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The DIET (or dual interval echo train) sequence, a modification of THEORY
the fast spin echo (FSE) sequence that selectively reduces signal from

fat in MR images, has been investigated. The DIET sequence uses an

initial echo spacing longer than that of a conventional FSE sequence, ScalarJ coupling can strongly influence the transverse

thus allowing J coupling-induced dephasing to take effect. The se-
quence is evaluated theoretically, and its effectiveness on a hydrocar-
bon (1-pentene) is demonstrated numerically using density matrix
calculations. The sequence is also evaluated experimentally using in
vitro solutions and in vivo imaging. The efficacy of the sequence is
compared for different lipid chemical structures, field strengths, and
pulse sequence parameters. © 1999 Academic Press

Key Words: fat suppression; J coupling; density matrix; numer-
ical simulations; pulse sequence; DIET.

sighal decay in multipulse spin echo experimeng$. (n
hydrocarbon chains] couplings arise largely from homo-
nuclear interactions between neighboring protons. In homc
nuclear coupled systems, 180° pulses do not reverse tl
phase evolution caused by coupling between spins. As
result, the NMR signal is modulated in an oscillatory man-
ner. For a simple doublet, whe¥ié < 1 andér > 1 (where

J is the coupling constanty is the absolute value of the
chemical shift difference, ané is the echo spacing), the

echo train is modulated by cos(J7), wheren is the echo
number. For more complex spectra, the summation of moc
ulated signals may appear more like a monotonically de
creasing signal whose apparemt is dominated by the

The signals from fat appear relatively brighterfastspin Number and strength of the couplings present, rather th
echo (FSE) images than in conventiospin echo (SE) images SimPply the intrinsic relaxation timesj. o
with comparableT, and T, weightings (—4). The magnitude AN equation characterizing the effect éfcoupling in the
of the fat signal generally increases as the spacing between@fér—Purcell spin echo sequence for different multiple spi
180° pulses decreases. This pulse spacing dependence re8Yfims has been derived using a density matrix formalism k
from changes in the effects dfcoupling within the hydrocar- Allerhand €). Using this formalism, he showed that if the
bon chains of lipid molecules2(5). As the pulse spacings Pulse spacing is small, such that the produgts and o are
become shorter, the effects afcoupling disappearéj, and < 1 for all j, k (where §; is the chemical shift difference
hence the lipid signal is enhanced relative to the surroundiRgtween spin grougsandk andJ;. is their coupling constant),
tissue. It is often desirable to reduce the signal from fat seldben the effects of chemical shift disappear. This renders all ¢
tively to achieve better contrast for detecting tissue abnorm#pe spins magnetically equivalent and thus removes ar
ities. However, the performances of conventional fat saturatiég@phasing effects. As a result, the equation governing tt
techniques are often limited by the presenceBgfand B, effects ofJ coupling in this regime reduces analytically to an
inhomogeneities. Recently a pulse sequence was develogagression independent of echo time. Figure 1 shows the effe
which exploitsJ coupling-induced dephasing to reduce thef pulse spacing on the echo train of a hypothetical strongl
lipid signal (7, 8). The sequence relies on the use of a longepupledA;B, system, withl,s = 6 Hz andd,s = 40 Hz. The
echo spacing at the start of a FSE sequence. This pedmitecho train was evaluated numerically using Allerhand’s for
coupling effects to reduce the signals from fat while stilnalism and omits intrinsicT, relaxation @). The absolute
allowing multiple echoes to be acquired in a relatively showialue of the signal is given relative to its value immediately
time. In this paper we evaluate the efficacy of this techniquafter the 90° pulse. When the pulse spacings 4 ms, the echo
known as thelualintervalechotrain, or DIET, sequence, usingtrain shows no modulation from coupling, while in ther =
theory and experiments on phantoms and report results usint0ams echo train, the effects dfcoupling cause a smoothly
DIET imaging sequencm vivo. varying signal decay. As increases to 30 ms, oscillatory
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FIG. 1.

