increased ventilation) and the heart (increased heart rate) 
were found to affect brain function during exercise [5]. The onset of 
effects of exercise on the brain is rapid and evolves over time [6]. 
Initially, in response to exercise, neurotransmitter levels change, 
followed by upregulation of growth factors in the brain [e.g., brain-
derived nerve growth factor (BDNF)] and the genesis of new neurons 
in the hippocampus [7, 8]. Acute normobaric hypoxia does not affect 
the simultaneous exercise-induced increase in circulating brain-de-
rived neurotrophic factor (BDNF) and glial derived neurotrophic 
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following short-term acute exercise. We aimed to find out whether 
acute graded vigorous exercise continued until the subject reaches 
a predefined maximum heart rate limit is reflected in Glu-dependent 
resonance signals from the brain. We chose to collect H-MRS spec-
tra from a large voxel encompassing the occipito-parietal cortex and 
vicinity because these areas are expected to be activated during ex-
ercise. The parietal cortex becomes activated with a diverse range 
of stimuli and tasks, including motion processing [24], and the oc-
cipito-parietal cortex is activated and becomes thickened following 
repeated exercise [25].

The other 1H-MRS-detectable effect of acute intense exercise in 
humans is the increase of the lactate (Lac) signal from the brain, 
which has been reported independently of whether the Glu signal 
was found to be increased [20, 21] or decreased/unchanged [23]. 
In the present experiments recording the brain lactate signal was not 
a primary goal, but it was performed in order to confirm the compa-
rability of our experimental paradigm with those in the previous brain 
1H-MRS exercise studies. We expected higher concentrations of Glu, 
Glx, and Lac in the exercising group (E) than in the resting (non-ex-
ercising, NE) group.

MATERIALS AND METHODS 
Subjects
Twenty-eight young male candidate cadets taking the Polish Air Force 
University entrance exam volunteered for the study. They were aged 
17–19 years, with a height of 177.8 ± 8.0 cm and a body weight 
of 76.5 ± 7.6 kg. As military cadets, participants had high physical 
fitness. They were randomly divided into two groups: collected at 
rest (NE group) and shortly after the end of the exercise in the exer-
cise (E group). All participants had a current valid medical examina-
tion that excluded chronic diseases such as diabetes or epilepsy. 
They stated that for at least one month before testing they did take 
medications or dietary supplements. Participants were informed of 
the nature of the investigation, with a clear statement of the objective 
of the research and possible risk. They could withdraw at any time. 
The experimental protocol conformed to the principles presented in 
the Declaration of Helsinki and was approved by the ethical com-
mittee of the Military Institute of Aviation Medicine.

Exercise testing protocol
The participants were instructed to abstain from alcohol, coffee, tea, 
and strenuous exercise for at least two days before the study. Visits 
to the laboratory began at 10:00 AM after all-night sleep (i.e., the 
participants were not tired), 2–3 hours after a light breakfast com-
posed of 50–60% carbohydrates, 15–20% protein, and 22–30% 
fat. The participants were randomly assigned to the non-exercising 
(control) group (NE, n = 14) and the exercising group (E, n = 14). 
For members of the exercising group, the MRI session started with-
in 10 min after the end of the exercise.

The progressive exercise test was performed on a treadmill accord-
ing to Mortara Qstress System guidelines (Mortara Instrument, Inc., 

factor (GDNF) in healthy young men [9]. It is well documented that 
dopaminergic and serotonergic pathways play a pivotal role in move-
ment regulation, and their activity is strongly influenced by exer-
cise [10] and would provide an input to the central governor, defined 
as the functional structure of the brain responsible for regulation of 
movement [11, 12].

Glutamate (Glu) is the main excitatory neurotransmitter in the 
mammalian central nervous system, and 60–80% of total energy con-
sumption in the non-stimulated cerebral cortex is used by processes 
supporting glutamatergic neurotransmission [13]. A key part of the 
glutamatergic neurotransmission system is the so-called glutamate-
glutamine cycle (Glu-Gln cycle), believed to efficiently recycle Glu re-
leased to synaptic clefts between synapses and presynaptic terminals. 
The cycle involves uptake of Glu from synapses by astrocytes, intra-
astrocytic conversion of Glu to Gln, transport of Gln from astrocytes 
to neurons, and intraneuronal conversion of Gln back to Glu [14, 15].

