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The 3D localized 13C spectroscopy methods LINEPT and
LODEPT, which are modifications of INEPT and DEPT, are pro-
posed. As long as a 13C inversion pulse (180-degree pulse) is applied
at 1/(4J) before the proton echo time in LINEPT and a 13C excitation
pulse (90-degree pulse) is applied at 1/(2J) before the proton echo
time in LODEPT, the proton echo time can be set to any value longer
than 1/(2J) in LINEPT and longer than 1/J in LODEPT. As a result,
the proton and the 13C pulses can be applied separately and these
proton pulses can be made slice-selective pulses. These localization
features of LINEPT and LODEPT were evaluated using a phantom
consisting of a cylinder filled with ethanol placed inside another
cylinder filled with oil, and localized ethanol spectra could be ob-
tained. In vivo 3D localized 13C spectra from the brain of a monkey
could be obtained using decoupled LINEPT, and glutamate C-4
appeared directly after the administration of glucose C-1, followed by
the appearance of glutamate C-2, C-3 and glutamine C-2, C-3,
C-4. © 1998 Academic Press
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INTRODUCTION

13C magnetic resonance spectroscopy (MRS) has been
shown to be a powerful noninvasive technique for the study of
metabolism. There are, however, problems associated with this
technique, such as low sensitivity, and localization difficulty
because of the large chemical-shift dispersion.

The nuclear Overhauser effect (NOE) has generally been
used to overcome its low sensitivity. However, the enhance-
ment factor by NOE is at most 3. This also gives rise to body
heating caused by the high decoupling power.

Polarization transfer gives a better signal-to-noise ratio, since
the enhancement factor is 4 and signal recovery is determined by
the proton’s shortT1. Polarization transfer will also give lower
decoupling power, since decoupling is on only during the acqui-
sition time. Moreover, the polarization transfer method will be a
useful technique for localization because it can make use of
localization on the proton. The advantages of using localization on
the proton are, first, that the accuracy of localization improves

because the proton chemical-shift dispersion is small and, second,
that the required gradients are reduced by a factor of 4.

For these reasons, several techniques using polarization transfer
have been developed (1–4), but some problems remain, such as
complicated RF pulses (1), contamination due toT1 recovery (1,
2), impossibility of 3D localization (3, 4), and signal loss because
of the proton chemical shift effects on polarization transfer (4). In
this paper, we propose two new three-dimensional localization
techniques, LINEPT (localized INEPT (5) (insensitive nuclei en-
hanced by polarization transfer)) and LODEPT (localized DEPT
(6) (distortionless enhancement by polarization transfer)), which
can be applied on a whole-body scanner, and we present the
results of phantom and animal experiments performed to verify
the usefulness of these techniques.

THEORY

3D Localized13C Spectroscopy

In INEPT (Fig. 1a) and DEPT (Fig. 2a), the proton 180-
degree pulses enable polarization transfer without proton
chemical shift effects. Moreover, three proton pulses make
three-dimensional localization possible. However, when the
second proton pulse is made slice selective in each sequence on
a whole-body scanner, a position error between metabolites
occurs using this gradient system whose maximum amplitude
is normally about 10 mT/m. This is because the first13C pulse
is also obliged to be applied at the same time as the slice
gradient pulse in spite of the large13C chemical shift disper-
sion. The dispersion between glucose and its metabolites in the
case of [1-13C]glucose administration is about 100 ppm and the
position error is 2 cm when a 10-mT/m slice gradient pulse is
used on a 2-T MRI scanner. Since these proton and13C pulses
can be applied separately in LINEPT and LODEPT (Figs. 1b,
2b) based on INEPT and DEPT, respectively (7), these meth-
ods can be applied on a whole-body scanner with a13C system.