The effect ofJ coupling on a strongly coupled;B, spin system.
The plot shows signal vs echo number for CPMG sequences wihele
spacing between echoes, is 4, 10, or 30dus= 6 Hz,5,5 = 40 Hz. Intrinsic
T, relaxation is neglected. Note that asmcreases) coupling becomes more
effective at suppressing the NMR signal.

the first echo, which leads to dephasing and hence sign
attenuation. A similar modification to the FSE imaging
sequence was first suggested by Norris as a way of incres
ing the TE of an image; however, the potential for fat
suppression with this sequence was not addresd&j (
Figure 2 shows a schematic of the DIET sequence, whel
the parameters, andt, refer to the time of the initial echo
and the spacing of the following echoes, respectively. Th
advantage of this sequence for reducing the signal from fz
over other techniques such as selective saturation is that
should be spatially uniform, since it is based dooupling
effects which are not subject to field inhomogeneitig$) (
However, the precise choice of timing parameters and th
effectiveness of the sequence for different systems have n
been previously investigated, nor has the validity of the
sequence been demonstrated theoretically.

The density matrix formalism described in the previous
section can also be applied to the DIET sequence, as is sho
in the Appendix. We demonstrate there that in the limit of very
fast pulsing in the second phase of the DIET sequence] the
modulation of the echo train disappears. Furthermore, the f
signal retains the suppression achieved during the firgt (
phase of the sequence. The pulse rates used in clinical F

behavior enters the echo train, causing a faster initial decregsguences fall short of the strict fast pulse requirement, whic
in signal intensity, as well as a nonmonotonic signal decayis that|J,|, and|5;|, are< 1 for allj andk. However, when
Using the density matrix formalism, one can show that thg is short but does not meet the fast pulse requirement, w
quantities which determine the strengthleoupled dephasing expect that the DIET sequence should show a similar ability t
are the products,r, andJ,7 (as opposed to the individualretain the fat suppression achieved during the initigberiod.
values of these parameters). Note that dhecoupling con- We confirmed the validity of this hypothesis in computer

stants depend solely on the molecular properties of the lipglmulations of the evolution of the density matrix during the
whereas the;, are determined by both the lipid electronidDIET sequence.

structure and the external magnetic field.

THE DIET SEQUENCE

The DIET sequence works by exploiting the dependence

SIMULATION AND PHANTOM STUDIES
OF THE DIET SEQUENCE

of fat signal on pulse spacing. In order to suppres®upled sjmylation Algorithm
signals, the standard CPMG multiecho sequence is modified
such that the spacing between the initial 90° pulse and theThe signal produced by using the DIET sequence on a give

first echo is longer than the spacing between subsequsepin system was calculated by numerically solving the matri
echoes. This allows a greater mixing of coupled spins durirgjuation from quantum mechanick?(

o | ﬁ, AI ,ﬂ AI ﬁ, A ﬁ A " A

|
90° 180° I 180°

echo

180° 180° 180°

FIG. 2. The DIET pulse sequence. This sequence is a modification of the CPMG multiecho sequence, where the spacing between the initial 90° p
the first echo is longer than the subsequent echo spacing. The longer initial echo time allowscoguing-induced spin dephasing to occur. The spins remait

dephased even after the faster pulsing begins.
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1-pentene,t, = 2 ms (simulation) In our simulations, we studied 1-pentene (CH,CH,CH =

1 feooccoooomrmsamsa T CH,) as a model for the hydrocarbon chains found in lipids
S e T, (ms) 1-Pentene was chosen because, as a 10-spin system, it was
e oo 2 largest hydrocarbon chain which we could simulate (MATLAB
0.8 : s 186 1 required 100 Mb of RAM to calculate its DIET signal). The
: .24 coupling values and chemical shifts for the protons in 1-pen
=06 e g8 | tene were first estimated from values given in the literature fc
% vvv 96 1-hexene, 1-propene, and 1-buterd8,(14. These estimates
= ; were then fine-tuned by matching the theoretical spectra the
= 0.40 s essssssssissssiiiinmnrs, ] produced to a high-resolution (7 T) spectrum of 1-pentésg (
0.2 Experimental Methods
The DIET signal behavior of 1-pentene was also studie
T experimentally, along with olive oil and a solution of water
% 50 00 150 doped with 0.03 mM MnGl Olive oil was chosen for its

echo time (ms) similarity to tissue fat, while the MnGlsolution was chosen
because it has nd coupling and its transverse relaxation time
FIG. 3. Simulated DIET echo train for 1-penteng.= 2 ms,7; = 2t0 96 . imilar to that of I'p g'l in the limit of id ref .
ms. The absolute value is shown and intrinBjcrelaxation is neglected. The IS similar 1o that or olive oil In the fimit of rapid refocusing.
topmost curve shows the echo train whan= 1, i.e., the CPMG version of Measurements were performed at 2.0 T on a GE Omec

the sequence. In this fast pulse regime, the sole effect of increasimtp shift imaging spectrometer.
the entire echo train downward. The simulations support the hypothesis that