Magnetic resonance spectroscopy (MRS) in vivo provides oppor-
tunities for noninvasively probing certain aspects of glutamatergic neu-
rotransmission. Changes in brain proton magnetic resonance signals 
of these substances are only indirectly related to the rates of their me-
tabolism, but certain information concerning the function of the glu-
tamatergic neurotransmission system can be inferred from such ob-
servations. Although only a fraction of MRS-detectable glutamate is 
involved in neurotransmission, it has been argued that differences in 
MRS-visible glutamate, such as between healthy persons and patients 
suffering from mood disorders or schizophrenia, are likely related to 
changes in glutamatergic neurotransmission [16, 17].

Physical exercise involves markedly increased neuronal activity 
of many brain structures [18, 19], but investigations of the effects 
of acute exercise on estimated brain levels of Glx or Glu in humans 
have seldom been performed and the results obtained are not con-
sistent. In a 1H-MRS study employing a 1.5T MR system, Maddock 
et al. [20] observed an 18% increase in the Glx signal from the vi-
sual cortex following graded exercise to approximately 85% of the 
predicted maximal heart rate. In a further study from the same lab-
oratory, performed using a 3T MR system [21], an increase in glu-
tamate resonance acquired following exercise from the visual cortex 
was confirmed, and a similar increase was noted in the anterior cin-
gulate cortex. The authors interpreted these results as consistent 
with the exercise-induced expansion of the cortical pool of gluta-
mate, seemingly in agreement with a marked increase in whole-brain 
nonoxidative glucose consumption [22]. However, other investiga-
tors [24], who employed a similar exercise paradigm but a 7T MR 
system and recorded 1H-MRS spectra from the occipital cortex, did 
not find a significant change in Glu or glutamine (Gln) following sim-
ilar vigorous exercise when the metabolites were normalized to cre-
atine. However, when the concentrations were scaled to a water sig-
nal, a decrease in both Glu and Gln was observed.

We hereby present the results of an exploratory study performed 
to evaluate the differences between brain 1H-MRS signals acquired 
from the brains of healthy young human volunteers at rest and 
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Milwaukee, Wisconsin USA). Here we employed a routine procedure 
required by the Polish Ministry of National Defence for testing candi-
dates for fighter pilots. Briefly, in the pre-exercise phase study, partic-
ipants underwent short forced hyperventilation in the standing posi-
tion (breaths as deep and rapid as possible for less than 1 min). During 
this phase, the Q-Stress system acquires ECG data to develop the pa-
tient’s cardiac template used for heart rate limit calculation, ST-seg-
ment analysis, and possible arrhythmia detection. Three minutes lat-
er, a 1-minute warm-up was initiated with no treadmill inclination set 
at a velocity of 1.6 km/h, followed by the SIMULATOR treadmill pro-
tocol of graded exercise (Table  1). The test is continued until the sub-
ject reaches the age-dependent maximum heart rate limit, which is 
set as (220-age) beats per minute, as recommended for cardiovascu-
lar stress testing that uses exercise [26]. All participants fulfilled the 

conditions below, and none of the tests were interrupted for the fol-
lowing reasons: exhaustion; diastolic blood pressure increase 
(DBP)  >  120  mmHg; systolic blood pressure (SBP) in-
crease > 260 mmHg; sustained drop in SBP; clinical manifestation 
of intense typical chest pain; depression of the ST segment > 3 mm; 
elevation in the ST segment > 2 mm in the lead without the pres-
ence of the Q wave; complex ventricular arrhythmia; the appearance 
of sustained supraventricular tachycardia, atrial tachycardia, or atrial 
fibrillation; 2nd- or 3rd-degree atrioventricular block, signs of left ven-
tricular failure; a failure in the monitoring or recording systems, or 
both. The presence of typical symptoms or symptoms of straightened 
or descending depression in the ST segment > 1.0 mm or ascending 
depression of the ST segment > 1.5 mm, 0.08 seconds from the 
J point, or even an elevation in the ST segment 1.0 mm, character-
ized a positive test. The test was considered successful if the patient 
reached at least 100% of the maximum heart rate recommended 
(220-age). Hypertension reactive to the effort was defined as SBP lev-
els > 220 mmHg or an elevation of 15 mmHg or more in DBP, or 
both. Moreover, the indirect measure of maximum oxygen consump-
tion (VO2max), in METS, was automatically calculated by the soft-
ware using the formula of the American College of Sports Medicine.

