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MAGNETIC RESONANCE IN MEDICINE

Observation of Resolved Glucose Signals in *H NMR
Spectra of the Human Brain at 4 Tesla

Rolf Gruetter, Michael Garwood, Kadmil Ugurbil, Elizabeth R. Seaquist

Measurement of the resonances of glucose between 3.2 and
3.9 ppm in "H NMR spectra from the human brain is difficult
due to spectral overlap with peaks from more concentrated
metabolites. The H1 resonance of a-D-glucose at 5.23 ppm is
resolved from other metabolite peaks, but potentially overlaps
with the intense water signal at 4.72 ppm. This paper demon-
strates that the increased resolution at 4 Tesla permits to
suppress the water signal sufficiently to reliably detect glu-
cose directly at 5.23 ppm by 'H MRS and the estimated peak
intensity is consistent with previous '3C NMR quantification.
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INTRODUCTION

Glucose metabolism is essential for normal brain func-
tion and it is well established that a continuous supply of
glucose from blood is necessary for normal cerebral me-
tabolism (1, 2). The main route of glucose transport into
the brain cell is across the blood-brain barrier (3, 4),
which occurs by facilitated diffusion (5) mediated by
specific transporter molecules (6). Glucose transport has
been suggested to increase in chronic hypoglycemia and
seizures and to decrease in chronic hyperglycemia and
Alzheimer’s disease (7-9). The size of the intracerebral
glucose pool is an important indicator whether glucose
transport at the blood-brain barrier is rate-limiting for
cell metabolism, since the K, of hexokinase is very low.
Cerebral glucose has been measured in animal brain by
rapid tissue extraction (10) which may suffer from arti-
facts due to agonal cerebral glucose metabolism. How-
ever, rapid tissue extraction is a method not applicable to
humans. Noninvasive methods based on the administra-
tion of radiotracer methods have been used to study
cerebral glucose metabolism (e.g., 11). However, radio-
tracer methods do not permit direct measurement of
brain glucose content. The radiolabel enters the brain
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either as non-metabolizable glucose analogs (12) or la-
beled glucose (13). In the latter case, the potential label
accumulation in more concentrated metabolites such as
glutamate and glutamine (14) can obscure the signal from
tissue glucose.

Despite its importance for neurophysiology, the direct
measurement of brain glucose content has not been avail-
able until recently, when NMR was used. Resolved glu-
cose signals can be observed in *3C NMR spectra from the
mammalian head (15, 16), and the potential of NMR to
quantify glucose concentrations was demonstrated re-
cently by Mason et al. (17). This elegant quantification
method relied upon postmortem analysis of rat brain
lactate and hence is not applicable to humans. The first
quantification of glucose in the human brain was per-
formed by '*C NMR using intravenous infusions of
[1-**C]-D-glucose (18). In this study, when the plasma
glucose was at euglycemia (i.e., a plasma glucose concen-
tration of 4.8 mM) brain glucose content was determined
to be 1 pmol/g.

Evidence that glucose signals might contribute to the
'H NMR spectrum was provided by the observation of
increased signal intensities at 3.4 ppm at 1.5-2 Tesla
observed in hypoglycemic patients with Type 1 diabetes
(19). However, the assignment of this peak is compli-
cated by overlap with signals from myo-inositol and tau-
rine (20). Although quantification of the glucose peak at
3.44 ppm has been attempted (21, 22), the reliability of
these results has been unsatisfactory despite the use of
more advanced fitting procedures {23). To eliminate the
overlapping resonances, a more cautious approach early
proposed to use difference spectra during glucose infu-
sions (24).