First, we explain the case for LINEPT. In INEPT, the role of
the proton 180-degree pulse is to refocus the proton chemical
shifts and the role of the13C 180-degree pulse is to invert the
13C spins. The essence of INEPT, therefore, is that the13C
inversion pulse is applied at1/(4J) before the proton echo time
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and the third proton pulse or at1/(4J) after the first proton
pulse. In the LINEPT sequence, as long as the time interval
between the13C inversion pulse and the proton echo time or
between the first proton pulse and13C inversion pulse is set to
1/(4J), INEPT-type polarization transfers with proton chemi-
cal shifts refocused can be created even in the proton echo time
that is longer than1/(2J). As a result, the proton refocusing
pulse and the13C inversion pulse can be applied separately.
Therefore, three proton pulses can be made slice-selective
pulses in a whole-body scanner. Figure 1b shows the LINEPT
sequence where a13C inversion pulse is applied atDa equal to
1/(4J) before the proton echo time and the third proton pulse.
Neglecting gradient pulses and proton chemical shifts for the
sequence shown in Fig. 1b, theJ evolution can be expressed as
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Thus, using three selective pulses, a 2IzSzof CHn is created only
inside a 3D localized volume and polarization transfer to13C
occurs with the subsequent13C excitation pulse. Phase cycling is
carried out to eliminate unenhanced13C signals which come from
only 13C pulses. The scheme is as follows: the third proton pulse
phase (y, 2y) and the receiver phase (x, 2x). Additional gradient
pulses are applied to eliminate unwanted echoes caused by im-
perfection of the proton refocusing pulse.

Similarly, 13C polarization transfer signals can also be obtained
only in a 3D localized volume using LODEPT. In the LODEPT
sequence, as long as the time interval between the first13C pulse
and the proton echo time or between the first proton pulse and the
first 13C pulse is set to 1/(2J), DEPT-type polarization transfers
with proton chemical shifts refocused can be created even when
the proton echo time is longer than 1/J. As a result, the proton
refocusing pulse and the first13C pulse can be applied separately.
Therefore, three proton pulses can be used as slice-selective
pulses, and 3D localization is possible in a whole-body scanner.
Figure 2b shows the LODEPT sequence where the first13C pulse
is applied atDb equal to 1/(2J) before the proton echo time and the
third proton pulse. Neglecting gradient pulses and proton chemi-
cal shifts for the sequence shown in Fig. 2b,J evolution of CHn

can be expressed as

FIG. 1. Conventional INEPT sequence (a) and proposed LINEPT sequence
(b). Da is 1/(4J). As long as13C inversion pulse is applied at 1/(4J) before the
proton echo time or at 1/(4J) after the first proton pulse, these proton and13C
pulses can be applied separately. Polarization transfer from proton to13C occurs
only inside a 3D localized volume, making three proton pulses slice selective
pulses. The additional gradient pulses (Gadd) are applied for coherence clean
selection. Conventional INEPT phase-cycling is shown here.

FIG. 2. Conventional DEPT sequence (a) and proposed LODEPT se-
quence (b).Db is 1/(2J). Conventional DEPT phase cycling is shown here.
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After the third proton pulse, theu pulse, observable is as
follows:
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Since13C magnetization is transversal after the first13C 90-
degree pulse, the third slice gradient pulse Gslz dephases these
13C spins. Therefore, Gslz has to also be applied after the13C
refocusing pulse to rephase these13C spins (Fig. 2b). The
phase cycling scheme for eliminating unenhanced13C signals
is similar to the LINEPT case: the third proton pulse phase
( y, 2y) and the receiver phase (x, 2x).

EXPERIMENTAL

Phantom and animal experiments were performed using a 2-T
whole-body MRI scanner for13C spectroscopy (Toshiba, Japan).

Phantom Experiments

The RF coil consists of two perpendicular saddle coils, tuned
to 85 MHz for protons (185 mm in diameter) and 21 MHz for
13C (123 mm for13C). The phantom consists of a cylinder (37
mm in diameter, 70 mm in length) filled with ethanol placed
inside another cylinder (65 mm in diameter, 90 mm in length)
filled with baby oil (Johnson & Johnson, USA) (Fig. 3). The
phantom was placed inside the RF coil and spectra were
obtained by conventional INEPT and DEPT and by LINEPT
and LODEPT. The phase cycling schemes explained in the
theory section were used. The localized volume was inside the
ethanol. In LINEPT and LODEPT, the proton TE was set to 20
ms and TR was 1 s. All the slice-selective pulses were64p
sinc pulses (4 ms in length) and all the13C pulses were
rectangular pulses (200ms in width). The time interval1/(4J)
was set to 1.8 ms forJCH 5 140 Hz and the flip angle of the
third proton pulse in LODEPT was set to 45 degrees, both for
optimal polarization transfer in ethanol C-1 (CH2).