Magnetic resonance sessions
In this cross-sectional study, MR studies were performed with a 3T 
GE Discovery 750w scanner with a 70 cm wide bore, using a body 
transmit coil for excitation and the eight-channel receiver coil (de-
scription available in the GE catalogue). Each MR session consisted 
of structural imaging performed for voxel placement and localized 
single-voxel proton MR spectroscopy. The structural scan was obtained 
using steady-state fast spin echo (SSFSE) with 3 slices in each or-
thogonal plane, with the following parameters: repetition time/echo 

TABLE 1. SIMULATOR protocol: duration, velocity, and incline of 
the treadmill at every stage.

Stage Time of duration Velocity Incline

1 1:00 min 4.0 km/h 12%

2 1:00 min 5.3 km/h 14%

3 1:00 min 6.8 km/h 14%

4 1:00 min 8.0 km/h 16%

5 1:00 min 8.9 km/h 18%

6 1:00 min 9.5 km/h 20%

7 1:00 min 11.1 km/h 22%

8 1:00 min 12.1 km/h 22%

FIG. 1. Placement of the volume of interest (30 × 30 × 60 mm3) in the area encompassing the occipito-parietal cortex of both 
hemispheres.
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phase cycle accumulation. The analysis window used with LCMod-
el was 4.0 to 0.2 ppm. An example of the LCModel approximation 
of metabolite concentrations superimposed on the representative 
spectra obtained from the occipito-parietally localized VOI is shown 
in Fig. 2.

The ‘standard’ basis set for the 3T PRESS sequence with TE 
35 ms or 288 ms was used, containing the following metabolites: 
alanine (Ala), aspartate, (Asp), creatine (Cr), phosphocreatine (PCr), 
glycerophosphocholine (GPC), phosphocholine (PCh), γ-aminobutyric 
acid (GABA), glucose (Glc), glutamine (Gln), glutamate (Glu), gluta-
thione (GSH), lactate (Lac), myo-Inositol (Ins), N-acetyl aspartate 
(NAA), N-acetyl aspartate glutamate (NAAG), scyllo-Inositol (Scyl-
lo) and taurine (Tau). The simulated basis set was provided by S. 
Provencher on request. Specified timings and ideal pulses were used 
for gamma simulation. The signal-to-noise ratio (SNR) was derived 
from the LCModel. Relative standard deviation estimates of the res-
onance signals (Cramér-Rao lower bounds, CRLB) were used to es-
tablish the criterion for further analysis. Resonance signals with mean 
CRLB ≤  15% for metabolites and ≤  30% for Lac (excluding 

time (TR/TE) = 6.412/2.1 ms, duration 30 s. Spectroscopic data 
were acquired with a PRESS PROBE-P single voxel sequence (TR/
TE = 1500/35 ms and TR/TE = 1500/288 ms, bandwidth = 2367 Hz, 
128 acquisitions, duration 3 min 48 s), with chemical shift selective 
(CHESS) water suppression. The spectra were acquired with a short 
echo time (35 ms) to measure Glu and Glx and with a long echo 
time (288 ms) to measure Lac. Both spectra were acquired within 
the same volume of interest (VOI, 30 × 30 × 60 mm = 54 cm3), 
which was placed in the vicinity of the occipitoparietal grey matter 
area (Fig. 1). A large VOI was used to allow for monitoring of small 
signals from Glu and Glx within reasonable time.

Unsuppressed water signals were acquired for each sequence for 
eddy current compensation and phase correction. 4.096 complex 
points were acquired on the spectrum.

Spectra processing
Metabolite concentrations were estimated using the LCModel soft-
ware [27], version 6.3.-1M. The default LCModel pre-processing 
pipeline was utilized, i.e., the sum of squares channel combined and 

FIG. 2. Representative spectra (black line; the best SNR = 77 (upper graph) and the worst SNR = 53 (lower graph)) and LCModel 
approximation of metabolite signals (red line). A: Lac, TE = 288 ms, B: Glu, TE = 35 ms, Average CRLB: TE = 288 ms, Lac = 18.4, 
TE = 35 ms Glu = 4.7.
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macromolecules) were identified and used to obtain estimates of 
their respective concentrations.

