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ABSTRACT  Spatially localized 'H NMR spectroscopy has
been applied to measure changes in brain glucose concentration
during 8-Hz photic stimulation. NMR spectroscopic measure-
ments were made in a 12-cm? volume centered on the calcarine
fissure and encompassing the primary visual cortex. The
average maximum change in glucose levels was 0.34 umol-g—!
(n = 5) at 15 min; glucose level had turned toward resting level
at 25 min. The glucose change was used to calculate the increase
of glucose cerebral metabolic rate in the visual cortex region for
individual subjects by using the Michaelis-Menten model of
glucose transport on the assumption of constant transport
kinetics. The glucose cerebral metabolic rate was calculated to
increase over the nonstimulated rate by 22 % during the first 15
min of photic stimulation. A model in which the glucose
metabolic rate gradually decreases during stimulation was
proposed as a possible explanation for the recovery of brain
glucose and previously measured lactate concentrations to
prestimulus values after 15 min.

Glucose is the major carbon source for brain energy metab-
olism (1). A variety of methods have been developed for
studying glucose metabolism in vivo in humans, including
radiolabeling methods such as positron emission tomography
(PET) (2), which is based on the deoxyglucose autoradiog-
raphy method of Sokoloff ef al. (3, 4), and more recently in
vivo NMR (5-7). Recent studies have examined glucose
metabolism during functional activation. Fox et al. (8) re-
ported a mean increase of 51% in the cerebral metabolic rate
of glucose (CMRg)c) of visual cortex during stimulation by a
flashing checkerboard pattern using PET. This value was
accompanied by a negligible increase in the cerebral meta-
bolic rate of oxygen (CMRo,), leading the authors to suggest
that the increase in CMRgc was entirely due to anaerobic
glycolysis. Such a result appears to contradict the traditional
view of brain metabolism, in which glucose oxidation is
considered to be the primary energy-producing pathway in
resting brain.

To test this PET finding we had previously obtained 'H
NMR spectra of the visual cortex during visual stimulation
(5). A substantial amount of lactate would be expected to
accumulate if anaerobic glycolysis persisted at the reported
rate for the full 40 min required for the PET measurement. In
accordance with the PET results, the NMR study showed an
increase in lactate concentration (5). However, the observed
increase (=0.4 mM) was smaller than predicted from the
reported increase in CMRgc and reached a maximum within
the first spectrum after the start of stimulation (6 min);
thereafter lactate concentration declined for ~15-20 min (5);
similar findings have been reported by other groups (9, 10).

Although the qualitative observation of lactate elevation
agreed with the PET measurements, the increase in lactate
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concentration was less than that predicted were anaerobic
glycolysis to persist for 40 min. To understand the time course
of lactate and metabolism during visual stimulation we rea-
soned that measurement of the time dependence of CMRg;c in
the visual cortex was necessary. Because the PET measure-
ment of CMRgc was an average over 40 min (8), a recovery of
CMRg; with time would not be detected, and this may explain
the leveling and decline of brain lactate levels. Regional 'H
NMR measurements of intracerebral glucose concentration
provided a potential method for continuously measuring
CMRGlc~

From previous studies, particularly of the rat brain (11, 12),
a model had been proposed and evaluated that relates cere-
bral glucose concentration to the kinetics of glucose transport
across the blood-brain barrier, the plasma glucose concen-
tration, and CMRg;.. This model assumed reversible, satu-
rable glucose transporters that behaved according to Mi-
chaelis-Menten kinetics (11). We have recently determined
the kinetic parameters of this model for human brain by two
different in vivo NMR experiments. (i) In the first experiment
[1-13C]glucose was infused, and brain glucose concentration
was measured by 13C NMR under steady-state conditions (6).
From measurements of brain glucose concentration as a
function of plasma glucose levels, analysis of the data deter-
mined the glucose-transport kinetic parameters Kt and Tpax
(see CMRg, Calculation). (ii) The second experiment was a
transient kinetic experiment in which plasma glucose con-
centration (G,) was raised rapidly, and the time course of
glucose appearance in the brain was measured by 'H NMR
difference spectroscopy (13). Determination of the kinetic
parameters with this technique gave values of Kt and Tpax
consistent with those derived from the steady-state measure-
ments, which supports the model of transport and the derived
kinetic parameters. In this paper we measure brain glucose
concentration by 'H NMR and use these values to calculate
the time dependence of CMRg. during visual stimulation.