In LINEPT and LODEPT, using gradient pulses,B0 shift oc-
curs because of coupling between the gradient magnetic coils and
the static magnetic coil.B0 shift breaks the perpendicular relation
between the phase of the third proton pulse and the signal phase
of protons bound to13C spins at the proton echo time. As a result,
the third proton pulse creates 2IzSzcos(Du), whereDu, is the phase
difference, the polarization transfer signal losses. We overcame
this problem by measuringDu caused by theB0 shift to adjust the
proton pulse phase. The scheme in the case of LINEPT was as
follows. First, using a phantom filled with water, the water proton
signal phaseu was obtained. A spin echo sequence consisting of
the first LINEPT proton pulse and the second proton pulse was
used (Fig. 4a). Next, the water proton signal phaseuG was ob-
tained using a pulse sequence consisting of the spin echo pulses
and the LINEPT gradient pulses (Fig. 4b). The phase difference
(uG 2 u) equalsDu. Therefore, the third proton pulse was applied

FIG. 3. Sketch of a phantom for localization evaluation of LINEPT and
LODEPT. The 3D localized volumes were set inside the ethanol. The volume
was 20 (x) 3 20 (y) 3 30 (z) mm3.

FIG. 4. RF phase adjustment sequences.B0 shifts of proton spins bound
to 13C spins cause signal loss because the perpendicular relation between the
phase of the proton spins and that of the third proton pulse in LINEPT and
LODEPT is broken. The difference between the water proton signal phase
using the SE sequence (a) and the phase using SE with localization and
additional gradient pulses (b) was measured, to measure the phase difference.
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at the phase (p/2 1 Du) in order to create the 2IzSz state and cause
polarization transfer from proton to13C without loss. The adjust-
ment method for the RF phase in LODEPT is the same as that
described earlier. These adjustment procedures can be performed
easily, since only two scans are needed to obtain the phase
difference between water proton signals. Thus, the procedures can
be performed again when the gradient conditions are changed or
even whenin vivo localized volume position is changed.

Inhomogeneity of RF amplitude may also cause signal loss,
especially in the case of using a transmitter and receiver surface
coil often usedin vivo. Hence, phase cycling suitable for an
inhomogeneous RF field needs to be designed. First, product
operators were calculated for the case of arbitrary flip angle. Next,
the phase cycling schemes were obtained to provide only the13C
polarization transfer signals. In the case of INEPT, the obtained
scheme shown as phase-cycling-1 in the Appendix was as fol-
lows: first proton pulse phase (x, 2x, x, 2x), first,13C pulse phase
(x, x, 2x, 2x), and receiver phase (x, 2x, x, 2x). Figure 5 shows
INEPT spectra of 99.5% ethanol obtained using a transmitter and
receiver surface coil for proton and13C. The spectrum obtained by

a conventional two-phase cycling scheme is compared with the
spectrum obtained by this four-phase cycling scheme. In the
two-phase cycling spectrum, methyl peaks are distorted, while in
the four-phase cycling spectrum, these peaks have almost the
same value.

Animal Experiments

Glutamate metabolism derived fromD-[1-13C]glucose in the
brain of a monkey (Macaca fascicularis,female, 3.9 kg) was
measured using decoupled and refocused LINEPT (Fig. 6), which
consists of LINEPT pulses followed by a13C refocusing pulse and
a proton decoupling pulse (WALTZ-4). There is another type of
decoupled and refocused INEPT where the decoupling pulse is
applied at a delay after a13C refocusing pulse with a proton
inversion pulse; this type can also be applied to the decoupled and
refocused LINEPT and can be usedin vivo.