Glucose has a single, well resolved resonance at 5.23
ppm from the H1 of a-D-glucose. Attempts to detect this
resonance reliably have been only successful during hy-
perglycemia when using heteronuclear multiple quan-
tum methods in conjunction with strong gradients and
3G glucose infusions in animal brain studies (25, 26).
Direct detection of this peak has not been reported, most
likely due to its close proximity to the water peak at 4.72
ppm which corresponds to a frequency separation of 32
Hz at 1.5 Tesla from 5.23 ppm. In addition, the glucose
intensity is expected to be weak: Given the 1 umol/g
brain glucose concentration at euglycemia (18) and the
60:40 anomeric equilibration ratio, this peak corresponds
to 400 nmol/g single proton intensity, which is approxi-
mately 1% of the creatine (Cr) methyl peak at 3.03 ppm,
neglecting contributions from macromolecules (27).
However, at 4 Tesla the peak is 75 Hz from the water and



the signal-to-noise ratio is significantly higher, which
increases the potential of reducing water contributions to
a low-order polynomial baseline at this chemical shift.
This paper presents the direct observation of the 5.23
ppm glucose signal in localized *H NMR spectra of the
human brain and an estimation of brain glucose concen-
tration using the peak at 5.23 ppm. A preliminary report
of part of this work has appeared as an abstract (28).

MATERIALS AND METHODS

Five subjects were studied after giving informed consent
according to procedures approved by the Institutional
Review Board. Subjects were placed on a cushion to
minimize acoustic noise and wore ear plugs. Intravenous
glucose infusions were performed either using a potenti-
ation protocol (29), in which a fixed infusion rate of 600
ml/h of 10% weight/volume (Dextrose, Baxter Chemical
Co.) was used, which raises plasma glucose to approxi-
mately 14 mM in normal subjects, or by using a variable-
rate glucose infusion into the right antecubital vein,
which was adjusted according to a modification of the
glucose/insulin clamp technique (30). Samples for the
determination of plasma glucose were obtained from a
dorsal foot vein. Glucose infusions in this case were
performed using a 50% weight/vol glucose solution
(D50, Baxter Chemical Co.).

All experiments were performed on a 4 Tesla system
(Siemens, Erlangen, Germany) with a SIS Co. Console
using a 33-cm clear bore head gradient insert capable of
switching 30 mT/m in 200 ps. Eddy current effects were
assessed to be below 0.01% or 1 Hz at the isocenter
(unpublished results).

During the study, subjects were supine on a quadrature
surface coil consisting of an 18-cm diameter surface coil
combined with a coplanar dual loop addition of equal
diameter (31). The coil’s sensitive volume was sufficient
to detect signal from the posterior half of the human
brain.

Localization was based on T, weighted images ac-
quired in saggital and axial planes using the modified
driven equilibrium Fourier transform (MDEFT) sequence
(32). A 3 X 3 X 3 cm volume was selected in the occipital
cortex centered at the midline to avoid blood vessels and
the occipital ventricles.

The pulse sequence was initially based on a modifica-
tion of the 3,0-DRY-STEAM version (33) of the stimu-
lated echo spectroscopy (34, 35) or STEAM (36) using a
repetition time (TR) of 3000 ms, echo time (TE) of 20 ms
and a mixing time (TM) of 10 ms. To provide a narrow,
reasonably B,-sensitive excitation profile with a short
overall pulse duration, water was suppressed using 25
ms Gaussian pulses. Three water suppression pulses
were applied at the water resonance frequency before the
first 90° slice selective excitation pulse, which was iden-
tical to the second and third 90° pulse used for localiza-
tion, i.e., a 5-lobe sinc of 2 ms duration providing a 3-kHz
bandwidth. The chemical shift displacement error was
thus at most 0.25 cm for the glucose resonances. The
bandwidth of the water suppression pulses was verified
not to affect the glucose signal at 5.23 ppm using pulse
simulations by solving the Bloch equations and phantom
experiments using an aqueous solution of concentrated
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glucose (250 mM with 10 mM sodium acetate in 100 mM
NaCl) placed in a 4-liter bottle. Crusher gradients in the
TE periods and TM period were of 5 ms duration and 28
mT/m to suppress unwanted coherences and reduce po-
tential signal from flowing blood. In a further improve-
ment of the sequence, a fourth, identical water suppres-
sion pulse was added in the TM period (TM = 33 ms)
corresponding to 3,1-DRYSTEAM (33) which provided
an additional factor of 5-10 in water suppression.

