JOURNAL OF MAGNETIC RESONANCEL34,214-222 (1998)
ARTICLE NO. MN981503

In Vivo 3D Localized *3C Spectroscopy
Using Modified INEPT and DEPT

H. Watanabe,* Y. Ishihara,* K. Okamoto,* K. Oshio,t T. Kanamatsu,t and Y. Tsukadat
*Toshiba Research and Development Center, Kawasaki 210-8582, Japatlnatitiite of Life Science, Soka University, Hachioji 192-8577, Japan

Received December 22, 1997; revised April 21, 1998

The 3D localized *3C spectroscopy methods LINEPT and
LODEPT, which are modifications of INEPT and DEPT, are pro-
posed. As long as a *3C inversion pulse (180-degree pulse) is applied
at 1/(4J) before the proton echo time in LINEPT and a **C 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 **C 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 *3C 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

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

For these reasons, several techniques using polarization tran
have been developed-{4), but some problems remain, such a
complicated RF pulsed), contamination due t®, recovery (,

2), impossibility of 3D localization3, 4), and signal loss because
of the proton chemical shift effects on polarization transrlif
this paper, we propose two new three-dimensional localizati
techniques, LINEPT (localized INEPB)((insensitive nuclei en-
hanced by polarization transfer)) and LODEPT (localized DEF
(6) (distortionless enhancement by polarization transfer)), whic
can be applied on a whole-body scanner, and we present
results of phantom and animal experiments performed to ver
the usefulness of these techniques.

THEORY

3D Localized**C Spectroscopy

In INEPT (Fig. 1a) and DEPT (Fig. 2a), the proton 180
degree pulses enable polarization transfer without prot

13, H

C magnetic resonance spectroscopy (MRS) has begfbmical shift effects. Moreover, three proton pulses mal
shown to be a powerful noninvasive technique for the study gree-dimensional localization possible. However, when tr
metapollsm. There are, howe\'/(.ar., problems as'soqated' V\_/lth tBi%ond proton pulse is made slice selective in each sequenc
technique, such as low sensitivity, and localization difficulty whole-body scanner, a position error between metaboli
because of the large chemical-shift dispersion. occurs using this gradient system whose maximum amplitu

The nuclear Overhauser effect (NOE) has generally begormally about 10 mT/m. This is because the fif& pulse
used to overcome its low sensitivity. However, the enhancg- 550 obliged to be applied at the same time as the sli

ment factor by NOE is at most 3. This also gives rise to bodyagient pulse in spite of the larddC chemical shift disper-
heating caused by the high decoupling power. __sion. The dispersion between glucose and its metabolites in 1
Polarization transfer gives a better signal-to-noise ratio, singgse of [11°C]glucose administration is about 100 ppm and th
the enhancement factor is 4 and signal recovery is determineddaéition error is 2 cm when a 10-mT/m slice gradient pulse

the proton’s shorf;. Polarization transfer will also give lower ,sed on a 2-T MRI scanner. Since these proton’d6cpulses
decoupling power, since decoupling is on only during the acquyiz, pe applied separately in LINEPT and LODEPT (Figs. 1l

sition time. Moreover, the polarization transfer method will be &) based on INEPT and DEPT, respectively, these meth-

useful technique for localization because it can make use ffs can be applied on a whole-body scanner witfCasystem.
localization on the proton. The advantages of using localization ongjrst we explain the case for LINEPT. In INEPT, the role o
the proton are, first, that the accuracy of localization improvgse proton 180-degree pulse is to refocus the proton chemi
shifts and the role of th&°C 180-degree pulse is to invert the

