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ABSTRACT Glucose is the main fuel for energy metabo-
lism in the normal human brain. It is generally assumed that
glucose transport into the brain is not rate-limiting for metab-
olism. Since brain glucose concentrations cannot be determined
directly by radiotracer techniques, we used '>C NMR spec-
troscopy after infusing enriched p-[1-1*C]glucose to measure
brain glucose concentrations at euglycemia and at hyperglyce-
mia (range, 4.5-12.1 mM) in six healthy children (13-16 years
old). Brain glucose concentrations averaged 1.0 * 0.1
pmol/ml at euglycemia (4.7 + 0.3 mM plasma) and 1.8-2.7
pmol/ml at hyperglycemia (7.3-12.1 mM plasma). Michaelis—
Menten parameters of transport were calculated to be K, = 6.2
+ 1.7 mM and Ty, = 1.2 = 0.1 pumol/g'min from the
relationship between plasma and brain glucose concentrations.
The brain glucose concentrations and transport constants are
consistent with transport not being rate-limiting for resting
brain metabolism at plasma levels >3 mM.

Under normal conditions, brain cells rely almost entirely on
the availability of D-glucose for generation of energy. The
lack of significant carbohydrate stores in the brain requires
that a steady glucose supply from the blood be maintained.
However, D-glucose cannot diffuse freely across the blood-
brain barrier but is transported by facilitated diffusion (1-4)
mediated by specific transporter molecules (5-7). The im-
portance of glucose transport to metabolism and brain func-
tion has spurred extensive research in animals (for reviews,
see refs. 8 and 9), as well as in humans (10, 11). Although the
rate of glucose transport is considered to be rapid enough to
meet the cellular energy demand under basal conditions, it
may become rate-limiting during hypoglycemia (11, 12).
Alterations in brain glucose transport may also be involved in
the central nervous system morbidity associated with dis-
eases such as diabetes mellitus, seizures, or hypoxic—
ischemic encephalopathy (13, 14).

Glucose transport into the brain can be evaluated by
measuring brain glucose concentrations as a function of
plasma levels (15, 16). Direct measurement of glucose con-
centration is possible in animal brain with rapid-freezing
techniques (17, 18). However, these in vitro methods cannot
be applied to humans, and direct quantitation of human brain
glucose concentration has thus far not been achieved.

NMR spectroscopy has been shown to be a powerful
noninvasive technique that can be used to determine the
concentration of many metabolites in living tissue (19-23).
Recent studies have shown that the a- and B-anomers of
glucose can be measured in animal brain by 1*C NMR, when
D-[1-13C] glucose is infused (16, 24). We report here the
quantitation of the glucose concentration in the human brain
using localized 3C NMR spectroscopy and the determination
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of the kinetic parameters of D-glucose transport from the
relationship between brain and plasma glucose concentra-
tion.

METHODS

Six nonobese healthy children (13-16 years old) were studied
after written informed consent was obtained from the sub-
jects and their parents using forms and procedures approved
by the Yale Human Investigations Committee. Sensory stim-
ulation was minimized by having the subjects wear ear plugs
and an eye mask.

Glucose levels and fractional enrichment (Fig. 1) were
controlled by using the glucose insulin clamp technique (25,
26) as follows: The fractional enrichment of [1-*Clglucose
(percentage of total plasma glucose) was increased in_the
blood by infusing initially 15 g of 99% enriched D-[1-
13Clglucose in a 20% (wt/vol) solution into the left antecubital
vein. After 10 min, the infusion was switched to a 50%
enriched dextrose infusate in order to minimize variations in
the fractional enrichment in blood during the study. Plasma
glucose concentration was maintained at the hyperglycemic
plateau by adjusting the infusion rate of glucose based on
blood samples (25) obtained from the right arm every 5 min
during the study and measured immediately in a Beckman
glucose analyzer. The drop in plasma glucose was achieved
by stopping the glucose infusion. A primed continuous insulin
infusion (0.5 milliunits/kg'min; Humulin; Eli-Lilly, Indianap-
olis) was started during the hyperglycemia period in order to
suppress endogenous hepatic production of unlabeled glu-
cose. The 50% [1-13C]glucose infusion was resumed in order
to maintain steady levels at euglycemia (4.8 mM).

