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A double echo-filter metabolite imaging (DEFMI) technique was
developed for spatial mapping of low-concentration metabolites in
the human brain. This imaging technique simultaneously acquires
two images from two individual metabolites, respectively, using
conventional imaging acquisition. It provides (i) efficient water
and lipid suppressions, (ii) the capability of collecting high-reso-
lution metabolite images within a short time and creating a ratio
image from two interesting metabolites within a single experiment,
and (iii) flexibility and simplicity for experimental setup and data
processing. The technique was examined by both phantom and

and/or localizedH spectroscopy is the low concentration ratio
of N-acetylaspartate (NAA) versus choline (Cho) and creatin
(Cr) in the seizure foci of epilepsy compared to normal tissue
(4-98). Early studies also demonstrated that NAA could be a
important marker of neuronal viabilityg] and that the ratio of
[NAAJ/([Cr] + [Cho]) was significantly correlated with glu-
cose metabolism in temporal lobe epilepsy patieb@. (These
results suggest that the technique of usiHgCSI for measur-
ing the spatial distribution of [NAA]/[Cho] (or [NAA]/[Chot+

human brain experiments at 4 Tesla. The results reveal that the
DEFMI technique is promising for applications in metabolism
studies aimed at investigating physiological and pathological

Cr]) may provide a diagnostic tool for the evaluation of epi-
lepsy and other diseases in patients.
However, the capability of the conventional CSI technique
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for routine clinical diagnosis is limited by several technical
constraints: (i) long acquisition time (usually 30—60 min) due
to low metabolite concentration and low NMR signal-to-noise
ratio (SNR), (ii) relatively low spatial resolution and potential
contamination of the residue lipid signals into the brain tissu
due to spatial blurring, and (iii) complex post-data processin

The technique of chemical shift imaging (CSI) or spectro_"lnd relatively intensive computation for creating metabolit
scopic imaging (SI) 1-3 is useful for noninvasively deter- 'Mmages. It woulq be useful to d(_ave-_lop_a robust an(_j_fast tecl
mining spatial distributions of various chemical species fique for mapping the spatial distributions of specific metak
living tissues under both physiological and pathological coRlites of interest. Many relevant techniques have been deve
ditions. The conventional CSI technique uses phase-encodftiRfd: One interesting category of these techniques us
gradients along two orthogonal dimensions combined withfggquency-selective pulses to excite a desired chemical sh
slice selection and acquires free induction decays (FIDs) diinge which only covers the resonances from the metabolit
ing an evolution period in the absence of gradients. Fourigf interest (1, 12. When the bandwidth of the frequency-
transformation of FIDs yields a three-dimensional image (tw&slective pulse is narrow enough to cover only one resonan
spatial dimensions and one chemical shift dimension).  P€ak, the multistep phase-encoding gradients along one spa

During the past decadéH CSI had shown promise for dimension used in CSI can be replaced by a one-step freque
mapping low-concentration metabolites by taking advantage®fencoding gradientl@, 14. This gives a single metabolite
the high sensitivity of the proton nucleus and many existirifl@ge acquired the same way as in conventional MRI. Th
techniques for suppressing extremely intensive water and lipitin advantages of using this technique are short acquisitit
signals. The information from CSI is useful for determiningme, simple data processing, straightforward image displa
metabolic abnormalities in the diseased brain. One of the m@&d capability for achieving high spatial resolution within 2

important findings from the brain disease studies usin@SI short time. Recently, an echo-filter technique using a narro
band frequency-selective refocusing pulse combined wit

s dephasing gradients in a spin echo sequence has been de
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000 180° 180° N-H groups). This is achieved by avoiding the magnetizatio
RF (Spin 1) (Spin 2) transfer signal loss due to water saturation for solvent suppre
4' <D <P sion purposes used for most CSI techniquts, (L. It was

demonstrated that the signal intensity of the resonance peak
8.3 ppm, which is tentatively assigned to nucleosides ar

g A
s4/_\_/'/\ protein, is sensitive to pH changes in the brain tissif®.(

C e [\ [\ [\ Therefore, the sensitivity gain achieved by the DEFMI tech
P

nigue is important for spatial mapping of the 8.3-ppm resc
nance peak that may indirectly provide the brain pH and oth

Gr_/—\[\_[\_l_\ ;—-‘ ( \ ( \ 1 physiological information.