1To whom correspondence should be addressed. Fax: 044-520-1308- Spins. The essence of INEPT, therefore, is that'fi@
E-mail: watanabe@eel.rdc.toshiba.co.jp. inversion pulse is applied at(4J) before the proton echo time
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and the third proton pulse or d¥(4J) after the first proton a
pulse. In the LINEPT sequence, as long as the time interval 180%
between the™C inversion pulse and the proton echo time or 1 9‘|’]" A, A ‘]’]y
between the first proton pulse afftC inversion pulse is set to H 00° 180°
1/(4J), INEPT-type polarization transfers with proton chemi- B H %
cal shifts refocused can be created even in the proton echo time
that is longer tharl/(2J). As a result, the proton refocusing
pulse and thé3C inversion pulse can be applied separately. b —F 8o = ;
Therefore, three proton pulses can be made slice-selective - ?x\" {{h A{\
pulses in a whole-body scanner. Figure 1b shows the LINEPT W \UJ oge U 180°
sequence where dC inversion pulse is applied at, equal to Bc ?I'?? ) — /\
1/(4J) before the proton echo time and the third proton pulse. = e o u ~
Neglecting gradient pulses and proton chemical shifts for the Gx W)
sequence shown in Fig. 1b, thevolution can be expressed as Gy M\
Gz JA /:\ /G_\
slz slz
. r— 1 Gadd /\ /\
90,(*H) r 18C0°(*H) 4J
[ FIG. 2. Conventional DEPT sequence (a) and proposed LODEPT s
z quence (b)A, is 1/(2J). Conventional DEPT phase cycling is shown here.

! I, + ! 21,S, att
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207 2 : 1
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v v —21.5, att,. [1]
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Thus, using three selective pulses| S20f CH,, is created only
inside a 3D localized volume and polarization transferie
occurs with the subsequeliC excitation pulse. Phase cycling is
carried out to eliminate unenhancE signals which come from
only 3C pulses. The scheme is as follows: the third proton pul:
phase y, —y) and the receiver phasg, (—x). Additional gradient
pulses are applied to eliminate unwanted echoes caused by
perfection of the proton refocusing pulse.

Similarly, 3C polarization transfer signals can also be obtaine
only in a 3D localized volume using LODEPT. In the LODEPT
sequence, as long as the time interval between thé-i@spulse
and the proton echo time or between the first proton pulse and
first 13C pulse is set to 1/(®, DEPT-type polarization transfers
with proton chemical shifts refocused can be created even wt
the proton echo time is longer thanl1As a result, the proton
refocusing pulse and the firsiC pulse can be applied separately
Therefore, three proton pulses can be used as slice-selec

FIG. 1. Conventional INEPT sequence (a) and proposed LINEPT sequerfddlses, and 3D localization is possible in a whole-body scann

(b). A, is 1/(4)). As long as™C inversion pulse is applied at 18ybefore the Figure 2b shows the LODEPT sequence where the'figspulse
proton echo time or at 1/@ after the first proton pulse, these proton dA@

pulses can be applied separately. Polarization transfer from profG toccurs
only inside a 3D localized volume, making three proton pulses slice selecti

is applied at\,, equal to 1/(d) before the proton echo time and the
U@ird proton pulse. Neglecting gradient pulses and proton cher

pulses. The additional gradient pulses (Gadd) are applied for coherence cfedh Shifts for the sequence shown in Fig. 2lgvolution of CH,
selection. Conventional INEPT phase-cycling is shown here.

can be expressed as
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a 0
1 . 180°
o 1 T — 90°x
90.('H) ; 180°(*H) 2J -
Ikz
b o
21.S, att, 0% 13({\ X
, o
90j(*C) H o —p up
- 2| kz%, a.t t2 Gx / \
1 Gy —
23 6 N\ M
Xsy Gadd /\ /\
Al ol .S CH, FIG. 4. RF phase adjustment sequendgsshifts of proton spins bound
to *3C spins cause signal loss because the perpendicular relation between
8liod 2l k”zsy CH;. [2] phase of the proton spins and that of the third proton pulse in LINEPT ar

LODEPT is broken. The difference between the water proton signal pha
using the SE sequence (a) and the phase using SE with localization :

