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Changes in cerebral blood flow (CBF) and metabolism are now
widely used to map and quantify neural activity, although the
underlying mechanism for these changes is still incompletely
understood. Magnetic resonance spectroscopy (MRS) at 3T,
synchronized with a 32-s block design visual stimulation para-
digm, was employed to investigate activation-induced changes
in temperature and metabolism in the human primary visual
cortex. A marginally significant increase in the local tempera-
ture of the visual cortex was found (0.1°C, P � 0.09), excluding
the possibility of a temperature decrease (95% confidence in-
terval (CI) � 0.0–0.2°C), which was previously suggested. A
comparison with models of thermal equilibrium in the presence
of blood flow suggests that an increase in heat production
during activation, greater than or at least equal to that produced
by the complete oxidative metabolism of the elevated glucose
(Glc) utilization accompanying activation, would be required to
offset the cooling effects of the increased blood flow. The total
pools of glutamate (Glu), glutamine (Gln), myo-Inositol (mI),
N-acetylaspartate (NAA), choline (Cho), and lactate (Lac) were
not significantly affected by activation. Limits on Lac concen-
tration changes were too weak to constrain theories of the
metabolic use of elevated Glc consumption during stimulation,
and emphasize the challenges of measuring even large Lac
changes accompanying stimulation. Magn Reson Med 56:
348–355, 2006. © 2006 Wiley-Liss, Inc.
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In activated regions of the brain, blood flow and glucose
(Glc) consumption increase substantially more than oxy-
gen consumption (1). These changes, along with changes
in cerebral blood volume (CBV), lead to the blood oxygen-
ation level-dependent contrast (BOLD) in functional mag-
netic resonance imaging (fMRI) (1). Both cerebral blood
flow (CBF) and metabolism are involved in brain thermo-
regulation, and pharmacological changes of these pro-
cesses lead to changes in brain temperature (2). Broad
investigations have been concerned with the possible
mechanisms that underlie the BOLD effect and its relation
to neuronal activation (3). Magnetic resonance spectros-
copy (MRS) provides a noninvasive tool to investigate
these processes in the conscious human brain, because
MRS properties, such as signal area, frequency shift, and
line width, can serve as probes of metabolite concentra-
tion, temperature, and oxygenation level.

Previous MRS studies used prolonged stimulation dura-
tion (4–48 min) (4–9). However, long slow changes are
prone to systematic errors. The contribution of drifts to
systematic errors can be diminished with the use of a block
design paradigm. We chose multiple 32-s blocks as an
optimal timing to follow the BOLD response, oxidative Glc
metabolism, and anaerobic glycolysis (3,10). The same
block design behavioral paradigm was used for both fMRI
and MRS studies (at 3T) in order to explore the physiologic
and metabolic correlates of brain activation.

MATERIALS AND METHODS

Subjects

Nine subjects (five men and four women, 28–57 years of
age) underwent MRI, fMRI, and 1H-MRS of the brain. In-
formed consent was obtained in accordance with the
guidelines of the Institutional Review Board of the Beth
Israel Deaconess Medical Center.

MRI and Visual Stimulation

The studies were performed on a 3T scanner (Signa VH/i,
GE Healthcare, Waukesha, WI) equipped with a transmit
body coil and a receive-only 7.8-cm surface coil. The sub-
jects entered the scanner in a supine position, and the
calcarine fissure was positioned at the center of the surface
coil. Axial T2-weighted low flip angle rapid acquisition
with relaxation enhancement (RARE) images and EPI T2*-
weighted images of the brain were recorded with the same
graphic prescription. The EPI data were acquired with a
gradient-echo pulse sequence (TR � 2 s, TE � 20 ms, 16
slices, slice thickness � 5 mm). The resulting images were
analyzed using Real Time Image Processing (RTIP) soft-
ware (GE Healthcare). The visual stimulation was deliv-
ered through LCD goggles (Resonance Technology,
Northridge, CA, USA) equipped with corrective lenses.
The visual stimulation paradigm involved 12 repetitions
of 40 s of darkness, 32 s of black and white checkerboards
alternating at 8 Hz, and 32 s of darkness, with 46 s for rest
between the repetitions (with two repetitions for each of
the fMRI scans at the start and the end of the study, and 10
repetitions for the MRS investigation). During the rest pe-
riod the subjects could view a nonchanging light blue
screen or rest their eyes by closing them.