ADC lsti))cho 2nd echo RESULTS
tel _

te2 L Figure 2 demonstrates the lactate and NAA images acquire
simultaneously using the DEFMI technique from the multi-
FIG. 1. Schematic presentation of the DEFMI pulse sequence. The fif@bmpartment phantom (see Experimental). The frequency-s

part of this pulse sequence depicted by the box is for single echo-filtr*éctive refocusing pulses were set at 1.3 ppm for lactate and Z
metabolite imaging. It consists of a 90° excitation pulse (Sinc waveform) with

slice selection gradient (& phase-encoding gradient (Gthe echo-filter 180° ppm for NAA, respectlvely. The intense water Slgnal from the

pulse (Gaussian waveform) for frequency-selective refocusing of spin Rhantom was completely suppressed and the locations of t
dephasing gradients (half-sine waveform) in three orientations; and readattate and NAA images were well separated and consiste

gradient (G) for acquiring the first echo from spin 1. The second part of thyith the anatomical images from the bottles in the multicom
sequence is for acquiring a second echo using another echo-filter 180° pulseé

AA

. . : . )| ditment phantom. Figure 3a shows the spectra acquired frc
frequency-selective refocusing of spin 2. Outer volume signal and lipid cop; . . .
tamination are suppressed by using the BISTRO OVS sequence prior to Eand Cho, _respgctlv_ely, using the DE_FMI_Sequence (Slljlg\
sequence shown in this figure. scan and entire slice) in the human brain. High SNR, efficier
suppression of other undesired signals, and good separation
the Cr and Cho resonances (0.17 ppm difference) we

water and lipids 14). In this work, we have adapted a similarachieved by taking advantage of the high sensitivity and spe
idea from the single metabolite imaging technique and ettal resolution at 4-Tesla high magnetic field. The exceller
panded it to a novel technique of double echo-filter metabolieater (4.7 ppm) and lipid £1.3 ppm) suppressions were
imaging (DEFMI) where two echoes from two desired metalobtained by the echo-filters and outer-volume suppressic
olite resonances are collected in a single scan. (OVS) without using other water and lipid suppression tech

The DEFMI pulse sequence is demonstrated in Fig. 1. Theques. These are important for obtaining individual metabolit
first part of this pulse sequence, depicted by the box in Fig.ilmages with minimal contamination from other resonance sic
is used for acquiring single echo-filter metabolite imaging. hals and for improving reliability of metabolite quantification.
consists of a 90° excitation pulse with slice selection, phadeigure 3b shows a Cr metabolite image from a representati
encoding gradient, the echo-filter 180° pulse for frequencgubject. A high spatial resolution (nominal spatial resolution
selective refocusing of only spin 1, dephasing gradients @2 cnt) was obtained within a relatively short acquisition time
three orientations, and a readout gradient for acquiring the fi(42.8 min) using the DEFMI technique. The Cr metabolite
echo from spin 1. The second part of the sequence is farage shows the spatial contrast of the Cr content between t
acquiring a second echo using another echo-filter 180° putgmy matter and white matter (depicted by the solid line in Fig
for frequency-selective refocusing of only spin 2. The depha3b) by comparing the Cr metabolite image and theveighted
ing gradients in the second part of the pulse sequence gradient-echo image. The Cr intensity in the gray matter i
designed for refocusing the second echo signal and dephadirgher than that in the white matter and the [GE[Cr] gy
the other multiecho signals generated from the first echo. Thatio is 0.80 based on the comparison of the average (
technique provides a fast spatial mapping of two metabolitesiofensity between 88 white matter pixels (depicted by the blac
interest within the same experiment. Taking advantage of higbxes in Fig. 3b) and 83 gray matter pixels (depicted by th
sensitivity and high spectral resolution at high magnetic fieldshite boxes in Fig. 3b). This ratio is in agreement with the
the technique has been examined by both phantom and hurmresult (0.80) of another study using C3I7]. Figure 4 dem-
brain experiments at 4 Tesla to show its capability of creatiranstrates the feasibility of the DEFMI technique for obtaininc
two separated metabolite images with close chemical shifts ahé Cr (the first echo) and NAA (the second echo) metabolit
the ratio images of metabolites in the human brain. images simultaneously acquired in a single experiment ar

The DEFMI technique also provides a full sensitivity forcreating the [NAA]/[Cr] ratio image within the brain tissue.
detecting the water-exchangeable protons in the low-field frdeminal spatial resolution was 0.39 érand total acquisition
gion (e.g., N-H protons and aromatic C-H protons coupled tone was 8.5 min.