After the third proton pulse, thé pulse, observable is aS 3dditional gradient pulses (b) was measured, to measure the phase differe

follows:
Phantom Experiments
6,(H) P
— > 21, Ssinf CH att, The RF coil consists of two perpendicular saddle coils, tune
to 85 MHz for protons (185 mm in diameter) and 21 MHz fol
— 41, ,Ssin 6 cos® CH, 13C (123 mm for*3C). The phantom consists of a cylinder (37

mm in diameter, 70 mm in length) filled with ethanol place
inside another cylinder (65 mm in diameter, 90 mm in lengtt
filled with baby oil (Johnson & Johnson, USA) (Fig. 3). The
Since *3C magnetization is transversal after the fit3¢ 90- phantom was placed inside the RF coil and spectra we
degree pulse, the third slice gradient pulse Gslz dephases th&isgined by conventional INEPT and DEPT and by LINEP
*%C spins. Therefore, Gslz has to also be applied aftet¥e and LODEPT. The phase cycling schemes explained in t
refocusing pulse to rephase theS€ spins (Fig. 2b). The theory section were used. The localized volume was inside t
phase cycling scheme for eliminating unenhant#&isignals ethanol. In LINEPT and LODEPT, the proton TE was set to 2
is similar to the LINEPT case: the third proton pulse phasfis and TR was 1 s. All the slice-selective pulses werer

- 8| kZI erI erSySin 0 C0§6 CH3 [3]

(y, —y) and the receiver phase,(—x). sinc pulses (4 ms in length) and all tHéC pulses were
rectangular pulses (20@s in width). The time interval/(4J)
EXPERIMENTAL was set to 1.8 ms fa¥-; = 140 Hz and the flip angle of the

third proton pulse in LODEPT was set to 45 degrees, both f
Phantom and animal experiments were performed using a ftimal polarization transfer in ethanol C-1 (9H
whole-body MRI scanner fol°C spectroscopy (Toshiba, Japan). In LINEPT and LODEPT, using gradient puls&, shift oc-
curs because of coupling between the gradient magnetic coils
the static magnetic coiB, shift breaks the perpendicular relation
y between the phase of the third proton pulse and the signal ph
Ny of protons bound t&*C spins at the proton echo time. As a resull
, the third proton pulse createg3cosA0), whereA#, is the phase
- difference, the polarization transfer signal losses. We overcal
\ this problem by measuringg6 caused by th&, shift to adjust the
* proton pulse phase. The scheme in the case of LINEPT was

— follows. First, using a phantom filled with water, the water proto
Localized volume

..........

y signal phas# was obtained. A spin echo sequence consisting
X Ethanol the first LINEPT proton pulse and the second proton pulse w
z 0il used (Fig. 4a). Next, the water proton signal phégsaevas ob-

FIG. 3. Sketch of a phantom for localization evaluation of LINEPT anc}amed using a pUIse sequence consisting of the spin echo pu\

LODEPT. The 3D localized volumes were set inside the ethanol. The volur@@d the LINEPT gradient pulses (Fig. 4b). The phase differen
was 20 () X 20 (y) X 30 (z) mn?. (6 — 6) equalsA6. Therefore, the third proton pulse was applie
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a a conventional two-phase cycling scheme is compared with t
spectrum obtained by this four-phase cycling scheme. In t
two-phase cycling spectrum, methyl peaks are distorted, while
the four-phase cycling spectrum, these peaks have almost
same value.

Animal Experiments

Glutamate metabolism derived from[1-**C]glucose in the
w brain of a monkey NMlacaca fascicularisfemale, 3.9 kg) was

measured using decoupled and refocused LINEPT (Fig. 6), whi
consists of LINEPT pulses followed by"2C refocusing pulse and
%0 60 40 20 b a proton decoupling pulse (WALTZ-4). There is another type ¢

ppm decoupled and refocused INEPT where the decoupling pulse
b applied at a delay after &C refocusing pulse with a proton
inversion pulse; this type can also be applied to the decoupled «
refocused LINEPT and can be usedvivo.

A double surface coil consisting of @& 60-mm 4-turn'3C
surface coil and a figure-eight 60100 mm proton coil was used.
The localized volume (32 ml) was inside the brain. All the
slice-selective pulses weredsn sinc pulses (4 ms in length). All
the3C pulses were rectangular pulses (2@0n width). The time

b u intervals A, and A, (Fig. 6) in the decoupled and refocusec

LINEPT sequence were both set to 1.8 ms. The optimal dela
‘ . ' . will be considered in the Discussion section. Eight-phase cyclin
80 60 40 20 0 ppm designed using the same method as that in the phantom exp

_ , ~ments, was as follows: first proton pulse phade(x, —x, X, —X,
FIG.5. Ethanol absolute spectra using a surface coil as the transmitter and