when the pulse spacing is shortened in the second phase of the DIET sequenceE
the spin system retains the coupling-induced signal suppression acquired RESULTS OF SIMULATION AND PHANTOM STUDIES

before the first echo. ) )
Figures 3 and 4 show the results of the simulated an

. . experimental studies, respectively, of the DIET signal for
(IL(t)) = Trip(O 1, [1] 1-pentene, where, (the second echo spacing) 2 ms. Echo
~ trains are shown for, values ranging from 2 to 96 ms. In Fig.
wherel, is thex component of the angular momentum oper3, the absolute value of the signa(t), is shown relative to its
ator, p(t) is the density matrix of the system, Tr denotes thealue immediately after the initial 90° RF puls§(0), and
trace, and the angle brackets denote the expected vaRie (
The equation folp, as derived in the Appendix, is

1-pentene,t, = 2 ms (experiment)

P+ N1y) o (€7HR g7 2Mm) (@7 2HnR g0 1 ) 1 premae
X T (e 2R e 112m) Y 2R o if2hmy-n | ot_lo_(nng)
[2] 0-8_ . . : us -a 8 H
. . . . ety =16
The effect ofT, relaxation is omitted, but can be included by ve 24
multiplying the RHS of Eq. [2] by expt (7, + n7,)/T,]. sl : ooa 48 |
The time evolution op in Eq. [2] was tracked using a program % =96
written in MATLAB (Mathworks, Natick, MA). The program is =
based on a simulation, written to calculgd) in a CPMG = (.4} ey
sequence, that has been described previo@siy e parameters
needed by the program to characterize each spin system are
chemical shifts of its protons and their respectiveouplings. 0.2f
These values are used to derive the matrix representation of - . ——
Hamiltonian operator. The program can handle spin systems : B A S
arbitrary size and complexity, provided the computer has enou 0 50 100 150
memory to manipulate the resulting X 2" matrices, wherd\ is echo time (ms)

the number of spins in the system. The pulse sequence is charac-

. . . FIG. 4. Experimental DIET echo train for 1-penteng.= 2 ms,r, = 2
terized by, andr, and the length of the echo train (on Whlcho 96 ms. The echo trains are nearly identical to those predicted numericall

there are no restrictions). All refocusing pulses are treated as idg@tating thatl coupling is responsible for the signal suppression seen here ¢
and produce exact 180° rotations. T, increases.
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1-pentene,t, = 8 ms (simulation)
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1-pentene,t, = 8 ms (experiment)
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FIG.5. Simulated DIET echo train for 1-penteng.= 8 ms,r; = 8 to 96 echo time (ms)

ms. In this regimer is not fast enough to fully suppress the effectsJof |G, 6. Experimental DIET echo train for 1-pentene.= 8 ms,r, = 8

coupling, resulting in a greater signal modulation than was seen in Fig.t3.96 ms. The experimental echo trains show the same variations as thc

Again, as, increases, the signal is more fully suppressed. predicted numerically forr, = 8 ms; however, the amplitudes of these
variations are not as pronounced.

intrinsic T, relaxation is omitted. In Fig. 4, the precise value of _ _ o _
S(0) is not known; therefore the signaltat 2 ms is used as lated and experimental echo trains are qualitatively very sirr

echo train whenr, = m,, i.e., the CPMG version of the are greater than those seen experimentally. It may be thatin t

sequence. experimental data, the effects défcoupling are slightly mod-

The simulated and experimental echo trains shown in Fi@r_ated by stimulated echoes or coherence transfer cross-rel:
3 and 4 are in excellent agreement, establishing that the effed@n phenomena, effects which are not accounted for in tt
of J coupling are responsible for the DIET signal suppressigimulations.
of 1-pentene. The figures show that each echo train retains the
J coupling suppression obtained during the inittaperiod of
the sequence, and thus asincreases, the signal in the entire

H,0 + MnCl, 7, =2 ms

echo train becomes more effectively suppressed. When48 I
ms, for example, the signal decreases by over 90%. Furth
more, the echo trains show behavior approaching the tir V|

independence predicted theoretically in the Appendix, sugge
ing that whenr, = 2 ms, the DIET sequence is near the fas
pulse limit (Jj|7., |8]r, < 1) for the 1-pentene system. _ gl
(Simulated echo trains wherg = 0.5 and 1 ms show even %
greater time independence.) The DIET echo trains rougt=
match the CPMGH, = 1,) echo train in slope, but their overall = 0.4
signal is lower. This is true even for the simulatad= 96 ms
echo train; however, the signal in that echo train is negative,

when the absolute value is taken, the slope of the echo tri  0.2f T
becomes positive. :
Figures 5 and 6 show the simulated and experimental ec 0 .

