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A double echo-filter metabolite imaging (DEFMI) technique was
eveloped for spatial mapping of low-concentration metabolites in
he human brain. This imaging technique simultaneously acquires
wo images from two individual metabolites, respectively, using
onventional imaging acquisition. It provides (i) efficient water
nd lipid suppressions, (ii) the capability of collecting high-reso-
ution metabolite images within a short time and creating a ratio
mage from two interesting metabolites within a single experiment,
nd (iii) flexibility and simplicity for experimental setup and data
rocessing. The technique was examined by both phantom and
uman brain experiments at 4 Tesla. The results reveal that the
EFMI technique is promising for applications in metabolism

tudies aimed at investigating physiological and pathological
uestions. © 1999 Academic Press

Key Words: NMR spectroscopy; metabolite imaging; NMR
ensitivity; chemical shift imaging; human brain.

INTRODUCTION

The technique of chemical shift imaging (CSI) or spec
copic imaging (SI) (1–3) is useful for noninvasively dete
ining spatial distributions of various chemical species

iving tissues under both physiological and pathological c
itions. The conventional CSI technique uses phase-enc
radients along two orthogonal dimensions combined w
lice selection and acquires free induction decays (FIDs)
ng an evolution period in the absence of gradients. Fo
ransformation of FIDs yields a three-dimensional image
patial dimensions and one chemical shift dimension).
During the past decade,1H CSI had shown promise f
apping low-concentration metabolites by taking advanta

he high sensitivity of the proton nucleus and many exis
echniques for suppressing extremely intensive water and
ignals. The information from CSI is useful for determin
etabolic abnormalities in the diseased brain. One of the

mportant findings from the brain disease studies using1H CSI

1 To whom correspondence should be addressed at Center for Ma
esonance Research, University of Minnesota School of Medicine, 2021
t. S.E., Minneapolis, MN 55455. Fax: (612) 626-2004. E-mail: wei@c
mn.edu.
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nd/or localized1H spectroscopy is the low concentration ra
f N-acetylaspartate (NAA) versus choline (Cho) and crea
Cr) in the seizure foci of epilepsy compared to normal tis
4–8). Early studies also demonstrated that NAA could b
mportant marker of neuronal viability (9) and that the ratio o
NAA]/([Cr] 1 [Cho]) was significantly correlated with gl
ose metabolism in temporal lobe epilepsy patients (10). These
esults suggest that the technique of using1H CSI for measur
ng the spatial distribution of [NAA]/[Cho] (or [NAA]/[Cho1
r]) may provide a diagnostic tool for the evaluation of e

epsy and other diseases in patients.
However, the capability of the conventional CSI techni

or routine clinical diagnosis is limited by several techn
onstraints: (i) long acquisition time (usually 30–60 min)
o low metabolite concentration and low NMR signal-to-no
atio (SNR), (ii) relatively low spatial resolution and poten
ontamination of the residue lipid signals into the brain tis
ue to spatial blurring, and (iii) complex post-data proces
nd relatively intensive computation for creating metab

mages. It would be useful to develop a robust and fast t
ique for mapping the spatial distributions of specific me
lites of interest. Many relevant techniques have been d
ped. One interesting category of these techniques

requency-selective pulses to excite a desired chemical
ange which only covers the resonances from the metab
f interest (11, 12). When the bandwidth of the frequenc
elective pulse is narrow enough to cover only one reson
eak, the multistep phase-encoding gradients along one s
imension used in CSI can be replaced by a one-step fre
y-encoding gradient (13, 14). This gives a single metaboli
mage acquired the same way as in conventional MRI.

ain advantages of using this technique are short acqui
ime, simple data processing, straightforward image dis
nd capability for achieving high spatial resolution withi
hort time. Recently, an echo-filter technique using a na
and frequency-selective refocusing pulse combined
ephasing gradients in a spin echo sequence has been
ped for imaging a single metabolite. It has been used suc

ully to obtain NAA images in the human brain at 1.5 Te
ith excellent suppression of other resonance peaks inclu

tic
th
.
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364 CHEN AND HU
ater and lipids (14). In this work, we have adapted a simi
dea from the single metabolite imaging technique and
anded it to a novel technique of double echo-filter metab

maging (DEFMI) where two echoes from two desired me
lite resonances are collected in a single scan.
The DEFMI pulse sequence is demonstrated in Fig. 1.