_ _ irat 1 —y — _
receiver. The conventional INEPT sequence was used. Signal intensities De-, X X, —X,), first C pulse phase2 (x, x, =X, =X X, X, =X,

tween the peaks are not the same, and it is impossible to obtain the correcf) third carbon phasé3 (x, x, X, X, =X, =X, =X, —x,), and

INEPT spectrum because Bf, inhomogeneity using conventional two-phasd'€Ceiver phasex{ —X, X, =X, X, —X, X, —X). The sampling time

cycling (a). The ratio of ethanol C-1 (GHpeaks is almost 1:1 and that of was 235 us and the number of sampling points was 204¢

ethanol C-2 (CH) is almost 1:1:1:1 using our four-phase cycling (b). Thesg grentz-to-Gaussian filtering (10 Hz) was used.

features are all the same as those of INEPT. The surface coil was placed above the head of a monkey t
had been anesthetized with ketamine (3.8 ml). AjCletha-

) nol reference phantom¢( 10 mm) was placed above the
atthe phaser/2 + A6) in order to create thel 5, state and Cause gy, tace coil. The position of this reference phantom and that

polarization transfer from proton tGC without loss. The adjust- the localized brain volume were almost symmetric with respe

ment method for the RF phase in LODEPT is the same as thatihe surface coil. RF power for proton afiC was tuned

described earlier. These adjustment procedures can be perforﬁgqﬂg the INEPT signal of the reference phantom. Shimmir
easily, since only two scans are needed to obtain the phgse. one using the water proton FID signal.
difference between water proton signals. Thus, the procedures can

be performed again when the gradient conditions are changed or

even whenn vivo localized volume position is changed. ooty 180% g
Inhomogeneity of RF amplitude may also cause signal loss, iy —dh dh ,ﬂ\y —WALTZ:A

especially in the case of using a transmitter and receiver surface W wy 1ﬁ0°‘U’ 90° l[&lﬂ"

coil often usedin vivo. Hence, phase cycling suitable for an 3¢ Ar [la. -/\

inhomogeneous RF field needs to be designed. First, product

operators were calculated for the case of arbitrary flip angle. Next, Gx [

the phase cycling schemes were obtained to provide onffthe M\

polarization transfer signals. In the case of INEPT, the obtained Gy \J

scheme shown as phase-cycling-1 in the Appendix was as fol- Gz A [\

lows: first proton pulse phasg,(—x, x, —X), first, -*C pulse phase A A

(%, %, —X, —X), and receiver phase,(—x, X, —X). Figure 5 shows Gadd

INEPT spectra of 99.5% ethanol obtained using a transmitter an@g. 6. Decoupled and refocused LINEPT sequence. Localized volume si
receiver surface coil for proton adéC. The spectrum obtained byis 40 (x) x 20 (y) x 40 () mn®. The axis directions are shown in Fig. 8.
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T T T T

8 60 40 20 0 ppm e

80 60 40 20 0 ppm
b d
80 60 40 20 0 ppm 80 60 40 20 0 ppm

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

Before glucose injection, nonlocalized spectra (a decoupleltained. TR wa 1 s for each. Total acquisition time for NOE
NOE enhanced spectrum and a decoupled INEPT spectrungs 5 min, and 10 min each for INEPT and LINEPT.
and a localized spectrum (a decoupled LINEPT spectrum) wereT he time course of decoupled LINEPT spectra was obtain

a b

FIG. 8. !H coronal image of a monkey head (a) and localized coronal image (b).
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JTROTIY. S

100 9% 8 70 60 50 40 30 ppm

FRRCTTE PR WL IPRITON TR T ERRe Y Y FIG. 10. In vivo decoupled 3D LINEPT spectrum acquired from mon-
140 120 100 80 60 40 20 0 ppm key brain over 70 min. Egch peak is clearly se_parated. In p_articulq
glutamate C-2 and glutamine C-2, between which the chemical shi
FIG. 9. Monkey head absolute spectra obtained usintHadecoupled difference is only about 0.5 ppm, are clearly separated. Resonance ass
13C-MRS sequence (a) and an INEPT sequence (b) and localized monkey bragnts are as follows: Asp, aspartate; Glc, glucose; Gin, glutamine; Gl
absolute spectrum obtained using a decoupled LINEPT sequence (c). Contglatamate.
ination by lipid peaks is reduced in the decoupled LINEPT spectrum.