100 150
echo time (ms)

trains for 1-pentene when, = 8 ms. Because of the longey, 0 50
theJ coupling-induced signal decay is much more pronounct
than whent, = 2 ms. Just as in Figs. 3 and 4 however,

. . . . . FIG. 7. Experimental DIET echo train for a solution of water doped with
increasingr, shifts the echo trains downward. Once the S|gng_!o3 mM MnCh. 7, = 2 ms, 7, = 2 to 96 ms. Because the solution does not

falls near zero, the echo train remains suppressed but dégtain (nonequivalent)-coupled protons, the echo trains show norial
dependence on, becomes much less pronounced. The simdecay and are independent af
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olive oil, T, =2 ms change in the 1-pentene data versus that of the olive oil da

1 is that the majority of the oil molecule consists of chains o
T, (ms)|| saturated neighboring methylene (§Hgroups. (1-Pen-
oo 2 tene’s chemical structure is GECH,),CH = CH,, while the
0.8 o 186 1 chemical structure of olive oil’s principal component, oleic
.24 acid, is CH(CH,),CH = CH(CH,),CO,H.) Protons within
_ 0.6 |===48| long CH, chains have similar chemical shifts addcou-
S v 06 plings and are therefore nearly magnetically equivalen
2 Thus, a greater percentage of the alkene molecule consi:
%0_4 of spins experiencing strong coupling effects while the

longer lipid molecule has more near-equivalent spins whic
experience weall coupling effects and dilute the overall
o signal change. In addition, the intrinsic transverse relaxatio
ummm'm times of the protons in these molecules may be differen
OO0 . . . h
M and are likely shorter in the larger oil chains. Thus the
y z 2 relative importance of decreasing the effects of coupling
0 50 el timt}[('ltl"ls} 150 may be further re(_juced ir_1 thg oil. _
One aspect of Fig. 8 which is not completely understood i
FIG. 8. Experimental DIET echotrain of olive oit, = 2ms,7, =210 96  the higher slope of the; = 2 ms echo trains relative to that of
ms. The dependence (m_is not as _dramati_c as itis for 1-pentene, presumablécho trains in whichr, is longer. One possible explanation is
because the molecules in olive oil contain a greater number of nearly eqL%-at theT, decays of 1-pentene and olive oil are multiexpo-
alent protons. . 2 - )
nential, and that in each molecule, the component which dt
cays fastest is also the component most heavily suppressed
The hypothesis that coupling is responsible for the signald coupling.
suppression observed in Fig. 4 is further supported by the
DIET signal behavior seen with the MnQ3olution, as shown IMAGING EXPERIMENTS
in Fig. 7. 7, = 2 ms and agairS(t = 2 ms) is used to
approximateS(0). Thedecay curves essentially overlap for all The DIET scheme shown in Fig. 2 can also be incorpo
values ofr,, as is to be expected for normiB) decay without rated into an imaging sequence by increasing the puls
J coupling. spacing before the first phase encode step, as is illustrat
DIET echo trains (withr, = 2 ms) are shown for olive oil in Fig. 9. In order to evaluate the contrast derived from
in Fig. 8. This system again shows signal suppression withis sequence, we compared images evaluated with tt
increasingr,, although the effect was not as dramatic aBIET imaging sequence to those from a conventiona
with 1-pentene. At an echo time of 48 ms, the signal of tHeSE sequence and a conventional SE sequence. Imac
T, = 48 ms echo train is roughly half that of the = 2 ms within the thigh and the abdomen were collected using
echo train. One possible explanation for the greater sigfab-T GE “Signa” systems magnet. Mid-thigh images

S
o

Ty T2
-4 > -+
90° 180° 180° 180° 180°

c=a(ry/ty) d=by/2ry)

FIG. 9. The DIET Imaging Sequence. a, b, ¢, and d denote gradient duraffpns (
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FIG. 10. Thigh images created using the (a) SE, (b) FSE, and (c) DIET imaging sequences. The TE values were 110, 112, and 108 ms, respectiv
fat signal is much less pronounced in the DIET image than in the FSE image, hence the DIET image contrast approaches that of the SE image.