MRS

The MRS voxel (2 � 2 � 1, 4 cm3) was positioned on the
T2-weighted images at the site of activation observed in the
RTIP images. The spectra were acquired using a point-
resolved spectroscopy (PRESS) sequence with a TR of 2 s,
short TE of 35 ms, spectral width of 5000 Hz, 2048 time
points, partial water suppression, and a localization gra-
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dient order of sagittal-axial-coronal. The MRS acquisition
was synchronized to the stimulation paradigm and the
spectral frames were stored individually. The free induc-
tion decays (FIDs) were zero-filled to 8192 points before
they were processed.

Frequency Variations, Temperature, and T2* Determination

The change in temperature was calculated based on the
shift in the resonance frequency of the water signal. Be-
cause the resonance frequency of the NAA methyl’s signal
is much less dependent on temperature, it may serve as a
control for nonthermal frequency drifts (11,12). The chem-
ical shift difference between the central resonance fre-
quencies of the water signal and the NAA’s methyl signal
was calculated using either the peak of the signals in single
frames or a least-square fitting on average spectra (four-
frames) using a Lorentzian line-shape equation:

L(�) � (1/T2*)/((1/T2*)2�(���0)2) [1]

where �0 is the center of resonance. The difference be-
tween the center of resonance of the water signal and that
of the NAA signal, and the T2* values were calculated only
in the spectra in which the fit of both signals to the Lorent-
zian equation yielded R2 � 0.9. Brain temperature in de-
grees Celsius was calculated according to (11):

T � 286.9�94.0�(�water��NAA) [2]

Where �water is the center of resonance of the water signal,
and �NAA is the center of resonance of the NAA signal, in
ppm. The sensitivity of this MR thermometry method is
0.0106 ppm per 1°C (11,12). In the current study the digital
resolution of the water and NAA signals was 0.61 Hz (after
zero-filling), and the central frequency was determined by
curve-fitting using at least 30 points per signal. The ability
to detect the center of the lines was not limited by digital
resolution because the intrinsic width of the signals
(�8 Hz) was greater than the digital resolution. Using this
approach, with sufficient signal-to-noise ratio (SNR), the
center of the lines was found to be much better than a
digital resolution by the curve-fitting. The SNR limits of
the center frequency measurement appear in the standard
deviation (SD), which is part of the statistical analysis.

These spectral analyses were performed in MATLAB
(The MathWorks, Inc., Natick, MA, USA).

Metabolite and Neurotransmitter Concentration

Analysis of the metabolite and neurotransmitter concen-
tration was performed using LC-Model (Stephen Prov-
encher Inc., Oakville, Ontario, Canada) embedded in
SAGE (GE Medical Systems). For each cycle (four dummy
scans and 48 MRS frames) the frames were grouped into
three block categories according to the stimulation para-
digm: rest, stimulation, and post-stimulation. For each
subject the spectra of the 10 cycles were combined accord-
ing to their category, yielding three averaged spectra, each
of 160 frames (5.3 min) of rest, stimulation, and post-
stimulation. Metabolite-to-creatine (Cr) ratios were deter-
mined in these three spectra for each subject. Metabolite

concentrations and SNR were calculated assuming 10 mM
Cr, which is an approximate median of the range of previ-
ously published values in gray matter (13,14). The use of a
short TE combined with a high magnetic field and a small
region of interest (ROI, 4 cm3) enabled a more precise
determination of glutamate (Glu) and glutamine (Gln) by
the LC-model fitting algorithm (15).

In summary, the metabolic study was carried out using
the same raw data that were used for the temperature
study. However, the data were processed differently in
terms of data set formation and spectral analysis. The data
set for the metabolic study was comprised of one sample
point (one averaged spectrum of 160 frames) per period
(stimulation or rest) per subject, as opposed to 40 sampling
points (averages of four frames) per period per subject in
the temperature study. The metabolic spectral analysis
was carried out using LC-Model, which is a multisignal
curve-fit procedure, as opposed to the Lorentzian line-fit of
individual signals in the temperature analysis.

Statistical Analysis

Statistical analysis was performed with StatView (SAS
Institute Inc., Cary, NC, USA). Differences among rest,
stimulation, and post-stimulation were analyzed by
ANOVA (	 � 5%). Specific differences between two
groups (stimulation – rest and post-stimulation – rest) and
95% confidence intervals (CI) for these differences were
determined using paired two-tailed t-tests.