rst part of this pulse sequence, depicted by the box in Fi
s used for acquiring single echo-filter metabolite imaging
onsists of a 90° excitation pulse with slice selection, ph
ncoding gradient, the echo-filter 180° pulse for freque
elective refocusing of only spin 1, dephasing gradien
hree orientations, and a readout gradient for acquiring the
cho from spin 1. The second part of the sequence i
cquiring a second echo using another echo-filter 180°

or frequency-selective refocusing of only spin 2. The dep
ng gradients in the second part of the pulse sequenc
esigned for refocusing the second echo signal and deph

he other multiecho signals generated from the first echo.
echnique provides a fast spatial mapping of two metabolit
nterest within the same experiment. Taking advantage of
ensitivity and high spectral resolution at high magnetic fie
he technique has been examined by both phantom and h
rain experiments at 4 Tesla to show its capability of crea

wo separated metabolite images with close chemical shift
he ratio images of metabolites in the human brain.

The DEFMI technique also provides a full sensitivity
etecting the water-exchangeable protons in the low-fiel
ion (e.g., N-H protons and aromatic C-H protons couple

FIG. 1. Schematic presentation of the DEFMI pulse sequence. The
art of this pulse sequence depicted by the box is for single echo
etabolite imaging. It consists of a 90° excitation pulse (Sinc waveform)

lice selection gradient (Gs); phase-encoding gradient (Gp); the echo-filter 180
ulse (Gaussian waveform) for frequency-selective refocusing of sp
ephasing gradients (half-sine waveform) in three orientations; and re
radient (Gr) for acquiring the first echo from spin 1. The second part of
equence is for acquiring a second echo using another echo-filter 180° pu
requency-selective refocusing of spin 2. Outer volume signal and lipid
amination are suppressed by using the BISTRO OVS sequence prior
equence shown in this figure.
-
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-H groups). This is achieved by avoiding the magnetiza
ransfer signal loss due to water saturation for solvent sup
ion purposes used for most CSI techniques (15, 16). It was
emonstrated that the signal intensity of the resonance pe
.3 ppm, which is tentatively assigned to nucleosides
rotein, is sensitive to pH changes in the brain tissue15).
herefore, the sensitivity gain achieved by the DEFMI te
ique is important for spatial mapping of the 8.3-ppm re
ance peak that may indirectly provide the brain pH and o
hysiological information.

RESULTS

Figure 2 demonstrates the lactate and NAA images acq
imultaneously using the DEFMI technique from the mu
ompartment phantom (see Experimental). The frequenc
ective refocusing pulses were set at 1.3 ppm for lactate an
pm for NAA, respectively. The intense water signal from
hantom was completely suppressed and the locations o

actate and NAA images were well separated and cons
ith the anatomical images from the bottles in the multic
artment phantom. Figure 3a shows the spectra acquired
r and Cho, respectively, using the DEFMI sequence (s
can and entire slice) in the human brain. High SNR, effic
uppression of other undesired signals, and good separat
he Cr and Cho resonances (0.17 ppm difference)
chieved by taking advantage of the high sensitivity and s

ral resolution at 4-Tesla high magnetic field. The exce
ater (4.7 ppm) and lipid (;1.3 ppm) suppressions we
btained by the echo-filters and outer-volume suppres
OVS) without using other water and lipid suppression te
iques. These are important for obtaining individual metab

mages with minimal contamination from other resonance
als and for improving reliability of metabolite quantificatio
igure 3b shows a Cr metabolite image from a represent
ubject. A high spatial resolution (nominal spatial resolutio5
.2 cm3) was obtained within a relatively short acquisition ti
12.8 min) using the DEFMI technique. The Cr metabo
mage shows the spatial contrast of the Cr content betwee
ray matter and white matter (depicted by the solid line in
b) by comparing the Cr metabolite image and the T1-weighted
radient-echo image. The Cr intensity in the gray matte
igher than that in the white matter and the [Cr]white/[Cr] gray