Metabolite signals in the acquired spectrum were scaled to the 
signal of the sum of creatine and phosphocreatine (tCr) [28]; i.e., 
the concentrations were measured in institutional units, not in moles/
grams of the neurotransmitter of interest per unit volume of the brain. 
The term concentrations will refer to concentrations measured in in-
stitutional units throughout the manuscript. Spectral quality was 
comparable across groups (see Table  S1).

Statistical analyses
The GraphPad Prism for Windows ver. 6.04 software package (Graph-
Pad Software, San Diego, CA, USA) was used for statistical assess-
ment of the data. The normality of distribution was assessed with 
D’Agostino–Pearson omnibus and Shapiro–Wilk normality tests. 
Because estimates of metabolite concentrations in the E group did 
not follow a normal distribution, non-parametric tests were used for 
data analysis. No correction for multiple comparisons was applied. 
The significance of differences between the data collected at rest 
(NE group) and exercise (E group) were tested using the Mann-
Whitney test. Differences between groups were considered significant 
when p ≤ 0.05.

RESULTS 
Quantitative data concerning Glu Glx and Lac scaled tCr are pre-
sented on the graphs as individual data points and mean values for 
the NE and the E groups (Figs. 3–4). When 1H-MRS spectra re-
corded at rest and after exercise were compared, signals of Glu, Glx, 
and Lac were higher in the exercising group than in the resting group. 
Following exercise, the mean Lac was 49.5% higher than at rest 
(p  =  0.001); the mean Glu was 11.0% higher than at rest 
(p = 0.0001); the mean Glx was 12.6% higher than at rest 
(p = < 0.0001). All measured metabolites (mean values and standard 
deviation) are presented in Table  2.

DISCUSSION 
The major finding of the present study is that in young male volun-
teers, 1H-MRS signals of Glu and Glx recorded from the large voxel 
located in the vicinity of the occipito-parietal cortex shortly after the 
exercise were significantly higher than those recorded at rest. Our 
data confirm the findings of Maddock et al. [20], who observed an 
increase in Glx in the visual cortex of healthy volunteers following 
short strenuous exercise and attributed it to the exercise-induced 
expansion of the cortical pool of glutamate.

During recent years a body of evidence has accumulated indicat-
ing that both acute bouts of exercise and regular training contribute 
to the activation of numerous adaptive mechanisms of the human 
body. These exercise/training-induced adaptive changes increase the 
improvement in both health and exercise performance in sedentary 
subjects and athletes. The extent of these changes is primarily de-
termined by the type of exercise/training, exercise/training loads, and 

the sports level of athletes [29, 30]. In recent years, a pivotal role 
in the regulation of these changes has been assigned to the brain, 
particularly the prefrontal cortex, which takes part in the regulation 
of many executive functions to prepare humans for situations de-
manding high levels of working memory, attention, and cognitive flex-
ibility [31, 32]. Thus, the main contribution of this study was to pro-
vide new and relevant data on the effect of maximal exercise on 
glutamate and lactate signals in young, healthy men, which may be 
involved in the modulation of the above-mentioned functions in re-
sponse to exercise. We chose these variables for our research be-
cause glutamate is one of the main neurotransmitters in the brain, 

FIG. 3. Relative concentrations of Lac obtained from data recorded 
with TE = 288 ms, in the non-exercising group (NE) and in the 
exercising group (E). ****P < 0.0001.

FIG. 4. Relative concentrations (mean values and standard 
deviations) of Glu and Glx obtained from data in the non-exercising 
group (NE) and in the exercising group (E). Individual values of 
metabolite concentrations scaled to total creatine (TE = 35 ms). 
*P < 0.0001.
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neurotransmitter Glu recycling through Gln. The other important func-
tions of Glu in the brain served by its metabolic pool are nitrogen 
buffering (ammonia detoxification) and providing an input into the 
tricarboxylic acid cycle (TCA) [39]. However, ammonia is released 
from the working muscles to blood; in rat experiments, the require-
ment for NH3 removal from the brain during exercise was increased, 
and glutamine synthesis was stimulated as a mechanism of detoxi-
cation, resulting in brain Glu decrease [40]. Also, supporting en-
hanced neurotransmission is the only additional work performed in 
the brain during exercise compared with rest, and it would be very 
impractical to use Glu to fuel the TCA cycle. Considering all the above, 
it seems rather certain that the exercise-induced expansion of the to-
tal brain Glu pool is caused mostly, if not totally, by the expansion of 
the Glu pool serving neurotransmission.