MATERIALS AND METHODS

Spectroscopy. The localized 'H NMR spectra were ob-
tained with a modified Bruker Biospec I spectrometer
(Bruker, Billerica, MA) equipped with a 2.1-T 1-m bore
magnet and shielded gradients (Oxford Magnet Technology,
Oxford, U.K.). The surface-coil probe consisted of a 'H coil
(diameter, 6 cm) for transmission and reception. Volume
selection of a localized 'H spectrum within brain visual
cortex was guided by sagittal and transverse T; weighted-
gradient echo image. An automated shimming routine (for
optimizing field homogeneity) was used as described in ref.
14. The localized volume was 12 cm? (3 X 2 X 2 cm?), as
shown in Fig. 1. The localized volume covered most of the

Abbreviations: PET, positron emission tomography; CMRo,, cere-
bral metabolic rate of oxygen; CMRgc, cerebral metabolic rate of
glucose; CMRgic ps, cerebral metabolic rate of glucose during photic
stimulation.



Neurobiology: Chen et al.

Proc. Natl. Acad. Sci. USA 90 (1993) 9897

F1G. 1. The T; weighted transverse (Left) and sagittal (Right) imagings at repetition time (TR) = 2.5 sec, inversion time (TI) = 0.75 sec, and
echo time (TE) = 14 ms. The boxes show the localized volume of 3 cm X 2 cm X 2 cm (12 cm?).

primary visual cortex region by centering on the calcarine
fissure. The pulse sequence was similar to that used previ-
ously for tH NMR brain glucose measurements (15). Volume
selection was achieved by the three-dimensional image-
selected in vivo spectroscopy technique (16) using 8-msec
hyperbolic secant pulses (the pulse parameter u = 5, band-
width 2 kHz) (17). Outer volume contamination was sup-
pressed by noise pulses (18) in the two planes perpendicular
to the surface coil. The lipid was suppressed by using a
curved surface-spoiler gradient (19) and a 6/3 pulse before
the localization sequence (20). A sinc pulse was applied for
slice-selected excitation on the plane parallel to the coil.
Water suppression was achieved by using a 2-2 semiselective
refocusing pulse (21), which optimizes signals around the
glucose region at 3.44 ppm and a low-power presaturation
during the recovery period. The echo time (TE) was 16 msec
and repetition time (TR) was 2.8 sec. The spectra were
collected in 3.3-min time resolution (64 scans). Usually 6
control spectra and 9-10 spectra during visual stimulation
were acquired. In some cases, 5 spectra were acquired after
stimulation.

In vivo NMR Data Processing. All free induction decays
were processed by 32,000 zero filling and Fourier transfor-
mation. To correct the glucose intensity due to the effect of
the frequency-selective excitation profile of the semiselective
refocusing pulse and the signal loss due to spin-spin coupling
modulation, the pulse sequence was applied to a phantom
containing equimolar glucose and creatine at 37°C. The
integrated intensity ratio of glucose at 3.44 ppm to creatine at
3.03 ppm was determined under fully relaxed conditions and
used to calculate the glucose-to-creatine concentration ratio
in vivo. Comparison of the T; relaxation time differences of
glucose and creatine between in vivo and in vitro indicates
that the integrated ratio obtained from the phantom at full
relaxation should provide an accurate correction for in vivo
glucose quantification. The peak at 3.03 ppm in human brain
was assumed to be of constant intensity, arising from 10 mM
creatine (22). The change of glucose concentration during
stimulation was obtained by comparing the difference of peak
integration between the control and stimulated spectra at
3.40-3.48 ppm and converting to concentration by compar-
ison with the corrected creatine intensity.