A double surface coil consisting of af 60-mm 4-turn13C
surface coil and a figure-eight 603 100 mm proton coil was used.
The localized volume (32 ml) was inside the brain. All the
slice-selective pulses were64p sinc pulses (4 ms in length). All
the13C pulses were rectangular pulses (200ms in width). The time
intervals D1 and D2 (Fig. 6) in the decoupled and refocused
LINEPT sequence were both set to 1.8 ms. The optimal delays
will be considered in the Discussion section. Eight-phase cycling,
designed using the same method as that in the phantom experi-
ments, was as follows: first proton pulse phasef1 (x, 2x, x, 2x,
x, 2x, x, 2x,), first 13C pulse phasef2 (x, x, 2x, 2x, x, x, 2x,
2x), third carbon phasef3 (x, x, x, x, 2x, 2x, 2x, 2x,), and
receiver phase (x, 2x, x, 2x, x, 2x, x, 2x). The sampling time
was 235 ms and the number of sampling points was 2048.
Lorentz-to-Gaussian filtering (10 Hz) was used.

The surface coil was placed above the head of a monkey that
had been anesthetized with ketamine (3.8 ml). A [1-13C]etha-
nol reference phantom (f 10 mm) was placed above the
surface coil. The position of this reference phantom and that of
the localized brain volume were almost symmetric with respect
to the surface coil. RF power for proton and13C was tuned
using the INEPT signal of the reference phantom. Shimming
was done using the water proton FID signal.

FIG. 6. Decoupled and refocused LINEPT sequence. Localized volume size
is 40 (x) 3 20 (y) 3 40 (z) mm3. The axis directions are shown in Fig. 8.

FIG. 5. Ethanol absolute spectra using a surface coil as the transmitter and
receiver. The conventional INEPT sequence was used. Signal intensities be-
tween the peaks are not the same, and it is impossible to obtain the correct
INEPT spectrum because ofB1 inhomogeneity using conventional two-phase
cycling (a). The ratio of ethanol C-1 (CH2) peaks is almost 1:1 and that of
ethanol C-2 (CH3) is almost 1:1:1:1 using our four-phase cycling (b). These
features are all the same as those of INEPT.
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Before glucose injection, nonlocalized spectra (a decoupled
NOE enhanced spectrum and a decoupled INEPT spectrum)
and a localized spectrum (a decoupled LINEPT spectrum) were

obtained. TR was 1 s for each. Total acquisition time for NOE
was 5 min, and 10 min each for INEPT and LINEPT.

The time course of decoupled LINEPT spectra was obtained

FIG. 7. Nonlocalized and localized phantom spectra. Contamination by oil signals is seen, in a conventional nonlocalized INEPT spectrum (a) and a DEPT
spectrum (c). Only ethanol peaks are detected in a localized LINEPT spectrum (b) and a LODEPT spectrum (d).

FIG. 8. 1H coronal image of a monkey head (a) and localized coronal image (b).
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after injectingD-[1-13C]glucose (99% enriched, 1 g/kg body
weight) intravenously into the monkey. TR was 1 s and total
acquisition time was 10 min for each spectrum. Measurement
was continued until 80 min after glucose injection.

RESULTS

Validation of Localization (Phantom Experiments)

In conventional INEPT and DEPT spectra, there is contam-
ination by oil signals, while oil signals are eliminated in
LINEPT and LODEPT spectra (Fig. 7). Features of the
LINEPT spectrum are that the ratio of ethanol C-1 (CH2) peaks
is almost 1:21 and that the ratio of ethanol C-2 (CH3) peaks is
almost 1:1:21:21. This is the same as the INEPT spectrum.
The LODEPT spectrum has the features of a conventional13C
spectrum in that the ratio of ethanol C-1 peaks is almost 1:2:1
and the ratio of ethanol C-2 peaks is almost 1:3:3:1. This is the
same as the DEPT spectrum. Thus, we confirmed that 3D
localized polarization transfer spectra could be obtained, using
LINEPT and LODEPT.