The other finding of the present study concerns the exercise-in-
duced increase in the lactate signal. This observation is also in agree-
ment with the findings of Maddock et al. [20, 21], who attributed 
increased Lac resonance to the entry of lactate from the blood to the 
brain during exercise. Such an interpretation agrees with the prevail-
ing view that during intense exercise, when lactate is released into 
the blood by the working muscles, blood lactacidaemia makes it 
available to the brain, which switches from a net producer to a net 
importer of lactate [41]. An increase in 1H-MRS Lac signal record-
ed from the brain has been reported following sodium lactate infu-
sion in healthy volunteers [42]; this result indicates that increased 
brain activity is not a prerequisite for lactate entering the brain from 
the blood. On the other hand, in an fMRI experiment, a significant 
increase of the lactate signal (by an average of 8.6%) was observed 
in the motor cortex following the standard finger-tapping para-
digm [43]. It is possible that a part of the increased Lac signal from 

and lactate, especially during exercise, is taken up by the brain and 
can significantly modify its functions [33]. Moreover, the role and 
contribution of glutamate is the least studied in response to exercise 
among the neurotransmitters.

According to the model presented by Fonnum and Hassel [34] 
there are four Glu pools in the brain: the transmitter pool, the glial 
pool, the GABA precursor pool, and the metabolic pool. These au-
thors pointed out that different pools are housed by different com-
partments. The metabolic Glu pool resides in the neuronal bodies; 
the glial pool resides in the glial cells; the transmitter and GABA pre-
cursor pools reside in the presynaptic terminals, excitatory and in-
hibitory, respectively. Whereas the average brain Glu concentration 
(determined by chemical methods) is approximately 10 mM [35], 
its concentration in glutamatergic synaptic terminals is much high-
er. Presynaptic glutamate is stored in synaptic vesicles, from which 
it is released upon stimulation [36], and Glu concentration in the 
vesicles is thought to reach 100 mM [37].

The 1H-MRS technique provides information on the average Glu 
concentration in the chosen volume of interest, and the aforemen-
tioned glutamate pools in the brain are usually not mentioned in in-
terpretations of the spectroscopic data. When an increase in the av-
erage Glu pool in brain tissues is detected using 1H-MRS technique, 
information is provided neither about relative sizes of the various Glu 
pools nor about which pool/s of Glu is/are responsible for the over-
all change detected. However, the concentrations of Glu and Gln are 
higher in the brain than in any other tissue [38]. Considering that 
85% of the energy consumed by the resting brain is used for sup-
port of glutamatergic neurotransmission, we may be rather certain 
that an increase in the average brain Glu content during exercise is 
related to the enhancement of excitatory neurotransmission and 

TABLE 2. Average relative concentrations of measured metabolites for non-exercising group (NE) and exercising group (E). 

X/tCr
NE Group E Group P value

M SD M SD

Lac 0.14 0.04 0.22 0.08 0.001

Glu 1.28 0.07 1.42 0.10 0.0001

Glx 1.58 0.07 1.78 0.17  < 0.0001

NAA 1.42 0.05 1.49 0.11 0.08

NAA+NAAG 1.56 0.10 1.64 0.09 0.08

GPC+PCh 0.20 0.02 0.21 0.03 0.43

Ins 0.78 0.04 0.78 0.04 0.82

GPC 0.18 0.05 0.18 0.05 0.43

GSH 0.16 0.04 0.17 0.04 0.81

NAAG 0.14 0.06 0.15 0.05 0.94

Tau 0.19 0.04 0.23 0.08 0.01

Note: values are mean and standard deviations, X/ tCr - Metabolite scaled to the signal of the sum of creatine and phosphocreatine, Lac - Lac-
tate, Glu - glutamate, Glx - glutamate and glutamine, NNA - N-acetylaspartate, NAA+NAAG - N-acetylaspartate and N-acetylaspartylgluta-
mate, GPC+PCh - glycerophosphocholine and phosphocholine, Ins - inositol, GPC - glycerophosphocholine, GSH - glutathione, NAAG - acet-
ylaspartylglutamate, Tau - Taurine.
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the brain following the exercise bout reflects the intensification of the 
aforementioned increase of glucose metabolism to lactate and sub-
sequent anaplerotic metabolites, including glutamate. However, in 
our data, there was no correlation between Glu and Lac signals, the 
correlation coefficients being r = 0.004 and r = 0.06 for resting and 
post-exercise groups, respectively (data not shown).