Outer volume suppression was performed using a B,-
insensitive scheme (BISTRO, 37) in a plane parallel to
the coil at the beginning of the pulse sequence applied
just prior to the first three water suppression pulses.

Shimming is of critical importance to the elimination
of unwanted water coherences at 5.23 ppm. Therefore, an
automated shim sequence was used to adjust all first- and
second-order shim coils based on the FASTMAP se-
quence (38) implemented as described in (39). This pro-
cedure resulted in water linewidths of 7-9 Hz and the
linewidth for Cr was approximately 6—8 Hz.

Spectral processing consisted of zero-filling, exponen-
tial multiplication corresponding to 0—2 Hz line broad-
ening and fast Fourier transform (FFT) using the spec-
trometer software (SIS Co., CA).

RESULTS AND DISCUSSION

Figure 1a shows sections of "H MR spectra obtained from
the occipital region before (bottom) and during (middle
and top) an intravenous glucose infusion (600 ml/h) dur-
ing which the plasma glucose rose from euglycemia (ap-
proximately 5 mM) to hyperglycemia (approximately 14
mM, top). The spectra acquired at an intermediate level
(middle trace) are also shown. Signal changes at 5.23 and
3.44 ppm are indicated by the arrows. The expansion of
the corresponding spectral regions in Fig. 1b shows the
rise of the resolved H1 peak at 5.23 ppm and also the
change of the 3.44 ppm resonance. It is noteworthy that
at 4 Tesla the latter peak is resolved from another distinct
peak at 3.49 ppm, tentatively assigned to myo-inositol. In
contrast, only one to two peaks are observed in the 3.3—
3.5 ppm region at 1.5 and 2 Tesla. The extensive overlap
present at this chemical shift, largely due to myo-inositol,
has led to the acquisition of difference spectra at lower
field strengths. The glucose signal was found to be less
than 40% of the spectral amplitude at 3.44 ppm and
much less so at 3.81 ppm (20, 40). The spectral changes
that occur concurrently with glycemia and the stable, flat
baseline at 4 Tesla confirm that the peak at 5.23 ppm is
due to brain glucose. Figure 2 shows spectra acquired for
15 min at euglycemia (bottom) and for 6 min at hyper-
glycemia (approximately 30 mM plasma glucose, top)
using the improved version of DRY-STEAM processed
with 1 Hz linebroadening. The water intensity was sup-
pressed to a level comparable to the intensity of the most
prominent singlet peaks such as Cr, Cho, NAA. With this
sequence, signal intensity from the glucose peak is
clearly discernible at 5.23 ppm.

In order to assign this signal entirely to glucose, we
used the previously established method of difference
spectroscopy of glucose (20). The results of these mea-
surements obtained from two different subjects are
shown in Fig. 3. Figure 3a was acquired using the stan-
dard STEAM sequence (TR = 3000 ms, TE = 20 ms,
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FIG. 1. Observation of specific signal changes in 'H NMR spectra
during intravenous glucose infusion. (a) The spectra were acquired
during a fixed-rate intravenous glucose infusion (600 mi/h of 10%
dextrose) during which plasma glucose rose from approximately 5
to 14 mM (29). Shown are spectra acquired before, during and at
the end of the infusion study as serum glucose was elevated. The
dotted lines indicate the most prominent signal changes at 5.23
and at 3.44 ppm. (b) Expansion of the spectra shown in (a) The
region around the water resonance at 4.72 ppm has been deleted
from this plot and the region around 3.44 ppm is enhanced by
eliminating the trace distant to the 3.4 ppm region. Note that the
peak at 3.44 ppm is resolved from a potential inositol resonance at
3.49 ppm identified by comparison with a myo-inositol phantom.
Peak assignments are based on chemical shift and major constit-
uent based on chemical analysis: Cr, creatine; Ino, inositol.