The fractional enrichment was measured in samples ob-
tained every 10 min by gas chromatography/mass spectrom-
etry of the pentaacetate derivatives of plasma glucose after
deproteinization and deionization (26). Additional deprotein-
ized samples obtained at specific time points were analyzed
by 'H NMR at 360 MHz in 2H,0 to determine the degree of
enrichment at the C1 position.

The subjects were supine in a 2.1-Tesla whole body magnet
(ORS-Bruker, Billerica, MA) on a double surface coil con-
sisting of a 7-cm-diameter *C coil and a concentric 14-cm 'H
coil. A vol of 144 ml (6 X 4 X 6 cm) was localized within the
occipitoparietal region of the brain that excluded major blood
vessels and the ventricles, based on inversion recovery 'H
magnetic resonance images obtained just before the start of
the infusion [repetition time (TR) = 2500 ms; inversion time
(TI) = 800 ms; echo time (TE) = 14 ms]. Spectrometer
adjustments were performed during the initial increase in
plasma glucose (Fig. 1). The rf power was adjusted on a 2-cm

Abbreviation: NOE, nuclear Overhauser effect.
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Fi1G. 1. Infusion protocol and time course of the concentration
and 13C fractional enrichment of glucose in plasma during a typical
study. Horizontal bars indicate the protocol: The time of insulin
infusion (top); variable-rate glucose infusion at different enrichment
levels (middle); and times used for positioning (MRI; magnetic
resonance image), spectrometer adjustments (Shim, RF), correction
factors (NOE, T1), and the localized 3*C NMR measurements
(NMR), which are shown in Fig. 2B. In this study, the SD during
either NMR measurement was 0.5 mM for the average plasma
glucose concentration and 0.3% at euglycemia and 0.6% at hyper-
glycemia for the fractional enrichment.

sphere at the coil center containing an aqueous solution of
[13Clformic acid. The power for the *C coil was adjusted to
give a 150-us 180° pulse. The *H decoupling power was set for
a 900-us 90° pulse by minimizing the 1*C NMR signal of the
sphere with the sequence 90°(*3C) — 1/2J — 8(*H) — acquire
(13C) (27). The 90° pulse duration used for decoupling was set
to 1.2 ms. Adjusting rf power rather than pulse durations had
the advantage that the flip angle distribution in space did not
vary from study to study. Localized shimming of all first- and
second-order shim coils was achieved with an automated
sequence (28).

The localization was based on the image-selected in vivo
spectroscopy (ISIS) technique (29), where 8-ms-long hyper-
bolic secant pulses were used for magnetization inversion
(19) and a 5-ms adiabatic half passage sin/cos pulse with a
numerically optimized modulation function was used for
excitation. (For pulse simulations, see ref. 30.) To minimize
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the z magnetization and to ensure proper localization, the
pulse used for excitation was applied again at the end of the
acquisition (31). During the signal acquisition time of 102 ms,
WALTZ-16 proton broadband decoupling (32) was used with
a power of at most 13 W. The glucose signal intensity was
increased with nuclear Overhauser effect (NOE) enhance-
ment generated by 1 W of continuous wave irradiation at 4.9
ppm in the 'H NMR spectrum during the recovery delay of
1.5 s. The maximum tissue rf power deposition was calcu-
lated to be below 2 W/kg when a magnetic vector potential
model was used (33).

The spectra were zero-filled to 408 ms, multiplied with an
exponential function corresponding to 5-Hz line broadening.
Fourier transformed, and phase corrected, and the baseline
was corrected between 85 and 105 ppm. Peak areas were
determined by summation from 93.3 to 92.0 ppm (a-glucose
at 92.76 ppm) and from 97.0 to 96.0 ppm (B-glucose at 96.6
ppm).

RESULTS

The appearance of [1-13Clglucose in the head was monitored
inunlocalized spectra at a 2-min time resolution, one of which
is shown in Fig. 24 (bottom). Localized 3C NMR measure-
ments were acquired in 4-min blocks (TR = 1.7 s; 128 aver-
ages) and signals summed during 30 min of constant hyper-
and euglycemia (Fig. 1) are shown in Fig. 2B. The linewidths
were typically between 2 and 3 Hz when correcting for the
5-Hz exponential multiplication.