FAST IMAGING OF HUMAN BRAIN METABOLITES 365

FIG. 2. (A) Transverse scout image of the multicompartment phantom, (B) the lactate, and (C) NAA images acquired simultaneously using the [
technique (TR= 3 s, 2.4-min acquisition). The frequency-selective refocusing pulses were set at 1.3 ppm for lactate (Lac) and 2.0 ppm for NAA, respec

Figure 5 shows the spectra of the entire human brain sligairing metabolite images and makes it possible to obtai
acquired by the DEFMI sequence where the echo-filter refhigh-resolution metabolite images within a short time. Ar
cusing pulse was centered at 8.3 ppm (A) without and (B) wittkcellent SNR achieved at 4 Tesla provides a well-define
CHESS water suppressiotid, 19. Substantial signal loss atcontrast of Cr signal between the gray and white matters on tl
8.3 ppm (-50%) is evident due to the magnetization transfenetabolite image (Fig. 3) with a very high spatial resolutior
effect induced by presaturation CHESS pulses. The differenge2 cn) and relatively short imaging time<(13 min). Other
spectrum in Fig. 5C shows an approximately symmetric Singé@vantages are simple and fast data processing and imag
peak at 8.3 ppm whereas the right shoulder peak at 8 ppf@play that are identical to the conventional MRI. Thes

(tentativgly assigned to NAA) is ganceled by the Spe_CtrﬁHake it possible to examine results during metabolite imagin
subtraction. Twofold signal gain using the DEFMI techniqug; gies.

allowed obtainment of the high-resolution metabolite image of
the 8.3-ppm resonance peak and the ratio image relative to
as demonstrated in Fig. 6 from another individual subject.

There are different I weightings between the first and
%r . .

sécond echoes collected for metabolite images due to differe
echo times. The Jsignal losses can be corrected if the T
values of the two metabolites are known. One of the mai
differences between the DEFMI technique and convention:

Our results demonstrate that the DEFMI technique is cagaS! is the correction factor due to different echo times apd T
ble of achieving complete water suppression and well-sepalues of metabolites. The inhomogeneity of the static ma
rated individual metabolite images between two close reseetic field (&) is relatively poor over the entire slice (e.g.,
nance peaks and creating metabolite ratio images in the hurddn-20 Hz at 4 Tesla). This can cause a slight offset betwe:
brain. The replacement of one-dimensional phase-encodihig metabolite resonance peak and the echo-filter (frequenc
gradient by frequency-encoding gradient in the DEFMI seselective refocusing pulse) profile peak inside a pixel and lee
quence significantly reduces the total acquisition time for ats an attenuation of the pixel signal intensity. Therefore, th

DISCUSSION
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FIG. 3. (a) 'H spectra acquired from individual Cr and Cho peaks, respectively, using the DEFMI sequence (single scan and entire slice) f
representative subject. The creatine and choline resonances are well separated. Complete water (4.7 ppm)-~&hd [ypiohY suppressions were achieved by
the echo filters and OVS. (b),fweighted gradient-echo image (A and B) and the Cr metabolite image (C and D). A high spatial resolution Cr metabolite i
(nominal spatial resolutios 0.2 cn?, 20 X 20-cnf FOV, 64X 32 matrix size interpolated to 64 64, eight averages) was obtained with a 12.8-min acquisitior
time. The Cr metabolite image shows the spatial contrast of Cr concentration between the gray matter and white matter approximately sepaaiigdiriyy the
in B and D.

signal intensity of the metabolite image depends on not ontyetabolite signal intensities within the same pixel. This im
the metabolite concentration but alsg, B, distributions, and proves the reliability for determining metabolic concentratior
other pulse sequence parameters. However, the signal varéios. The resonance peaks of lipid compounds in tissues ¢
tions do not cause significant problems for quantifying metapartially overlay with the NAA resonance peak. The overlaic
olite ratio images because of the compensation between tippd peaks can be detected together with the NAA peak
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FIG. 4.

(A) Cr and (B) NAA metabolite images simultaneously acquired by the DEFMI technique in a single experiment from a representative supjeeigf@d

gradient-echo image and (D) the [NAAJ/[Cr] ratio image within the brain tissue (depicted by the boxes in A and B). The nominal spatial resoleitiarsiod tNAA metabolite
images was 0.39 chand the total acquisition time was 8.5 min (4020-cnf FOV, 64 X 32 matrix size interpolated to 128 64, eight averages).

However, the lipid signals are spatially differentiated from the Several techniques have been proposed for obtaining separe
NAA signal inside the brain tissue as shown in Fig. 4. The highater and lipid images in human&0-23. These techniques
spatial image resolution significantly reduces the spatial blukork well in the simple case where only two intense resonanct

ring of the lipid signal into the brain tissue.