TM = 10 ms). Despite the presence of a strong residual
water peak and concurrent baseline distortions, compar-
ison of the in vivo difference spectrum with the phantom
spectrum indicates similar relative chemical shifts and
amplitudes which assign the difference to glucose as has
been shown previously for the 3.44 ppm peak at 2.1 Tesla
(20, 40). Using the STEAM sequence modified according
to the 3,1-DRYSTEAM scheme (TM = 33 ms), we have
been able to improve the water suppression consider-
ably; the resulting in vivo difference spectrum and phan-
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FIG. 2. 'H NMR observation of brain glucose using DRYSTEAM.
The bottom spectrum was obtained using 3,1-DRYSTEAM from a
15-min data accumulation during euglycemia and was processed
with zero-filling prior to FFT. The top spectrum was acquired at
approximately 30 mM plasma glucose over 6 min. The data is from
the same subject as Fig. 3b. The downfield insets show the
fivefold expanded region around 5.23 ppm processed with 4 Hz
line broadening.

tom spectrum from a different subject is shown in Fig. 3b.
In this study, plasma glucose was raised to approxi-
mately 30 mM. It was thus possible to correlate more
spectral features with the phantom spectrum. The dotted
lines in Fig. 3b indicate the chemical shifts of the spectral
features of glucose which are accurately present in the in
vivo difference spectrum, thereby establishing (a) that the
signal changes observed can be attributed almost entirely
due to free glucose and (b) that the intensity of the 5.23
ppm peak correlates with the upfield glucose resonances.
The in vivo spectrum in Fig. 3b also shows additional
coherences around the water resonance which have vari-
able phase and intensity. However, analysis of the time
course showed that the signal at 5.23 ppm was unaffected
by these coherences, as can also be seen in Fig. 5, which
is from the same subject.

The stability of the peak at 5.23 ppm is shown by the
time-resolved plot in Fig. 4, which indicates that the
peak is readily observable at a 3-min time resolution. The
baseline was corrected from 4.8—5.5 ppm based on fitting
a second-order polynomial to the regions covering 4.8—
5.1 ppm and 5.35-5.5 ppm. The stability of the resulting
corrected baseline indicates that baseline correction with
a second-order polynomial is a reliable method to re-
move residual water intensity at 5.23 ppm. The region
from 4.8-5.5 ppm is expanded and overlaid in Fig. 4b to
demonstrate the stability of the observation.

Phantom results (not shown) indicate that the modu-
lation due to J-coupling is minor for short to moderately
long echo times (TE < 60 ms) for both the peaks at 3.44
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FIG. 3. Comparison of in vivo difference spectra with solution
spectra. (a) The in vivo spectra were obtained from the same
subject as in Fig. 1 by subtracting a spectrum acquired at eugly-
cemia for 10 min from a spectrum acquired at approximately 14
mM for 15 min. Subtraction was performed with identical phase
correction and by shifting the extensively zero-filled spectra in
order to correct for field drift. The dotted vertical lines indicate the
signal changes at 5.23 and at 3.44 ppm, which were observed at
the same relative amplitudes and chemical shift as in the solution
spectrum (dotted line). The solution spectrum was linebroadened
to match singlet line widths in the in vivo spectrum. (b) The in vivo
difference spectrum was obtained by subtracting a spectrum ac-
quired at euglycemia from a spectrum acquired at approximately
30 mM plasma glucose concentration. The pulse sequence was
an improved version of DRY-STEAM as described in the Methods
section. Data processing was performed as in Fig. 1a. The dotted
vertical lines indicate the chemical shifts characteristic for glucose
at this field strength and in vivo linewidth. Comparison with the
phantom spectrum (dotted line) shows that the in vivo spectrum
corresponds almost entirely to the phantom spectrum, thereby
assigning the majority of signal changes to free glucose.