RESULTS

All of the subjects showed a strong fMRI signal enhance-
ment response to the stimulation, which was observed in
the striate cortex as well as in the extrastriate cortices. The
response was similar prior to and at the end of the study,
ruling out acclimation to the stimulus as a result of the
consecutive MRS recordings (Fig. 1).

Frequency, Temperature, and T2* Variations

The frequency variations of the water and the metabolites
signals were similar but did not correlate with the stimu-
lation paradigm (Fig. 2). The frequency of the 10th cycle
was significantly lower than that of the first cycle for all of
the investigated signals (P � 0.021, 0.0058, 0.013, and
0.0041 for water, Cho, Cr, and NAA, respectively; two-
tailed paired t-test, N � 9 subjects). The average frequency
decrease, estimated from the difference of the mean fre-
quency in the 10th and first cycles for each subject, was
0.11 
 0.12, 0.13 
 0.11, 0.13 
 0.12, and 0.13 
 0.10 Hz/
min for the water, Cho, Cr, and NAA signals, respectively.

In contrast to these global frequency shifts, the chemical
shift difference between the water signal and the NAA
signal was found to be stable throughout the time course of
the experiment (Fig. 3). For a more accurate determination
of the central frequency of each signal and the difference
between them, the lines were fitted to a Lorentzian curve
(see Materials and Methods). To achieve a good fit for the
NAA signal (R2 � 0.9), fitting was performed on averaged
spectra (four frames). Typical water and NAA signals at
rest and during stimulation are shown in Fig. 4. The tem-
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perature of the visual cortex at rest (see Materials and
Methods) was found to be 36.6 
 0.8°C (N � 9 subjects).
The mean difference in temperature during stimulation
was 0.1°C (95% CI � 0–0.2°C, P � 0.09, paired two-tailed
t-test), which suggests that the temperature of the visual
cortex did not change significantly during activation. In
the period post-stimulation, the temperature remained un-
changed (Table 1).

The curve-fit of the NAA signal also provided the T2*
value of this signal (see Eq. [1]). At rest the T2* of the NAA
signal was 64 
 9 ms. During stimulation this value did
not change significantly within a 95% CI of –3% to 5%.

Metabolite and Neurotransmitter Concentration

Figure 5a demonstrates a typical spectrum of one of the
subjects showing prominent signals of the metabolites and
neurotransmitters of the brain. The total pools of brain
metabolites and neurotransmitters were similar during
rest, stimulation, and post-stimulation as shown in Fig. 5b.
Differences in concentration during stimulation ranged
from 0.5% to 3.6% of the rest values for Glu, NAA, choline
(Cho), myo-Inositol (mI), and Gln; 7.1% for lactate (Lac);
and 46% for Glc (Fig. 5b). However, none of these differ-
ences were strongly significant (ANOVA, P � 0.7; paired
two-tailed t-test, P � 0.1; Table 1). The concentration
post-stimulation was not significantly different from either
the stimulation or the rest values (ANOVA, P � 0.7; paired
two-tailed t-test, P � 0.1; Table 1). These results suggest
that the concentration of these brain metabolites did not
change as a result of activation, within the limits on their
determination (Table 1).

DISCUSSION
Heat in the brain is produced mostly by oxidative metab-
olism and is removed chiefly by blood flow (9,16). The

time that characterizes temperature changes in the brain is
determined largely by the regional CBF (rCBF) (9). The
dynamic bio-heat equation (9,16) describes the rate of tem-
perature change in the brain when the resting state is
disturbed by changes in rCBF, f, incoming blood temper-
ature, Tblood, or tissue heat generation, Q:

CtissuedT/dt � Q � �bloodCblood f (T�Tblood) [3]

where Ctissue is the heat capacity of the tissue, T is the
tissue temperature, �blood is the blood density, and Cblood

is the blood heat capacity. Since Cblood and Ctissue are
approximately equal and �blood is approximately 1 g/ml, a
change in the flow will cause a change in temperature with
a time constant 1/f. For gray matter flow of 80 ml/100 g/
min at rest elevated by 50% to 120 ml/100 g/min, the
characteristic time constant is 50 s. Thermal conduction
would further decrease this time. By 32 s, at least half of
the total temperature change is expected to occur. The
block design paradigm used here (with 118 s between
stimulation periods) was therefore suitable for the re-
peated monitoring of temperature changes in the cortex.