atio is 0.80 based on the comparison of the averag
ntensity between 88 white matter pixels (depicted by the b
oxes in Fig. 3b) and 83 gray matter pixels (depicted by
hite boxes in Fig. 3b). This ratio is in agreement with

esult (0.80) of another study using CSI (17). Figure 4 dem
nstrates the feasibility of the DEFMI technique for obtain

he Cr (the first echo) and NAA (the second echo) metab
mages simultaneously acquired in a single experiment
reating the [NAA]/[Cr] ratio image within the brain tissu
ominal spatial resolution was 0.39 cm3 and total acquisitio

ime was 8.5 min.
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365FAST IMAGING OF HUMAN BRAIN METABOLITES
Figure 5 shows the spectra of the entire human brain
cquired by the DEFMI sequence where the echo-filter
using pulse was centered at 8.3 ppm (A) without and (B)
HESS water suppression (18, 19). Substantial signal loss
.3 ppm (;50%) is evident due to the magnetization tran
ffect induced by presaturation CHESS pulses. The differ
pectrum in Fig. 5C shows an approximately symmetric si
eak at 8.3 ppm whereas the right shoulder peak at 8
tentatively assigned to NAA) is canceled by the spe
ubtraction. Twofold signal gain using the DEFMI techni
llowed obtainment of the high-resolution metabolite imag

he 8.3-ppm resonance peak and the ratio image relative
s demonstrated in Fig. 6 from another individual subjec

DISCUSSION

Our results demonstrate that the DEFMI technique is c
le of achieving complete water suppression and well-s
ated individual metabolite images between two close r
ance peaks and creating metabolite ratio images in the h
rain. The replacement of one-dimensional phase-enco
radient by frequency-encoding gradient in the DEFMI
uence significantly reduces the total acquisition time for

FIG. 2. (A) Transverse scout image of the multicompartment phant
echnique (TR5 3 s, 2.4-min acquisition). The frequency-selective refocu
e
-

h

r
ce
le
m
l

f
Cr

a-
a-
o-
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ng
-
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uiring metabolite images and makes it possible to ob
igh-resolution metabolite images within a short time.
xcellent SNR achieved at 4 Tesla provides a well-defi
ontrast of Cr signal between the gray and white matters o
etabolite image (Fig. 3) with a very high spatial resolu

0.2 cm3) and relatively short imaging time (,13 min). Othe
dvantages are simple and fast data processing and im
isplay that are identical to the conventional MRI. Th
ake it possible to examine results during metabolite ima

tudies.
There are different T2 weightings between the first a

econd echoes collected for metabolite images due to diff
cho times. The T2 signal losses can be corrected if the2
alues of the two metabolites are known. One of the m
ifferences between the DEFMI technique and convent
SI is the correction factor due to different echo times an2
alues of metabolites. The inhomogeneity of the static m
etic field (B0) is relatively poor over the entire slice (e.
4–20 Hz at 4 Tesla). This can cause a slight offset betw

he metabolite resonance peak and the echo-filter (frequ
elective refocusing pulse) profile peak inside a pixel and
o an attenuation of the pixel signal intensity. Therefore,

, (B) the lactate, and (C) NAA images acquired simultaneously using t
g pulses were set at 1.3 ppm for lactate (Lac) and 2.0 ppm for NAA, re
om
sin
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366 CHEN AND HU
ignal intensity of the metabolite image depends on not
he metabolite concentration but also B0, B1 distributions, and
ther pulse sequence parameters. However, the signal

ions do not cause significant problems for quantifying me
lite ratio images because of the compensation between