Animal Experiments

A coronal image of the monkey head and a localized
monkey brain image are shown in Fig. 8; the monkey head
image is for the sensitive volume of nonlocalized NOE and
INEPT spectra and the localized image is for the sensitive
volume of LINEPT spectra. In the NOE spectrum before
glucose injection, contamination by lipid peaks, arising
from natural-abundance methylene (near 30 ppm) and ole-

finic (near 129 ppm) carbons is observed (Fig. 9a (8)). In the
decoupled and refocused INEPT spectrum, the methylene
13C peak height is decreased and the olefinic13C peak is
absent, because of signal loss due toB1 distribution of the
surface coil (Fig. 9b). In the decoupled and refocused
LINEPT spectrum from the monkey brain, these lipid peaks
are further decreased (Fig. 9c). In the decoupled LINEPT
spectrum after glucose injection, glucose and several amino
acid peaks are detected, and glutamate C-2 and glutamine

FIG. 9. Monkey head absolute spectra obtained using a1H decoupled
13C-MRS sequence (a) and an INEPT sequence (b) and localized monkey brain
absolute spectrum obtained using a decoupled LINEPT sequence (c). Contam-
ination by lipid peaks is reduced in the decoupled LINEPT spectrum.

FIG. 10. In vivo decoupled 3D LINEPT spectrum acquired from mon-
key brain over 70 min. Each peak is clearly separated. In particular,
glutamate C-2 and glutamine C-2, between which the chemical shift
difference is only about 0.5 ppm, are clearly separated. Resonance assign-
ments are as follows: Asp, aspartate; Glc, glucose; Gln, glutamine; Glu,
glutamate.

FIG. 11. Stacked plot of decoupled 3D LINEPT spectra obtained from
monkey brainin vivo. Each spectrum was acquired over 10 min.
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C-2, between which the chemical shift difference is only
about 0.5 ppm, are clearly separated (Fig. 10). The stacked
plots shows amino acid metabolism in the brain in that the
glutamate C-4 appears immediately after the administration
of glucose, followed by the appearance of glutamate C-2,
C-3 and glutamine C-2, C-3, C-4 (Fig. 11).

DISCUSSION

In vivo 13C spectroscopy requires sensitivity, localization,
and metabolite peak separation. Since the proposed polariza-
tion transfer methods are13C detection methods, they show
good metabolite peak separation. The other items, sensitivity
and localization, are discussed, and LINEPT is compared with
LODEPT in sensitivity.

Sensitivity

LINEPT and LODEPT include many RF pulses, and inho-
mogeneity of theB1 field causes signal loss. Thus, the surface
coil used as the transmitter and receiver in the monkey exper-
iments was not the most suitable for these polarization transfer
methods. The best RF coil configuration is a transmitter vol-

ume coil with homogeneousB1 field and a receiver surface coil
with high sensitivity.

Localization

In LINEPT and LODEPT, the proton TE can be set to a
value greater than1/(2J) in LINEPT and greater than 1/J in
LODEPT. Although the proton TE should not be set to a long
value because of signal loss due to relaxation, the proton pulses
can be optimized to obtain a good localization profile.

Comparison of LINEPT and LODEPT

One of the important brain metabolites in13C MRS using
glucose is glutamate. Glucose C-1 is incorporated into glutamate
C-2 (CH) and glutamate C-3, C-4 (CH2). The maximum signal
intensity conditions of the time intervals and RF flip angle, such
asD1, D2 (Fig. 6),Db, andu (Fig. 2), are all the same as those in
conventional INEPT and DEPT. These conditions differ between
13C in CH and13C in CH2. In decoupled LINEPT, the signal
intensities of13C in CH and of13C in CH2 are as follows:

CH S5 sin~2pJD1!sin~pJD2! [4]

CH2 S5 sin~2pJD1!sin~2pJD2!. [5]

FIG. 12. Relationship between the signal intensities andD1, D2 (Fig. 6),Db, andu (Fig. 2). (Glutamate C-2, dashed lines; glutamate C-3, C-4, solid lines.)
The signal intensities are calculated forJ of glutamate C-25 150 Hz andJ of glutamate C-3, 45 130 Hz.