CMRg. Calculation. The Michaelis-Menten glucose-
transport model (Lund-Anderson) as shown in Fig. 2 was
used for calculating CMRg;.. The flow equation, balancing
input and output from the brain glucose (G;) pool is

dG;/dt = Ty, — Ty — CMRg)c [1]

and
Tin = GoTmax/(G, + Ky)
Tout = GiTmax/(Gi + K1),

where G, is plasma glucose concentration, T, and Ty are
transport rates into and out of the brain, respectively, and Kt
is the Michaelis—Menter half-saturation constant. Eq. 1 has
been used to calculate the Tyax/CMRgyc ratio and the Kt
constant for human brain at steady-state glucose concentra-
tion (6). This equation shows that a steady-state increase in
CMRgc will require a steady-state decrease in Gj. This
relationship suggests that Eq. 1 could be used to calculate
CMRg\c by using the measured values of G;j as an input
function. The calculation depends on the assumption that the
transport parameters reported previously remain constant
during visual stimulation. The measured change in G; upon
visual stimulation provides a determination of the change in
CMRGIc-

To determine CMRg;., the in vivo brain glucose concen-
tration (G;) was measured versus time of stimulation. Values
assumed from previous measurements to calculate CMRg)c
were as follows: the Michaelis-Menten half-saturation con-
stant Kt = 4.9 mM, the Tpax/CMRgc ratio = 3.6, G, = SmM,
the initial G; = 1.1 umolg~! (6), and CMRg, = 0.42
pmol-g~lmin—! (8), where g refers to gram of brain tissue.
For calculations, the values of G;and CMRg,c were converted
to units of umolml—1, where ml refers to ml of water volume
in brain tissue, using a correction factor of 0.77 (6). The initial
glucose concentration (G;) determined from the transport
kinetic constants and the plasma glucose concentration are
not significantly different from the euglycemia G; values
measured in the 13C NMR study (6). To calculate the change

Blood mol;'dm:fi::in Brain
Tout
Go I Gi CMR‘glc
Tin

F1G. 2. Schematic demonstration of brain glucose-transport us-
ing Michaelis-Menten model. G,, plasma glucose; Gi, brain glucose
pool; Tiy, inward transport rate; Tou:, outward transport rate.
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in CMRgc a Runge-Kutta method was used to solve the
glucose-transportation differential equation and a Nelder-
Meade simplex algorithm (23) was used to optimize the fit of
Eq. 1 to the experimental data by varying the CMRg value.

Human Experiments. Five separate studies were done on
three volunteers; subjects gave written consent according to
the protocol approved by the Yale Human Investigation
Committee. Blood samples were obtained before and during
the photic stimulation in two experiments to determine
plasma glucose concentration G,. The results of blood glu-
cose level analysis with a Beckman glucose analyzer showed
that G, did not change significantly before and during visual
stimulation. Photic stimulation was presented through a
goggle from grids of red-light-emitting diodes to each eye at
intervals of 128 ms (8 Hz), a stimulus pattern that has been
reported to give maximal stimulation (24, 25).

RESULTS

Fig. 3 shows the control 'H spectrum from human visual
cortex region (bottom spectrum) and 3.3-min difference spec-
tra between the control spectrum and subsequent spectra
acquired during and after photic stimulation under conditions
similar to those used by Fox et al. (8). This figure shows the
resolved difference peak at 3.44 ppm (along the dashed line),
a peak previously assigned to glucose (15, 26). The increases
in the difference peaks are proportional to the decreases in
glucose concentration. Fig. 3 shows that brain glucose de-
creases at the beginning of stimulation and returns to normal
glucose level =10 min after prolonged stimulation stops. The
positions of the calcarine fissure and primary visual cortex
relative to the surface coil varied with different subjects and
were determined from T; weighted images. To provide ade-
quate sensitivity of quantification for each individual, three
series of free induction decays were summed (10-min time
resolution) for integration and CMRg,. simulations.
Glucose concentration changes during =30 min of visual
stimulation for an individual subject are shown in Fig. 4.
Changes in glucose concentration were determined from the
change in intensity of the 3.44-ppm peak, which was normal-
ized to the creatine integral that was assumed to represent 10
mM creatine concentration. The initial glucose concentra-
tions was thus assumed to represent 1.1 umol-g~!. Fig. 4
Upper shows the fitted glucose-transport curve and the
CMRg;c value from one experiment using Eq. 1. Fig. 4 Lower

wT/V\W 18.3 min After Flash
!
W 21.7 min
|}
Nr— 15.0 min
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|
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F1G. 3. Localized 'H spectra (3.3-min time resolution) of visual
cortex from human brain at resting situation (bottom trace, 0-Hz line
broadening) and five difference peaks of glucose at 3.44 ppm during
stimulation and after stimulation (5-Hz line broadening).
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Fi1G. 4. (Upper) Curve simulation of glucose consumption rate
during photic stimulation (CMRgic,ps) for one individual experiment.
(Lower) Curve simulation of CMRgic,ps for the average data set (n =
5). A constant CMRgic ps model and the first three data points were
used for the simulation.