ppm and the peak at 5.23 ppm, which has a homonuclear
coupling of 3.7 Hz. A series of echo times is shown in Fig.
5 which indicates a long T,. Analysis of peak amplitudes
for this measurement indicated a T, = 141 ms for the Cr
methyl peak at 3.03 ppm and T, = 88 ms for the glucose
peak at 5.23 ppm. In another subject, 8 echo times rang-
ing from 20 to 270 ms were measured, which gave a T,
for Cr of 130 ms. These values are consistent with the T,
values reported by others for the methyl singlet peak of
Cr for healthy human brain at 4 Tesla (41, 42) and indi-
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FIG. 4. Stability of the glucose observation. The spectra shown at
a 3-min time resolution over a 30-min period demonstrate the
stability of glucose observation despite the presence of the nearby
intense water peak using 3,0-DRYSTEAM. The data are from the
same subject as in Fig. 1. The arrows indicate the chemical shift at
5.23 and at 3.44 ppm. (a) In the downfield region, the baseline has
been corrected by subtracting a second-order polynomial in the
region from 4.8 to 5.5 ppm based on the baseline measured from
4.8-5.1 and from 5.3-5.5 ppm for each spectrum. (b) shows the
downfield region of (a) more expanded in a stack plot as well as in
an overlay which demonstrates the stability of the glucose mea-
surements. Note that the variability of the glucose peak can be
explained by noise, which is high due to the modest linebroaden-
ing of 1 Hz.

cate substantially long T, for glucose. The value of 88 ms
is a lower bound for the actual T, of the H1 peak of
glucose, because the glucose signal is decreased at longer
echo times due to the homonuclear coupling of 3.7 Hz.
The line width of this glucose peak is typically 2-3 Hz
broader than that of the Cr peak. This increased lin-
ewidth can be explained by the unresolved doublet struc-
ture, and thus indicates similar T,*. We therefore argue
that T, is of the same order of magnitude as that of Cr.
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FIG. 5. Estimation of the T, of the glucose resonance. The stack
plot shows a series of spectra acquired for 3 min at echo times
TE = 20, 30, 40, 80, 100 ms. While all of the singlet methy! peaks
(Cr, Cho, NAA) have T, in the range of 90-140 ms as determined
from a fit of an exponential decay using nonlinear methods, the
glucose T, was measured to be 88 ms, which represents an
underestimation of the actual T, due to the homonuclear coupling
of 3.7 Hz. The data is from the same subject as Figs. 2 and 3b.

Nevertheless, assuming that the T, of the glucose peak is
identical to that of the Cr methyl peak, an overestimation
of its actual T, by 50 ms would produce at most a 10%
underestimation of the glucose signal at TE = 20 ms.
To estimate the cerebral glucose content, we have—as
discussed above—assumed transverse relaxation effects
of glucose and creatine to be the same. The concentration
of creatine was assumed to be 10 mM, based on reported
values by biopsy and *H MRS of the occipital region (43,
44). The peak intensities were determined by either plain
integration from 5.14 to 5.34 ppm and from 2.93 to 3.07
ppm, respectively, or by peak fitting a Lorentzian peak
simultaneously with a linear baseline at 5.23 ppm. Cr
intensity was estimated by fitting two peaks at 3.04 ppm
and at 2.96 ppm with a linear baseline using standard
spectrometer software. The resulting estimated brain glu-
cose concentrations are tabulated in Table 1. The values
are consistent with the previous *C NMR quantification

TABLE 1
Brain Glucose Concentrations Estimated by '"H NMR?

H NMR® 06 05 11 15 5.5 2.7
Plasma glucose (mM) 52 53 75 6.4 144 152
2 Shown are values that cover the range of previously reported glycemias
(18, 44).
® Brain glucose concentration was estimated by scaling the peak area at

5.23 ppm relative to 10 mM creatine methyl intensity at 3.03 ppm using a
linear baseline correction.

(18, 45) which was performed by comparing the **C
signal intensity to that of a phantom with concentrated
glucose.

Further improvements in signal-to-noise ratio are pos-
sible by using two-fold more sensitive localization meth-
ods (46), such as ISIS {47) or PRESS (48) and by using
smaller surface coils optimized for the anatomic region
under investigation. These improvements should result
in at least a threefold improved sensitivity over the cur-
rent experiment.

CONCLUSIONS

The present paper demonstrates the feasibility of nonin-
vasive quantification of the glucose proton NMR signal
using the 5.23 ppm peak, which is a well resolved reso-
nance at 4 Tesla. The signal-to-noise advantage of 'H
MRS permits to study smaller volumes without using **C
enrichment thereby simplifying experimental design and
expanding the potential usefulness of this measurement.
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