Our study has several limitations. Some of them are typical for 
clinical studies employing 1H-MRS. Clinical MR scanners are fre-
quently employed to estimate Glu concentrations in the human brain, 
but values obtained vary among the studies. For example, average 
values of Glu concentrations in predominantly grey matter (GM) of 
adult human brain estimated from H-MRS spectra acquired using 
1.5, 3 or 7T magnets published prior to 2003 ranged from 7.1 to 
12.5 mmol/L; see Table  5 in [44]. More recently, a comparison of 
1H-MRS of 3 regions of the human brain at 3 and 7 T, using the same 
subjects and similar methodology, revealed significant differences in 
the estimates of the concentration of some metabolites, e.g. Glx [45]. 
Although the aforementioned dispersion of the data seems to indi-
cate a rather high inaccuracy of the 1H-MRS technique as a tool for 
estimation of brain metabolite concentrations, such a situation is not 
unusual in neurochemistry. In a landmark study concerning the in 
vivo neurochemical profile of rat brain [46], estimates of metabolite 
concentrations obtained from ultra-short echo time 1H-MRS were 
compiled with data obtained using non-resonance analytical tech-
niques, published in the neurochemical literature, including reference 
textbooks. For Glu, the resonance-derived estimate was 8.3 mmol/g 
brain, while the classical data ranged from 7.3 to 12.5 mmol/g brain. 
This comparison shows that resonance-derived estimates of brain 
metabolite concentrations may not be less accurate than the data ob-
tained with other techniques.

Further limitations are related to the exploratory character of our 
study. We chose to compare the proton magnetic resonance data col-
lected at rest and shortly after the end of a bout of strenuous exer-
cise from a large voxel located around the occipito-parietal cortex area 
and subjected to minimal processing. Our main aim was to determine 
whether the estimates of Glx and Glu concentration are different be-
tween the resting and post-exercising group, while the accuracy of 

the measurements was of secondary importance. We did not perform 
frequency drift correction, but magnetic resonance spectra acquisi-
tions lasted only 4 min, and over this time, no significant drift is ex-
pected [47]. Also, we did not record non-averaged data and did not 
apply a correction for actual volume fractions of grey matter, white 
matter, and fluid spaces. We assumed that, since the study partici-
pants were highly homogeneous with respect to age and general health 
conditions, the composition of voxels from which the spectra were 
collected are also highly similar in all of them. In agreement with this 
expectation, there was no difference between the NE and the E group 
with respect to SNR, FWHM (full width at half maximum), and CRLB 
values for all quantifiable metabolites. When the estimates of metab-
olite concentrations were obtained with LCModel, statistically signif-
icant differences between the NE and the E group were observed for 
Glx, Glu, and Lac, and also taurine. However, the taurine signal dis-
played a high CRLB value, and the difference disappeared after cor-
rection for multiple comparisons was applied.

CONCLUSIONS 
In summary, our exploratory experiment showed that resonance 

signals of Lac, Glu, and Glx recorded from the large voxel around the 
occipito-parietal cerebral cortex of young, healthy volunteers after 
a single episode of vigorous exercise were higher than those record-
ed at rest. The present data do not provide an explanation for the 
physiological mechanisms underlying these effects. In particular, fur-
ther studies are needed to understand the relation between the in-
creased rate of glutamate neurotransmission and the concomitant 
increase in glutamate-dependent resonance signals from the brain.
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Note: Values are mean and standard deviations. Data collected at rest (NE group) and exercise (E group). FWHM - Full width at half max-
imum herc [Hz] , CRLB - cramer-rao lower bound percentage [%] , Cr+PCr - creatine and phosphocreatine, NAA - N-acetylaspartate, 
NAA+NAAG - N-acetylaspartate and N-acetylaspartylglutamate, GPC+PCh - glycerophosphocholine and phosphocholine, Ins - inositol, 
GPC - glycerophosphocholine, NAAG - acetylaspartylglutamate. 