finic (near 129 ppm) carbons is observed (Fig. 8a.(In the

after injectingo-[1-*3C]glucose (99% enriched, 1 g/kg bodydecoupled and refocused INEPT spectrum, the methyle
weight) intravenously into the monkey. TR &4 s and total ~ C Peak height is decreased and the_olgﬂ’rﬁ@ peak is
acquisition time was 10 min for each spectrum. Measureméttsent, because of signal loss dueBtodistribution of the

was continued until 80 min after glucose injection. surface coil (Fig. 9b). In the decoupled and refocuse
LINEPT spectrum from the monkey brain, these lipid peak

are further decreased (Fig. 9¢). In the decoupled LINEP
spectrum after glucose injection, glucose and several ami
acid peaks are detected, and glutamate C-2 and glutam

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 Gle-§ C-1
LINEPT and LODEPT spectra (Fig. 7). Features of the Gle-a Cu1 ) _
LINEPT spectrum are that the ratio of ethanol C-1 (Lpkaks /ﬁ_z i’:ﬁfﬁ\ t =70 min
is almost 1:-1 and that the ratio of ethanol C-2 (gHpeaks is T\ “Il Gucs
almost 1:1:-1:—1. This is the same as the INEPT spectrum. /GIn C-3
The LODEPT spectrum has the features of a conventibi@l
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 t = 50 min
same as the DEPT spectrum. Thus, we confirmed that 3D
localized polarization transfer spectra could be obtained, using
LINEPT and LODEPT.

t = 25 min
Animal Experiments 'MW

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 A———3 2t = "' 77
volume of LINEPT spectra. In the NOE spectrum before 100 90 80 70 60 50 40 30 ppm

glucose injection, contamination by lipid peaks, arising Fig. 11. Stacked plot of decoupled 3D LINEPT spectra obtained fron
from natural-abundance methylene (near 30 ppm) and olgsnkey brainin vivo. Each spectrum was acquired over 10 min.

t =4 min
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FIG. 12. Relationship between the signal intensities aqdA, (Fig. 6), A, and (Fig. 2). (Glutamate C-2, dashed lines; glutamate C-3, C-4, solid lines
The signal intensities are calculated fbof glutamate C-2= 150 Hz andJ of glutamate C-3, 4= 130 Hz.

C-2, between which the chemical shift difference is onlyme coil with homogeneouB, field and a receiver surface coil

about 0.5 ppm, are clearly separated (Fig. 10). The stackeith high sensitivity.

plots shows amino acid metabolism in the brain in that the

glutamate C-4 appears immediately after the administratibacalization

of glucose, followed by the appearance of glutamate C-2,, | \NEPT and LODEPT, the proton TE can be set to -

C-3 and glutamine C-2, C-3, C-4 (Fig. 11). value greater than/(2J) in LINEPT and greater than 1/in
LODEPT. Although the proton TE should not be set to a lon

DISCUSSION value because of signal loss due to relaxation, the proton pul
can be optimized to obtain a good localization profile.
In vivo 1°C spectroscopy requires sensitivity, localization, )

and metabolite peak separation. Since the proposed polariz@mparison of LINEPT and LODEPT

tion transfer methods ar€’C detection methods, they show One of the important brain metabolites 18C MRS using

good metabolite peak separation. The other items, sensitiifiyicose is glutamate. Glucose C-1 is incorporated into glutam:

and localization, are discussed, and LINEPT is compared with2 (CH) and glutamate C-3, C-4 (GH The maximum signal

LODEPT in sensitivity. intensity conditions of the time intervals and RF flip angle, suc
asA,, A, (Fig. 6),A,, and (Fig. 2), are all the same as those ir
Sensitivity conventional INEPT and DEPT. These conditions differ betwee

13C in CH and*3C in CH,. In decoupled LINEPT, the signal

LINEPT and LODEPT include many RF pulses, and inhQqonities ofi3c in CH and of™°C in CH, are as follows:
mogeneity of theB, field causes signal loss. Thus, the surface

coil used as the transmitter and receiver in the monkey exper- o .
iments was not the most suitable for these polarization transfer CH S = sin2mIAysin(mIA,) [4]
methods. The best RF coil configuration is a transmitter vol- CH, S=sin(27JA,)sin(27JA,). [5]
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In decoupled LODEPT, the signal intensities’3€ in CH
and of°C in CH, carbons are as follows:

CH
CH,

S = sin(wJA)Ssin(0)
S = sin(wJA,)sin(26).