The shift in the central resonance frequency of the water
signal, as determined by MRI or MRS, is the basis for the
majority of studies on MR thermometry (that do not use an
invasive administration of a contrast agent). It is currently
the predominant available noninvasive indicator of tem-
perature in deep-brain regions. However, here the fre-
quency shifts of the water signal were found to be due to a
global, nonthermal source, and were uncorrelated to the

FIG. 2. A typical time course of frequency shifts in one of the
subjects. The individual frequency shifts of the water, Cho, Cr, and
NAA signals are shown. Block number refers to the average of 16
frames. The data are shown starting with the first rest period (block
number 1) and ending with the last post-stimulation period (block
number 30). The starting point on the frequency shift scale is arbi-
trary.

FIG. 1. fMRI of visual cortex stimulation: a typical BOLD response
to the visual stimulus in one of the subjects. The statistical map was
overlaid on the T2-weighted image. The position of the MRS voxel is
indicated by a black square. The use of optimized conditions (3T
magnet, optimal size surface coil, and positioning of the calcarine
sulcus at the middle of the coil), as well as a robust visual stimulation
paradigm, enabled the recording of a strong response from the
extrastriate cortices in addition to the striate cortex. These condi-
tions were also advantageous for obtaining high-quality spectro-
scopic data. Note that a large part of the brain is not visible in the
anatomic T2-weighted image, in agreement with the surface coil’s
response profile.
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stimulation paradigm. The potential causes for such fre-
quency shifts include magnetic field drifts and suscepti-
bility changes, as well as subject motion. The NAA signal
served as a control for the nonthermal changes in fre-

quency. This approach was developed and validated about
10 years ago (11,12), and has been used since in various
applications. Using this approach in combination with the
behavioral paradigm, the temperature of the visual cortex
was found to be unaffected or slightly increased during
stimulation, within a 95% CI of 0–0.2°C. Without the
NAA control, our data would have been extremely cor-
rupted by the nonthermal changes in frequency. Our re-
sults are in agreement with the results of a model for
human brain temperature that includes the effects of me-
tabolism, perfusion, and thermal conduction, and pre-
dicted that the maximal change in regional brain temper-
ature would be 0.12°C (16). This result appears to be the
most relevant comparison to the current study. A previous
noninvasive MR study of human brain temperature re-
ported an average decrease of 0.2°C in the visual cortex (9).
However, this decrease was observed only after at least
1 min of stimulation and the study did not use a metabolite
control for nonthermal frequency shifts. Other studies in
humans used invasive techniques, such as infrared probes
directed at the exposed cortical surface (17,18). However,
deep-brain regions could not be investigated with this
technique. Studies of brain temperature in rodents used
various techniques, including direct thermocouple deter-
mination of temperature in deep-brain regions (16). How-
ever, the differences in brain size and blood flow rate,
which lead to differences in thermal conduction and con-
vection, may render a different effect of activation in deep-
brain regions of rodents compared to humans.

Our constraints on temperature change during activa-
tion suggest that important increases in heat production
occur during activation. Except for very near the edge of
the brain, temperature control is determined predomi-
nantly by local heat production and inflow of blood at an
approximately 0.3°C lower temperature than the brain pa-
renchyma (9,16). Visual stimulation induces up to 50%
increases in blood flow and Glc utilization across a rela-
tively large volume of the visual cortex (19). A 50% in-
crease in flow should induce a 0.1°C temperature drop in
the absence of increased heat production. Our constraints

FIG. 3. Time course of the chemical shift difference between
the water and the NAA signals in one of the subjects. The
results of every second acquisition frame are shown. The first
eight frames were acquired during rest, the subsequent eight
frames were acquired during stimulation, and the subsequent
eight frames were acquired during the post-stimulation pe-
riod, with this order repeating for 10 cycles. In this analysis
the chemical shift difference was evaluated in each single
frame using the peaks of the signals as indicators of their
central resonance frequencies.