is the curve fitted to the average of the five data sets.
Although the first two measurements during visual stimula-
tion show a progressive decrease in Gj, the third point taken
=25 min after the start of stimulation clearly shows a return
toward resting condition.

The return of G; toward resting values at the 25-min point
does not agree with the glucose change expected from the
Michaelis—-Menten transport model of Eq. 1 for a constant
value of CMRg.. For an approximation to the model, only
the first three data points, including the initial G; were used
to calculate the glucose consumption rate during photic
stimulation (CMRgjc ps) by curve fitting to Eq. 1. The data
from three subjects for CMRg;c ps (in umol-g~1-min~!) were as
follows: subject 1, 0.48; subject 2, 0.55 and 0.55 in two trials;
subject 3, 0.51 and 0.48 in two trials. These experiments
assumed CMRg. to equal 0.42 umol-g~1-min~1. The average
CMRg;c,ps Value for the data from these three subjects is 0.51
+ 0.03 umol-g~l'min~1.

It is observed that a single value of CMRgic,ps fits the first
three points of Fig. 4 during stimulation, which is consistent
with a constant or slowly changing CMRgc,ps during this
period (0-15 min). The average CMRg;c,ps during the photic
stimulation (8 Hz) was 0.51 + 0.03 umol-g min~! SD.
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DISCUSSION AND CONCLUSIONS

Localized 'H NMR spectroscopy with 12-cm*® volume of
interest has been applied to monitor the kinetics of cerebral
glucose concentration during visual stimulation. During the
first 15 min of stimulation the brain glucose concentration
decreased, consistent with a constant increased value of
CMRg; during stimulation. After 25 min of stimulation the
glucose concentration returned toward prestimulation levels.

Previously Merboldt et al. (26) had compared 'H NMR
spectra of the human visual cortex with and without visual
stimulation. They did not observe an increase in lactate
concentration but reported a decrease in glucose concentra-
tion during stimulation. A difference spectrum they obtained
from the summed data from seven subjects showed a de-
crease in the intensity at 3.44 ppm, which was estimated at
=50% of resting glucose. Absence of a lactate elevation
raised questions about these glucose changes, but our present
results qualitatively agree with their glucose observations.
More significantly the ability to obtain difference spectra on
individual subjects (Fig. 3) due to the improved sensitivity of
the present measurement has allowed analysis of the time
dependence of intracerebral glucose. In conjunction with
previous 13C and 'H NMR measurements of brain glucose-
transport kinetics, this analysis allows calculation of the time
course of CMRg;c ps during photic stimulation.

The average maximal decrease of glucose concentration
during photic stimulation was 0.34 umol-g~! (a 31% decrease
from the initial G; value of 1.1 umol-g~1) 15 min after
stimulation started. This value is similar to the value of 0.4
umol-g~!reported in the 'H NMR measurements of Merboldt
et al. (26). They reported this decrease to represent 50%
relative to a resting glucose concentration of 0.8 mM mea-
sured in the 'H NMR spectrum. However, using the 13C
NMR-determined glucose concentration of 1.1 umol-g~1, the
decrease in glucose they reported would correspond to a
percentage change of =36%, which resembles our results. A
regional decrease in glucose concentration with functional
activation was reported by Ueki et al. (27) in rat brain during
electrical stimulation of the paw.

Using the model described in the text, a value of CMRgic,ps
calculated during photic stimulation was 0.51 = 0.03
pmol'g~l'min~! (n = 5) based on CMRg,c = 0.42
pmolg~l'min~1! in resting visual cortex, a 22% increase. To
assess sensitivity of the calculated percentage increase in
CMRgc to the assumed resting value, the computation was
done with a range of reported values of CMRg;. (8, 28, 29).
For CMRgic between 0.30 and 0.42 umol:g~lmin~!, the
calculated value of CMRgicps varied from 0.37 to 0.51
pmol-g~lmin~!, but percentage increase in CMRgjc ps only
ranged from 24 to 22%.