Brain p-[1-13Clglucose concentrations were determined by
comparing the integrals of the localized in vivo signals to
those obtained under identical experimental conditions from
a phantom solution containing 270 mM D-glucose (equivalent
to 3 mM p-[1-*C]glucose at natural abundance, 50 mM KCl,
and 2 mM NaN3). The measurements were corrected for the
influence of coil loading (19) and the combined effect of NOE
and T; relaxation on the signal strength. The effect of loading
was measured by integrating the upfield peak of the formate
doublet in separate fully relaxed spectra obtained from the
small sphere placed at the coil center. These corrections were
small (10-20%). The combined effect of NOE and T; was
assessed in unlocalized spectra by determining the ratio of
the glucose signals obtained with NOE generation by using
the parameters of the localization experiment (TR = 1.7 s) to
that of the signal obtained under fully relaxed conditions (TR
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Fi1G. 2. Experimental spectra of p-[1-1*C]glucose in the human brain. (A4) Lower trace, expansion from an unlocalized spectrum acquired
in 2 min (TR = 1.7 s; 64 averages) showing, in addition to the peaks of a- and B-glucose, signals from lipid primarily in the scalp. The peaks
on either side of the glucose resonances—i.e., the C2 peak of the glycerol backbone at 69.7 ppm and the fatty acyl peaks at 130 ppm, vanish
upon localization as shown in the upper trace, indicating localization of the glucose signals within the brain. (B) Upper trace, localized spectrum
acquired during hyperglycemia (30 min; 1024 averages) at 8.4 mM plasma concentration; lower trace (30 min, 1024 averages), collected during
the euglycemia period (4.8 mM plasma) as indicated in Fig. 1. Both spectra are shown with the same vertical scale.
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= 5.2 s) in the absence of NOE generation. To minimize
transient effects during the fall of glucose in vivo, these
measurements were interlaced by concurrent alternation of
the recovery delay and NOE generation. To obtain the total
intracerebral concentration, the resulting concentrations of
[1-BC]glucose in the brain were divided by the fractional
enrichment of [1-13C]glucose in plasma averaged during the
time required for the localized NMR measurements. The
resulting brain glucose concentrations are plotted in Fig. 3
versus the average plasma glucose concentration during the
measurement period. The stability of plasma glucose was
judged based on the standard deviation of plasma glucose
during the localized NMR measurements. The deviations
averaged at 0.3 mM with the extreme at 0.5 mM. The
fractional enrichment variations were <0.035 during any 30
min of NMR measurements with an average of the 12
measurement periods at 0.48 = 0.07 (mean = SD).

The symmetric Michaelis-Menten model, which is de-
scribed in the legend of Fig. 3, was used to calculate the
kinetic parameters of glucose transport into the brain. This
model has been validated in animals (7, 8, 34) and assumes (i)
that the rate-limiting step for glucose entry into the brain is
at the capillary endothelial cells comprising the blood-brain
barrier, (if) that intra- and extracellular brain glucose con-
centrations are the same, and (iii) that glucose transport
across both sides of capillary endothelia exhibit the same
Michaelis-Menten kinetics with maximum unidirectional
transport rates of Tpax and half-maximal transport rates at
glucose concentrations of K;.

Prior to the fit of the model (Eq. 1 in Fig. 3 legend), brain
glucose concentrations (expressed in wmol per ml of brain
vol) were divided by the aqueous fraction of brain space—
i.e., 0.77 (34)—assuming a specific gravity of 1 g/ml for brain
tissue. The standard Levenberg—Marquardt algorithm was
used for nonlinear least-squares fitting of Eq. 1 to the
experimental data in Fig. 3. Errors were determined by a
Monte-Carlo simulation—i.e., by adding random gaussian
noise to the best fit at the plasma levels measured (35). The
rms amplitude of the simulated noise was set to the estimated
rms error of the brain glucose measurements. Tp.x Was
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Fi1G. 3. Determination of the kinetic parameters from the brain
glucose concentrations (umol per ml of brain vol) measured at
euglycemia and hyperglycemia in six normal individuals. The model
requires that at steady state the rate of glucose influx across the
blood-brain barrier, T;,, equals the sum of the rate of efflux, Toy,
plus the rate of metabolism, Vyy. If Ti and T,y are assumed to have
the same Michaelis—-Menten kinetics (8, 15, 34), the steady-state
relationship between brain and blood glucose concentrations is given
by (x = [glucoseplasma]/Kt; v = Tmax/vgly)