FIG. 4. Typical curve-fitting of the water and the NAA signals in the
primary visual cortex of one of the subjects at rest and during
stimulation. The curve-fit of these signals enabled robust determi-
nation of their central resonance frequency. The chemical shift
difference between the central resonance frequencies of these sig-
nals was used in the temperature calculation. The curve-fit proce-
dure was applied on averaged spectra of four frames (8 s of acqui-
sition in a 4 cm3 voxel). The least-square curve-fit was calculated
using a Lorentzian line shape (Eq. [1]). The criterion for including the
curve-fit results in the statistical analysis of temperature changes
was R2 � 0.9 for both the water and the NAA signals. This proce-
dure was also used to determine the T2* of NAA. The NAA signal
was enlarged threefold relative to the water signal.
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on temperature change, however, suggest an increase in
heat production that is proportional to or even greater than
the increase in flow. Were this increase to result from
metabolic consumption of the increased Glc utilized, al-
most completely aerobic metabolism of this Glc would be
required because of the limited heat produced by glycoly-
sis. This conclusion is in agreement with a study that
employed carbon-13 MRS monitoring of the regional tri-
carboxylic acid cycle flux in humans, which showed that
cerebral Glc is metabolized oxidatively even during in-
tense visual stimulation (20). The elevated oxygen con-
sumption required, however, would be in disagreement
with almost all studies of oxygen utilization changes ac-
companying activation. Alternatively, neural activity itself
may be exothermic (21). While any heat produced during
activity must eventually be replaced by Glc metabolism,
the time scale for full replenishment of cellular ion con-
centrations could be many hours. The approximately pro-
portionate increases in heat production and flow indicated
by our results suggest that flow elevation during activation
may serve primarily to remove increased heat and regulate
temperature during activation.

A methodological note regarding water suppression de-
serves attention with respect to brain activation. We ap-
plied water suppression to reduce the water signal to a
level comparable to that of the metabolite signals in order
to determine the central resonance frequencies of both the
water and the NAA signals at the same level of precision.
However, the line shape of the resulting residual water
signal may have been altered by the water suppression.
Therefore, the line width of this signal or the calculated
T2* of this signal could not serve as a reliable measure of
the water oxygenation level during activation. Neverthe-
less, the central resonance frequency of a signal is not
dependent on the line shape or the line width of a signal.
Therefore, the temperature determination, which relied on
determination of the center of the water signal, was not
dependent on the water suppression. The determination of
the NAA T2* relaxation time did not depend on the water
suppression either, because the water-suppression scheme
used chemical shift-selective (CHESS) pulses that did not
affect the metabolite region of the spectrum.

The T2* of NAA relates to the extravascular effects of
blood oxygenation. Since NAA is not present in high con-
centrations in the blood, a change in the T2* of NAA could

Table 1
Limits on Activation-Induced Changes in Temperature and Metabolite Concentrations*

At rest
Difference: stimulation-rest Difference: poststimulation-rest

Mean 95% CI and P-value Mean 95% CI and P-value

Temperature (°C) 36.6 
 0.8 0.1 0 to 0.2, P � 0.09 �0.1 �0.4 to 0.3, P � 0.7
Glutamate (mM) 14.9 
 1.5 0.076 �0.50 to 0.66, P � 0.8 0.26 �0.37 to 0.88, P � 0.4
NAA (mM) 15.5 
 1.0 �0.23 �0.75 to 0.29, P � 0.3 �0.29 �0.66 to 0.09, P � 0.1
Choline (mM) 1.4 
 0.1 �0.02 �0.08 to 0.03, P � 0.4 �0.03 �0.09 to 0.03, P � 0.2
Myo-Inositol (mM) 5.2 
 0.7 �0.18 �0.45 to 0.09, P � 0.2 �0.12 �0.36 to 0.12, P � 0.3
Glutamine (mM) 5.6 
 1.9 �0.20 �1.22 to 0.82, P � 0.7 0.23 �1.3 to 1.8, P � 0.8
Lactate (mM) 1.1 
 0.5 �0.08 �0.65 to 0.49, P � 0.8 �0.11 �1.1 to 0.83, P � 0.8
Glucose (mM) 0.5 
 0.9 �0.23 �0.54 to 0.08, P � 0.1 �0.22 �0.62 to 0.18, P � 0.2

*ANOVA analysis of both the temperature and the metabolic data did not yield any significant differences, with all P values greater than 0.7.
Paired two-tailed t-tests were carried out to determine the 95% confidence intervals (CI) of the specific differences. Values at rest are given
as mean 
 SD, N � 9 subjects.