8 6
ppm

10 9 7

FIG. 5. 'H spectra of a brain slice acquired by the DEFMI sequence (16 scansé

where the echo-filter refocusing pulse was centered at 8.3 ppm, (A) without and
with CHESS water suppression. (C) The difference spectrum between A and B.

are assumed and the chemical shift difference between the t
resonances is large (e.g., water versus lipid). In comparison wi
these techniques, the DEFMI technique provides a much narrow
frequency selection for separating two close resonance peaks
the echo-filter provides excellent suppression of undesired res
nances. This makes it possible to obtain metabolite images w
extremely low concentration and minimal contamination from
other resonances including water and lipids. However, the cap
bility of the DEFMI method for separating two close resonanct
peaks can be limited, especially at low magnetic field due to lowe
spectral resolution. At 4 Tesla, the Cr (or Cho) resonance pe:
detected by the DEFMI technique contain20% signal contrib-
uted by Cho (or Cr). This can lead to an overestimation of imag
'sgnal intensity. Increasing the echo-filter pulse widths can redu
@35 limitation at the expense of, Bignal loss because of longer
echo time.
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FIG. 6. (a)'H spectra acquired from Cr peak (one scan) and 8.3-ppm resonance peak (eight scans), respectively, using the DEFMI sequence (en
slice) from a representative subject. The same vertical display scales were used. Both peaks are well defined with minimal water and lipid@onfamine
The Cr (A) and 8.3-ppm (B) metabolite images simultaneously acquired by the DEFMI technique in a single experiment from a representative ¢
T,-weighted gradient-echo image (C) and the [8.3-ppm]/[Cr] ratio image within the brain tissue (D). The nominal spatial resolution of the metadediteas

0.78 cni and the total acquisition time was 6.4 min (2020-cnt FOV, 32 X 16 matrix size interpolated to 32 32, eight averages). The image display scale
in B was multiplied by 3 compared to A.
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The DEFMI technique is useful for detecting lactate an@VS by taking advantages of its high suppression efficienc
some other (homonuclear) coupled spins without the effectlofv RF power requirement, Binsensitivity, and a sharper
J-coupling evolution which can lead to dephasing and sigredturation profile 43, 249. The BISTRO pulse trains were
loss, because only one of the two coupled spin groups generated using a series of hyperbolic secant pulEg{Z-ms
refocused. Thus, the,Tmaps of these metabolites can also bpulse width) combined with slice selection and dephasin
measured. gradients. The OVS pulses were applied in two dimensior

Finally, our results show the promising application of thperpendicular to the slice selection direction and optimized t
DEFMI technique for imaging the spatial distributions of thenaximize outer volume signal suppression and minimize Si
water-exchangeable protons at 8.3 ppm. The symmetric limeal loss within a localized volume~(10 X 10 cnf) inside the
shape of the difference spectrum as shown in Fig. 5 indicatesin tissue. The echo times used in the DEFMI sequence we
that the difference peak may be mainly contributed by a singd& and 104 ms for the first echo (tel) and second echo (te:
resonance at 8.3 ppm. In addition to the pH dependebe ( respectively. The repetition time (TR) was 2-3 s. The imag
the signal intensity of the 8.3-ppm resonance is sensitive to thequisition times (at) were 8 ms. For human studies, the fie
brain tumor based on the human brain CSI stuth).(There- of view (FOV) along the frequency-encoding direction was 2
fore, the metabolite image from this resonance may providen [spectral width (SW)= 3871 Hz] or 40 cm (SW= 7742

physiological information about the human brain. Hz) with a 64-image matrix size and the FOV along the
phase-encoding direction was 20 cm with a 32-image matri
CONCLUSIONS size. The acquired raw data were Gaussian filtered in k-spa

before Fourier transformation for SNR enhancement. The m
A robust technique using the DEFMI sequence for metabt@bolite images were interpolated to 64 or 128 pixel size b
lite mapping was developed. The results demonstrate the fearo-filling. In addition, a relatively low resolution was used
sibility of the technique to obtain two metabolite images in #or studying the water-exchangeable resonance at 8.3 ppm (¢
single experiment. The DEFMI technique provides (i) thdetails in the figure legend to Fig. 6). A multicompartmen
capability for obtaining high-resolution metabolite imagephantom consisting of three bottles having 10 mM lactate
within a short time; (ii) flexibility and simplicity for experi- NAA, and Cr, respectively, was used for testing the DEFM
mental setup, data processing, and interpretation; and (iiisagquence. The DEFMI sequence has options to collect a F
robust imaging technique to create a reliable ratio image froinom spin 1 or spin 2 over the entire slice in the absence «
two interesting metabolites which can reflect the metaboliggadients. This was used to examine the frequency selectivi
concentration ratio if the Jcorrection is calculated. The tech-for acquiring a single metabolite (SW 5000 Hz, at= 205 ms,
nigue may have potential applications for mapping metabolitaad TR= 3 s). Multislice T,-weighted TurboFLASH images
and metabolite concentration ratios in normal and pathologi¢aP8 X 128 matrix size, axial orientation and two segmenta

brain studies and in routine clinical diagnosis. tions) were acquired in all studies for anatomical information
Typical imaging parameters were 1.2-s inversion time (TI)
EXPERIMENTAL 4.7-ms TE, 9.6-ms TR, 5-mm slice thickness, andR0-cnt
FOV.
All NMR experiments were performed on a 4-Tesla Sie-
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