were obtained using an extremity coil to contrast fat andearly closer to that of a SE image than to that of an FSI

muscle, while abdominal images were obtained with a bodgquence. Table 1 shows the ratio of signal from variou

coil to contrast fat, muscle, and internal organs such as ttissues-to-fat signal, as measured in regions of interest fro

kidney. The imaging parameters were: (a) SE:FH10 ms, both the thigh and abdominal images. These ratios confirm th

TR = 2000 ms, andr = 55 ms; (b) FSE: TE= 112 ms, the contrast provided by the DIET sequence approaches that

TR = 3000 ms,echotrain length (ETL)= 16, andt = 14 a conventional SE sequence.

ms; and (c) DIET: TE= 108 ms, TR= 3000 ms, ETL= 16,

7, = 24 ms, andr, = 14 ms. The FOV of each image was FIELD DEPENDENCE OF J COUPLING-INDUCED

20 cm. In order to make a fair comparison between images, FAT SUPPRESSION

the receiver gain was held constant for all the imaging

sequences. Furthermore, to keep the effective echo time&or the DIET sequence to suppress fat signal adequatel

(TE) comparable between the images, the zero order phasenust be long enough such thdt |, or |8, |7, = 1. §is

encode of the DIET sequence was shifted to the sevemtinectly proportional to field strength, and thus the initial

echo, rather than the eighth echo, where it occurred in thalse spacing necessary to suppress fat will become short

FSE sequence. as B, increases. In order to qualitatively evaluate the fielc
Figure 10 shows images of the upper thigh using the FS&gpendence af coupling-induced fat suppression, we stud-

DIET, and SE sequences. The images are thresholded to itek the dependence of echo amplitudesrdior olive oil at

same levels for comparison. The contrast of the DIET imagefisld strengths of 0.47 and 2.0 T using a conventional CPM(
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TABLE 1 the echo train without significantly effecting its subsequen
Ratios of Tissue Signal to Fat Signal behavior. Once the faster pulsing begins, the effects] of
for FSE, DIET, and SE Images coupling are removed, but the echo train’s signal remain
FSE DIET SE suppressed. _ o
As discussed above, the product of the chemical shift diffet
Fat 1 1 1 ence(s) within the spin system and the pulse spadngis an
Marrow 1.06 121 1.25 important parameter which determines the degree to which
Muscle 0.12 0.16 0.15

coupling dephases lipid signal, ©). As 67 decreases, the effects
of J coupling diminish, enhancing the lipid signal. It is apparent
from our phantom experiments that even at rapid FSE puls
spacings (of order 10—20 ms), the effectd obupling are still not

sequence. We recorded the echo amplitude at a fixed ﬁ;‘i:minated. Thus, as new FSE sequences become available wh
(128 ms) for a range of pulse intervals,Measurements at the pulse spacing is decreased below the limits currently availak

0.47 T were performed on a Bruker Minispec relaxomete?n commercial systems & 12-14 ms), the effects dfcoupling
Figure 11 shows the field dependence of the olive oil signdlfill be more fully suppressed and lipid signal will be further
At both field strengths the signal is greatest at short pulgghanced. Under these conditions the DIET sequence will |
intervals ¢ < 4 ms), and similar changes are seen in goingrticularly effective. The produdir is also smaller at lower
from the limit of very rapid pulsing to slow pulsing. How-imaging field strengths, such as are found with open-bore ma
ever, as expectedt & T there is a more rapid decrease imets, resulting in a greater difference between SE and FSE |
signal asr increases. signals. Once more the use of a long initial echo can greatl
For most practical FSE imaging sequences at clinical fietdduce these effects, though at lower field strengths it may |
strengths, the pulse spacing can at best be considered to beetessary to use longet values (scaled inversely with field
an intermediate regime wherés not short enough to eliminate strength) to suppress fat signal effectively.
the fat signal entirely. For a typical FSE sequence with 16 ~ The length of delay before the first refocusing pulse will of
ms, we can estimate from Fig. 11 the maximum amount of lipgburse alter the sensitivity of the DIET sequence to effect
suppression attainable by incorporating a longer initial ecligher thanJ coupling, such as subject motion, flow, and
into the sequence. At 2.0 T, agor, for a DIET sequencer)  diffusion through susceptibility-induced field inhomogeneities

is increased from 16 to 64 ms, the signal from olive oil ihe point spread function of the image will also be alterec
decreased by about 25%, whereas at 0.47 T the signalyisause of the delay before each echo is acquired.
decreased by over 40%. It should be noted that these estimates

simply serve to show the qualitative field dependence and
should not be taken as maximum estimates of suppregsion
vivo since this depends on the exact chemical nature of the
coupled lipid system.