FIG. 5. Typical MRS spectrum of the visual cortex and summary of
metabolite and neurotransmitter concentrations during rest, stimu-
lation, and post-stimulation. a: A typical MRS spectrum of the visual
cortex acquired during 10 stimulation periods (5.3 min) in one of the
subjects. The standard output of the LC-Model spectra analysis
software is shown. In the lower part of the panel, the thin line shows
the raw spectrum without postprocessing, the thick line shows the
result of the fit, and the smoother thin line shows the baseline
calculated by the fitting algorithm. The residual of the fit is shown in
the upper part of the panel. b: Concentration of metabolites and
neurotransmitters in the primary visual cortex. The means of the
results from nine subjects during rest (dark gray), stimulation (light
gray), and post-stimulation (white) are shown. The error bars repre-
sent 1 SD.
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serve as an indicator of T2* changes within the brain
tissue, predominantly within neurons. A number of theo-
retical and experimental investigations (22–25) have pre-
dicted that the extravascular effects of blood oxygenation
are weaker than the intravascular effects at lower field
strength, but become increasingly predominant at higher
field strengths. In a previous study a decrease of 1.7% in
the line width of the NAA signal during stimulation was
reported at 4 T (26). Although our results did not show a
significant change in the NAA T2*, the limit of change was
well within the range of this previous experimental result
and the theoretical calculations. In addition, it should be
noted that in Ref. 26 these changes were determined using
the width at half height, as opposed to our study, which
utilized a curve-fit procedure. These different analysis
methods could also lead to the difference in the results.

Although the activation-induced increase in Glc con-
sumption is well established, the metabolic routing of Glc
in the activated intact human brain is not fully character-
ized. Carbon-13 MRS studies have used the fractional
change in the turnover rate of C4 carbon of glutamate
during visual stimulation as an index of alterations in the
neuronal TCA cycle turnover during increased neuronal
activity (27). The results of Ref. 27 suggested that the
fractional changes in CMRO2 induced by activation were
no higher than 30%. In rat brain slices the astrocytic an-
aerobic glycolysis was found to start after 8 s of stimula-
tion (10). However, it should be noted that both oxidative
and anaerobic glycolysis have been found to be enhanced
in brain-slice preparations compared to intact brain (28).
Monitoring of Lac production by MRS has been suggested
as a way to directly monitor nonoxidative Glc consump-
tion in the activated human brain (4–6). Our results un-
derscore the challenges of accurately characterizing Lac
accumulation during activation. The maximum Lac pro-
duction rate, optimum sampling time, and sensitivity of
MRS for Lac are discussed below.

In this study no increase in Lac concentration was ob-
served during stimulation. However, this result may have
been related to the use of the block design paradigm (32-s
stimulation duration). Because the samples (frames) from
zero through 32 s of stimulation were combined to in-
crease the SNR, the effective stimulation time that was
sampled in one stimulation period was 16 s. We examine
the potential Lac increase in 16 s in the following sections.

Reported values of the resting-state cerebral metabolic
rate (CMR) of Glc (CMRglc) in anesthetized and awake rats
range from 0.17 to 0.8 �mol/g/min for the combined oxi-
dative and nonoxidative routes (29–34), and a rate of
0.37 �mol/g/min has been reported in humans (19). Oxi-
dative CMRglc can also be estimated from values of the
regional CMR of oxygen (rCMRO2). The average rCMRO2

in the human brain is 1.5 �mol/g/min (9), corresponding
to an oxidative CMRglc of 0.25 �mol/g/min. The reported
increase in CMRglc(oxidative or total) (CMRglc) in the human
primary visual cortex during activation ranges from 23%
to 51% (1). Considering the resting-state CMRglc of
0.25 �mol/g/min and a maximal CMRglc in the human
brain of 51%, and assuming that all of the increase in
consumed Glc has been routed to Lac production without
clearance, the upper limit for the rate of Lac accumulation
during activation is 0.255 �mol/g/min. Therefore, a max-

imum of 0.068 mM of Lac would be expected to accumu-
late in 16 s (assuming a volume of 1 ml for 1 g of brain
tissue). According to our results, a change of this magni-
tude could not have been significantly determined (Table
1). Hence, the limits on Lac concentration changes were
too weak to constrain theories of elevated anaerobic Glc
utilization during stimulation. Increased astrocytic anaer-
obic glycolysis has been shown to start after 8 s of stimu-
lation and last for more than 2 min after the stimulation
(10). Therefore, in the absence of efflux, Lac accumulation
should occur in the 32-s period post-stimulation. The ef-
fective time for Lac accumulation in the post-stimulation
spectra is 40 s (32 – 8 � 32/2). According to the above
calculation, the amount of Lac that is expected to accumu-
late during this time is 0.170 mM. The limits on Lac
concentration changes during the post-stimulation period
were also too weak to significantly determine a change of
this order of magnitude (Table 1).