FIG. 3. (a) 1H spectra acquired from individual Cr and Cho peak
epresentative subject. The creatine and choline resonances are well se
he echo filters and OVS. (b) T1-weighted gradient-echo image (A and B) a
nominal spatial resolution5 0.2 cm3, 203 20-cm2 FOV, 643 32 matrix size
ime. The Cr metabolite image shows the spatial contrast of Cr concentra
n B and D.
ly

ria-
-
o

etabolite signal intensities within the same pixel. This
roves the reliability for determining metabolic concentra
atios. The resonance peaks of lipid compounds in tissue
artially overlay with the NAA resonance peak. The over

ipid peaks can be detected together with the NAA p

espectively, using the DEFMI sequence (single scan and entire slic
ated. Complete water (4.7 ppm) and lipid (;1.4 ppm) suppressions were achieved
the Cr metabolite image (C and D). A high spatial resolution Cr metabol
erpolated to 643 64, eight averages) was obtained with a 12.8-min acquis
n between the gray matter and white matter approximately separated byolid line
s, r
par
nd
int
tio
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367FAST IMAGING OF HUMAN BRAIN METABOLITES
owever, the lipid signals are spatially differentiated from
AA signal inside the brain tissue as shown in Fig. 4. The
patial image resolution significantly reduces the spatial
ing of the lipid signal into the brain tissue.

FIG. 4. (A) Cr and (B) NAA metabolite images simultaneously acquired b
radient-echo image and (D) the [NAA]/[Cr] ratio image within the brain tissue (d

mages was 0.39 cm3 and the total acquisition time was 8.5 min (403 20-cm2 FOV

FIG. 5. 1H spectra of a brain slice acquired by the DEFMI sequence (16 s
here the echo-filter refocusing pulse was centered at 8.3 ppm, (A) without a
ith CHESS water suppression. (C) The difference spectrum between A and
e
h
r-

Several techniques have been proposed for obtaining sep
ater and lipid images in humans (20–22). These technique
ork well in the simple case where only two intense resona
re assumed and the chemical shift difference between th
esonances is large (e.g., water versus lipid). In comparison
hese techniques, the DEFMI technique provides a much nar
requency selection for separating two close resonance pea
he echo-filter provides excellent suppression of undesired
ances. This makes it possible to obtain metabolite images
xtremely low concentration and minimal contamination f
ther resonances including water and lipids. However, the
ility of the DEFMI method for separating two close resona
eaks can be limited, especially at low magnetic field due to l
pectral resolution. At 4 Tesla, the Cr (or Cho) resonance
etected by the DEFMI technique contains;20% signal contrib
ted by Cho (or Cr). This can lead to an overestimation of im
ignal intensity. Increasing the echo-filter pulse widths can re
his limitation at the expense of T2 signal loss because of long
cho time.

e DEFMI technique in a single experiment from a representative subject. (C) T1-weighted
cted by the boxes in A and B). The nominal spatial resolution for the Cr and NAA metabolit
3 32 matrix size interpolated to 1283 64, eight averages).

s),
(B)
y th
epi
, 64
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368 CHEN AND HU
FIG. 6. (a) 1H spectra acquired from Cr peak (one scan) and 8.3-ppm resonance peak (eight scans), respectively, using the DEFMI sequence
lice) from a representative subject. The same vertical display scales were used. Both peaks are well defined with minimal water and lipid contamon. (b)
he Cr (A) and 8.3-ppm (B) metabolite images simultaneously acquired by the DEFMI technique in a single experiment from a representati

1-weighted gradient-echo image (C) and the [8.3-ppm]/[Cr] ratio image within the brain tissue (D). The nominal spatial resolution of the metabolite images wa
.78 cm3 and the total acquisition time was 6.4 min (203 20-cm2 FOV, 323 16 matrix size interpolated to 323 32, eight averages). The image display s

n B was multiplied by 3 compared to A.
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369FAST IMAGING OF HUMAN BRAIN METABOLITES
The DEFMI technique is useful for detecting lactate
ome other (homonuclear) coupled spins without the effe
-coupling evolution which can lead to dephasing and s
oss, because only one of the two coupled spin group
efocused. Thus, the T2 maps of these metabolites can also
easured.
Finally, our results show the promising application of
EFMI technique for imaging the spatial distributions of
ater-exchangeable protons at 8.3 ppm. The symmetric
hape of the difference spectrum as shown in Fig. 5 indic
hat the difference peak may be mainly contributed by a s
esonance at 8.3 ppm. In addition to the pH dependence15),
he signal intensity of the 8.3-ppm resonance is sensitive t
rain tumor based on the human brain CSI study (16). There-

ore, the metabolite image from this resonance may pro
hysiological information about the human brain.