The calculated percentage increase in CMRgic ps is lower
than the 51% increase during photic stimulation obtained
from PET data (8). However, the most active region during
stimulation of the visual cortex is in gray matter, as shown by
high-resolution functional imaging studies (30). The localized
NMR volume (12 cm?) in the present experiments contains
both gray and white matter, so that to the extent that glucose
in white matter contributes to the NMR signal the fractional
decrease in G;j in the active region will be underestimated. In
future studies it should be possible to quantitatively calculate
the CMRgc change by assessing the activated region within
the spectroscopic volume with functional MRI (31, 32).
However, although the magnitude of the change of CMRgc
may be underestimated by the present calculation, the time
course of the change should be accurately represented.

All simulations were based on the assumption that the
glucose-transport parameters did not change before and
during visual stimulation. Were the glucose-transport param-
eters to change during visual stimulation, based on previous
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reports of animals under anesthesia (33) and during seizure
(34), the apparent glucose-transport rate would be predicted
to increase (e.g., increased Tpax or decreased Krt), resulting
in a smaller decrease in brain glucose than predicted from
constant transport parameters. Therefore, the effect of
changes in transport kinetic parameters will cause an under-
estimate of CMRg;c.

The time course of G; (Fig. 4) can be fit by assuming a
constant elevated CMRg; during the first 15 min of photic
stimulation. However intracerebral glucose recovered to
near prestimulation values during the latter stimulation pe-
riod (=25 min after starting stimulation). To assess whether
the complete time course could be fit by a monotonically
decreasing CMRgjc ps, the transport model was modified by
assuming that CMRg;c,ps Was described by the function [1 +
x-exp(—t/7)]. Using four average data points for fitting the
transport equations with time-dependent CMRg;c ps gives x =
0.27 and 7= 33 min based on CMRg;c = 0.42 umol-g~ min~1,
The simulated curve fits the limited amount of experimental
data well, as shown in Fig. 5.

The decay in CMRg;, is relatively slow, suggesting that a
constant increased value of CMRgyps during the initial
stimulation period (0-15 min) is approximately valid. Be-
cause the reported lactate elevation reaches a maximum
value in <3-6 min after the start of photic stimulation (5, 9,
10), a decline in CMRgjc ps cannot explain the low maximum
lactate level achieved. Alternate explanations are (i) an
increase in lactate-transport rate, resulting in a new steady
state or (ii) an increase in CMRo, over this period to match
the increase in glycolysis. Due to the much greater energy
production from aerobic glycolysis these possibilities have
dramatically different implications regarding the energy cost
of functional activation.

The recovery of glucose levels by 25 min, which suggest a
reduction in CMRg;c,ps, parallels the previously observed
decline in lactate elevation at this time. The reduced CMRgic ps
could be due to a small increase in aerobic glycolysis or a
decrease in functional energy requirements as the result of an
adaptation process. Alternately there may be an alteration in
transport parameters after long stimulation periods. These
possibilities can be tested by using 'H-13C NMR, as previously
demonstrated (7, 28), to measure the rate of the tricarboxylic
acid cycle during photic stimulation and direct 'H NMR (13)
to measure transport parameters.

12
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F1G.5. Curve simulation of CMRgic,ps for the average data set (n
= 5). A variable CMRgjc,ps model and four data points were used for
the simulation.
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In conclusion, we have used localized 'H NMR difference
spectroscopy to measure the time course of brain glucose
concentration during photic stimulation, and in combination
with previously NMR-determined glucose-transport Kinetics
we have calculated the time dependence of CMRg.. The
results show an approximately constant increased
CMRg; of a minimum of 22% during the first 15 min of photic
stimulation. When partial volume effects are considered, the
results are consistent with the previous PET report of a 51%
increase of CMRgc during photic stimulation and have an
improved time resolution of 10 min. A model in which
CMRg;. gradually decreases during stimulation was proposed
as a possible explanation of the recovery of brain glucose and
previously measured lactate concentrations to prestimulus
values after 15 min.
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