Previous MRS studies of human visual stimulation dis-
agree on the changes in Lac that occur during activation.
Increases of 0.3–0.9 mM in 6 min (4), 0.26 mM in 2.5 min
(6), and 250% at 6.4 min (5) have been reported. However,
in another study the pattern of the Lac accumulation was
not reproducible, and some subjects showed no increase or
a decrease in Lac levels (35). In a more recent study that
used 1H chemical shift imaging, signals at 1.33 ppm were
concluded to be artifactual, originating from lipid signals
from outside the volume of interest, and did not change
upon visual stimulation (36). Large and transitory de-
creases in the Lac level at 5 s from visual stimulation onset
have been reported (37), but such rapid changes would
require a different mechanism. In anesthetized cats, no Lac
peak was observed in the visual cortex during 70 s of
visual activation (38). In summary, our results, combined
with these previous reports, indicate that Lac changes are
challenging to detect even with long stimulation.

An increase of up to 30% in the Glu labeling rate was
previously found during stimulation in the awake resting
human brain (27). This change in the rate of neurotrans-
mitter cycling during activation could potentially affect
the total pool concentration of Glu. For this reason we
tested the difference in Glu concentration during stimula-
tion and post-stimulation (Table 1). We used the same
calculation as above to predict the expected change in Glu
concentration as a result of activation, ignoring clearance
and further metabolism. For a maximal CMRglc, an in-
crease of 0.068 mM Glu is expected in 16 s. Indeed, we
found an increase of 0.076 mM in Glu concentration (Table
1), but the limits on Glu concentration changes were too
weak to determine this change significantly.

A 40% decrease in the Glc level during activation was
previously reported (6,35). The current results suggest a
similar decrease of 46%, but since the Glc signals were
mostly below the detection level, this decrease was not
significant and relies on the results of a small number of
subjects. It should be noted that for multiplet signals of
low quantity that overlap with other signals, such as Lac
and Glc, the error in concentration determination was
large (Fig. 5, Table 1). The SNR of the Cr signal was 4.0 per
mM per min acquisition per 4 cm3 voxel. Because the Lac
signal is a doublet, its corresponding SNR would be 2.0.
Literature values for resting-state Lac range from 0.5 to
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1 mM (4,39,40). Accurate determination of 1 mM Lac (SNR
of least 10) would require an acquisition time of 25 min,
which is impractical for activation studies. Since the sig-
nals of Glc are more complex multiplets, an even longer
time would be required for an accurate determination of
the Glc content. Thus, the concentrations of Lac and Glc
are given here as upper limits and not as measured con-
centrations.

One potential way to increase the SNR for a given stim-
ulation duration would be to increase the spectroscopic
voxel size. In this study, however, the spectroscopic data
were acquired from a small single voxel (4 cm3) localized
in the center of the activated region. This strategy, as
opposed to the use of a larger single voxel or a small voxel
in a CSI map, was chosen in order to limit the influence of
nonactivated regions on the results. Ideally, the SNR of the
MRS signals is linearly dependent on voxel volume; how-
ever, in clinical investigations at high field, the reduction
in SNR due to smaller voxel volume is less pronounced
because of the greater inhomogeneity in larger voxels.
Larger voxels centered at the calcarine fissure may also
include blood vessels, which were avoided here.

In summary, limits on changes in temperature, T2* re-
laxation time, and metabolite and neurotransmitter con-
centrations were all determined simultaneously by par-
tially water-suppressed MRS at high field using a stimula-
tion paradigm similar to that of a typical block-design
fMRI study. These physiologic and metabolic properties
appear to be unaffected by brain activation. Constraints on
the temperature change, however, suggest a large increase
in metabolic heat production accompanying activation.
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