[6]
[7]

The conditions under which the signal intensity*8€ in CH

and that of*C in CH, are equally high is the most suitable. These

are whenA, is 1.8 ms,A, is 2.43 msA is 3.6 ms, and is 60

221

Unenhanced terms obtained using oM pulses:

(1,S" + 1,S)cogb3)sin(b4) [12]
- |§ (1,S" + 1,S57)cogb5)sin(b4) [13]
— I—E (S" + S)cogb4)sin(b5). [14]

\/

degrees (Fig. 12). In decoupled LINEPT, the normalized sigridnder the INEPT condition, wherbl, b3, andb5 equal 90

intensities of glutamate C-2, C-3, and C-4 are 0.9 under théiggrees anbi2 ando4 equal 180 degrees, only Egs. [8] and [9] ar
conditions. In decoupled LODEPT, these are 0.86. As a result, {#fR1Z€r0; note that Egs. [8] and [9] are polarization transfer terr
decoupled LINEPT gives a slightly higher signal intensity thafind the phase cycling scheme is qu|gned to ehmmate the ot
decoupled LODEPT. Since the proton TE can be set to a shof@#ms: Since the plus and minus signs of only the sine terms ;
value in decoupled LINEPT than in decoupled LODEPT, signilverted when the phase of RF pulse is inverted, attention sho
loss in the proton TE due to relaxation is also smaller in decoupl Paid to the sine terms in observable terms when designing
LINEPT than in decoupled LODEPT. Decoupled LINEPT i5§cheme. The sine terms in Eqs. [8] to [14] are highlighted beloy

therefore, more suitable fam vivo *3C MRS in the brain.

bl b2 b3 b4 b5
CONCLUSIONS Eq. [8] sine sine sine
Eq. [9] sine sine sine
LINEPT and LODEPT are three-dimensional localizatioff% 1% sine . sine sine .
13 . . g. [11] sine sine sine
C spectroscopy methods with the following three featureé‘q' [12] sine
good sensitivity, good metabolite separation, and good locgl. [13] sine
ization. The combination of a transmitter volume coil and &g. [14] sine

receiver surface coil is the best RF coil configuration to explai
these features. These features make these proposed met

powerful tools for thein vivo study of metabolism.

APPENDIX

o(rjgxample, Egs. [8], [9], [10], and [11] can be separated fro
gs- [12], [13], and [14] byb3 phase cycling. This allows
four-phase cycling schemes for obtaining only Egs. [8] and [

to be designed as follows:

Phase-cycling-1bl-phase &, —X, X, —X), b4-phase ¥, X,

The phase cycling scheme is obtained by product operator—X, —X) and receiver phasex( —X, X, —X).
formalism using raising and lowering operators. INEPT iBhase-cycling-2bl-phase K, X, —X, —X), b5-phase k, —X,

described using the arbitrary flip anglek, b2, b3, b4, and b5
as shown below:

H bl---b2---b3

BC b4---b5-(Acquire).

The observable terms after the b5 pulse are as follows, negl

X, —X), and receiver phasex{ —x, —X, X).
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ing proton chemical shifts. Enhanced terms obtained through

polarization transfer:

\iE (1,S" + 1,S7)cogb2)sin(b1)sin(b3)sin(b5) [8]

\IE (1,S" + 1,S7)cogb4)sin(b1)sin(b3)sin(b5) [9]

i+ (1,S™ + 1,57)cogb5)sin(b1)sin(b3)sin(b4)
i+ (1,S" + 1,S")cogbl)sin(b2)sin(b3)sin(b5).

(10]
(11]
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