220 WATANABE ET AL.



In decoupled LODEPT, the signal intensities of13C in CH
and of13C in CH2 carbons are as follows:

CH S5 sin~pJDb!sin~u ! [6]

CH2 S5 sin~pJDb!sin~2u !. [7]

The conditions under which the signal intensity of13C in CH
and that of13C in CH2 are equally high is the most suitable. These
are whenD1 is 1.8 ms,D2 is 2.43 ms,D is 3.6 ms, andu is 60
degrees (Fig. 12). In decoupled LINEPT, the normalized signal
intensities of glutamate C-2, C-3, and C-4 are 0.9 under these
conditions. In decoupled LODEPT, these are 0.86. As a result, the
decoupled LINEPT gives a slightly higher signal intensity than
decoupled LODEPT. Since the proton TE can be set to a shorter
value in decoupled LINEPT than in decoupled LODEPT, signal
loss in the proton TE due to relaxation is also smaller in decoupled
LINEPT than in decoupled LODEPT. Decoupled LINEPT is,
therefore, more suitable forin vivo 13C MRS in the brain.

CONCLUSIONS

LINEPT and LODEPT are three-dimensional localization
13C spectroscopy methods with the following three features:
good sensitivity, good metabolite separation, and good local-
ization. The combination of a transmitter volume coil and a
receiver surface coil is the best RF coil configuration to exploit
these features. These features make these proposed methods
powerful tools for thein vivo study of metabolism.

APPENDIX

The phase cycling scheme is obtained by product operator
formalism using raising and lowering operators. INEPT is
described using the arbitrary flip anglesb1, b2, b3, b4, and b5
as shown below:

1H b1---b2---b3

13C b4---b5-~Acquire!.

The observable terms after the b5 pulse are as follows, neglect-
ing proton chemical shifts. Enhanced terms obtained through
polarization transfer:

i

Î2
~I 0S

1 1 I 0S
2!cos~b2!sin~b1!sin~b3!sin~b5! [8]

i

Î2
~I 0S

1 1 I 0S
2!cos~b4!sin~b1!sin~b3!sin~b5! [9]

i z ~I 0S
1 1 I 0S

2!cos~b5!sin~b1!sin~b3!sin~b4! [10]

i z ~I 0S
1 1 I 0S

2!cos~b1!sin~b2!sin~b3!sin~b5!. [11]

Unenhanced terms obtained using only13C pulses:

~I 0S
1 1 I 0S

2!cos~b3!sin~b4! [12]

2
i

2
~I 0S

1 1 I 0S
2!cos~b5!sin~b4! [13]

2
i

Î2
~S1 1 S2!cos~b4!sin~b5!. [14]

Under the INEPT condition, whereb1, b3, and b5 equal 90
degrees andb2 andb4 equal 180 degrees, only Eqs. [8] and [9] are
nonzero; note that Eqs. [8] and [9] are polarization transfer terms
and the phase cycling scheme is designed to eliminate the other
terms. Since the plus and minus signs of only the sine terms are
inverted when the phase of RF pulse is inverted, attention should
be paid to the sine terms in observable terms when designing the
scheme. The sine terms in Eqs. [8] to [14] are highlighted below:

b1 b2 b3 b4 b5

Eq. [8] sine sine sine
Eq. [9] sine sine sine
Eq. [10] sine sine sine
Eq. [11] sine sine sine
Eq. [12] sine
Eq. [13] sine
Eq. [14] sine

For example, Eqs. [8], [9], [10], and [11] can be separated from
Eqs. [12], [13], and [14] byb3 phase cycling. This allows
four-phase cycling schemes for obtaining only Eqs. [8] and [9]
to be designed as follows:

Phase-cycling-1:b1-phase (x, 2x, x, 2x), b4-phase (x, x,
2x, 2x) and receiver phase (x, 2x, x, 2x).

Phase-cycling-2:b1-phase (x, x, 2x, 2x), b5-phase (x, 2x,
x, 2x), and receiver phase (x, 2x, 2x, x).
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