[glucoseprain] = K¢ X {lx(v — 1) — 11/(x + 1 + v)}. [1]

This equation was fitted to the data points (solid line) as in previous
studies (15, 16) of animals in order to calculate the apparent Mi-
chaelis-Menten constant of transport, K;, as well as the ratio
Tmax/ Valy of the apparent maximal glucose transport rate, Tpax, to
the glucose consumption rate Vgy.
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calculated from the ratio Tmax/ Vyiy, assuming the steady-state
glycolytic rate Vg, to be a constant value of 0.3 umol/g'min,
based on observations that arteriovenous glucose differences
do not depend on the glucose concentration (36), that the
cerebral metabolic rates of glucose and oxygen as well as
cerebral blood flow are fairly constant in the nonstimulated
human brain (37-39), and that consistent Tmax/Vgy ratios
were obtained when fitting the data for each subject sepa-
rately. The solid line in Fig. 3 represents the best fit of this
model to the data, yielding K; = 6.2 = 1.7mM and T, = 1.2
+ 0.1 pmol/g:min.

With the localization technique used, we estimate the
signal of glucose in blood to be attenuated relative to brain
tissue due to reduced NOE generation. Nevertheless, if the
measured brain glucose concentrations (Fig. 3) are reduced
by the maximal contamination from vascular spaces in the
occipital lobe—i.e., 5% (38, 39)—the derived Kinetic con-
stants are K; = 5.6 = 1.4 mM, which is not significantly
different, and Tmax/Vgy = 3.3 £ 0.2, which is reduced by 17%
relative to the value in Fig. 3.

DISCUSSION

Glucose transport does not become rate-limiting to glycolysis
until the intracellular glucose concentration falls into the
range of the K, of hexokinase, which is =50 uM (8), which
is considerably lower than the brain glucose concentration of
1.0 = 0.1 mM brain vol (mean = SE; n = 6). measured at
euglycemia. Glucose transport is therefore not rate-limiting
in the normal human brain. This is consistent with the inflow
rate T, being at least 1.5 times the consumption rate Vg, at
5 mM plasma as calculated from the Michaelis-Menten
expression for I;, using derived kinetic parameters of trans-
port (see Fig. 3 legend). The plasma glucose concentration at
which the brain levels approach zero was calculated to be 2.2
+ 0.5 mM. It is noteworthy that this is consistent with the
level to which plasma glucose must be lowered in subjects to
induce electrophysiological changes in the brain (40, 41).

The determination of brain glucose transport from the
measured brain glucose concentrations has several advan-
tages over other noninvasive techniques. Unidirectional
transport rates can be assessed in humans by analyzing the
time course of D-[!Clglucose entering the brain using
positron-emission tomography (PET) (11). Interpretation of
such studies is difficult because, ideally, the measurement
must be performed before significant amounts of radiolabel
are incorporated into other metabolites where the signal
cannot be distinguished from that of glucose. This limitation
was overcome in our study by the direct, substrate-specific
quantitation of p-[1-13C]glucose at steady state by *C NMR.
The use of the stable 1>C isotope also reduces the risks of such
experiments in human studies. A fast isotopic turnover time
is inferred from the fact that the euglycemic brain glucose
concentration of 1.0 umol/ml will be consumed in 3 min,
based on a glycolytic rate of 0.3 wmol/g:min in the nonstim-
ulated human brain (37), which may pose problems for PET
measurements of D-['!Clglucose transport that last 20 min
(11). Glucose transport has also been estimated in one study
using the nonmetabolizable glucose analog 3-O-[methyl-
1Clglucose, which reported K; = 3.8 umol/g and Tyax = 1.9
pmol/g'min (42). However, using these constants with the
symmetric Michaelis—-Menten transport model (Eq. 1 in Fig.
3 legend) predict a brain glucose concentration that is twice
the measured value at euglycemia (Fig. 3).

CONCLUSIONS

In conclusion, 3C NMR permits direct quantitation of in-
tracerebral glucose in humans. Transport kinetics can be
derived from the measured brain glucose concentrations. The
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measured kinetic constants in adolescents are consistent with
glucose transport not being rate-limiting for metabolism until
plasma levels drop to 2-3 mM. The ability to measure brain
glucose concentration as a function of plasma provides the
possibility of studying the regulation of glucose transport in
the human brain in vivo in health and disease.
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