CONCLUSIONS

A robust technique using the DEFMI sequence for met
ite mapping was developed. The results demonstrate the
ibility of the technique to obtain two metabolite images
ingle experiment. The DEFMI technique provides (i)
apability for obtaining high-resolution metabolite ima
ithin a short time; (ii) flexibility and simplicity for exper
ental setup, data processing, and interpretation; and (

obust imaging technique to create a reliable ratio image
wo interesting metabolites which can reflect the metab
oncentration ratio if the T2 correction is calculated. The tec
ique may have potential applications for mapping metabo
nd metabolite concentration ratios in normal and patholo
rain studies and in routine clinical diagnosis.

EXPERIMENTAL

All NMR experiments were performed on a 4-Tesla S
ens/Varian whole-body system equipped with a head g
nt insert. A quadrature birdcage coil was used for transm
nd receiver at 170 MHz. Five healthy subjects without his
f neurological disorders recruited from the academic un
ity environment participated in this study that was appro
y the institutional review board of the University of Minn
ota Medical School.
A radio frequency (RF) pulse with Sinc waveform was u

or slice selection in the axial orientation (2-ms pulse width
-cm slice thickness). A Gaussian RF pulse (20-ms p
idth) was used for the echo-filter refocusing pulses. It h
6-Hz bandwidth (0.45 ppm at 4-Tesla magnetic field stren
t the half-maximum excitation peak value. This narrow ba
idth allows refocusing of a single resonance peak and
ression of other resonance peaks with different chem
hifts via the strong dephasing gradients. BISTRO (B1-insen-
itive selective train to obliterate signal) pulse trains w
mployed before the pulse sequence as shown in Fig.
d
of
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VS by taking advantages of its high suppression efficie
ow RF power requirement, B1 insensitivity, and a sharp
aturation profile (23, 24). The BISTRO pulse trains we
enerated using a series of hyperbolic secant pulses (25) (2-ms
ulse width) combined with slice selection and depha
radients. The OVS pulses were applied in two dimens
erpendicular to the slice selection direction and optimize
aximize outer volume signal suppression and minimize
al loss within a localized volume (;10 3 10 cm2) inside the
rain tissue. The echo times used in the DEFMI sequence
7 and 104 ms for the first echo (te1) and second echo
espectively. The repetition time (TR) was 2–3 s. The im
cquisition times (at) were 8 ms. For human studies, the
f view (FOV) along the frequency-encoding direction was
m [spectral width (SW)5 3871 Hz] or 40 cm (SW5 7742
z) with a 64-image matrix size and the FOV along
hase-encoding direction was 20 cm with a 32-image m
ize. The acquired raw data were Gaussian filtered in k-s
efore Fourier transformation for SNR enhancement. The

abolite images were interpolated to 64 or 128 pixel size
ero-filling. In addition, a relatively low resolution was us
or studying the water-exchangeable resonance at 8.3 ppm
etails in the figure legend to Fig. 6). A multicompartm
hantom consisting of three bottles having 10 mM lac
AA, and Cr, respectively, was used for testing the DEF
equence. The DEFMI sequence has options to collect a
rom spin 1 or spin 2 over the entire slice in the absenc
radients. This was used to examine the frequency selec

or acquiring a single metabolite (SW5 5000 Hz, at5 205 ms
nd TR5 3 s). Multislice T1-weighted TurboFLASH image
128 3 128 matrix size, axial orientation and two segme
ions) were acquired in all studies for anatomical informat
ypical imaging parameters were 1.2-s inversion time (
.7-ms TE, 9.6-ms TR, 5-mm slice thickness, and 203 20-cm2

OV.
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