Kidney 0.13 0.21 0.23

DISCUSSION

2 ms)

The simulations and experiments clearly support the theo-
retical prediction that when the pulse spacing is shortened in
the second phase of the DIET sequence, the spin system retains &
the J coupling suppression acquired before the first echo. In  “2
addition, the results highlight a potential advantage of the
DIET sequence over conventional CPMG-based imaging se-
guences: as, becomes shorter, the modulation of the echo

@/S@x

train decreases. In imaging sequences which acquire multiple 0.2 T T T
phase encodes in a single TR, a smoother echo train results in 0 40 80 120
a narrower and less distorted point spread function (PSF) in the 7(ms)

phase encode direction. _ . :
Another finding of the simulations and experiments is thatFIG' 11. Field dependence of coupling induced fat suppression. The

. intensity of the echo at TE= 128 ms is plotted vs for B, = 0.47 and 2 T.
for both Iarge and small values of, the behavior of the echo The signal in each curve is normalized relative to its value wherl ms. The

train once fast pulsing begins is in many cases remarkalfemical shifts, is larger at the higher field, and thasoupling effects will
independent of,. Therefore one can lower the initial signal ofbe seen at shortervalues (i.e., whens,|r = 1).
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CONCLUSIONS shortr -
p(nt) —— I, (8]

We have demonstrated through density matrix theory, numer-

ical simulations, and phantom aial vivo imaging experiments For the DIET sequence, the expression equivalent to Eq. [3]

that the DIET sequence is an effective method of reducing lipid

signal. The sequence allows one to obtain spin echo-like contrag —i/2A —12f5\ a1/ 2F 5 —i12A,,

from an FSE-type sequence. The simulations and experimerﬁéﬁrl ) OC (e Rfm‘e )‘(e ngone )

clearly support the theoretical prediction that in the limit of very  x 1,(e7"/2#nR g0 7"/2Hn) "1(e7/2HnR 4 71/2w) 0. [9]

fast pulsing in the second phase of the DIET sequence, the echo

train becomes time independent. They also support the hypothesis

that the DIET sequence should remain an effective means of fathe limit of fast pulsing in the second phase of the sequenc

suppression outside of the limit of shat (i.e., |37, and|§;| 7, < 1), the outer terms can be simplified

using a Taylor expansion,

APPENDIX
a0 A o0 shortr, . ~ ~ ~
In a standard CPMG sequence, the equation for the densitf - “Riso€@ '*"7 ——— (1 + i E Jilj = Tkm2)Rigo.
matrix, p, at thenth echo is (neglecting’, decay) I [10]

p(nT) o« (€7 R 4o )M (e 2R g0 2 7" [3] However, because the first pulse spacing is chosen to be lo
enough to allowd coupling effects, i.e|J;|r, or [8,]m, = 1,

where is the spacing between 1Bpulses, andR,q, is the ©0ONne cannot ignore higher order terms when expandin
rotation operator for the 1§@ulse 6). The Hamiltonian of the exp(—iH7,). These higher order terms contdiy operators,

system is which do not commute with the remaining operators in Eq. [9]
so the expression fgi(t, + n7;) cannot be simplified.
N B ros The expression for Tf[(t)l,] can be simplified, however, by
H= -2 8l,— 2 Jul; - Iy, 4 _ .
EJ: ital E:( KTk [4] using the relation

where$; is the chemical shift of nucledswith respect to the Trpld = Z (aj|pliey), [11]
average Larmor frequency of the spins, ahdis the J cou- !

pling constant between spipsndk. fj is the angular momen- _
tum operator for thgth spin and, is its z component. lfris  Where the|a;) are an orthonormal set of basis states for the

short enough that system. The basis states we choose to use are the eigenstate
exp(—3 Ht,)Rigo€Xp(—% HT,), which we denoté¢;). Using

|3i7], |8j7| < 1, for all spin groupsj, k, [5] Eq. [9], Eq. [11] becomes

then one can expand the time evolution operator, eXpir), Trlpld = z (§](U2RU2) " &9(&d (UIRUDT(ULRUY) (&)
to first order in a Taylor series: bkt

X (&|(URU,) L&), [12]
[
2

e—i/2|:17 ~1—

. i . i I
HT=1+§E 8j|ZjT+§Eij|j .
i

= where for brevity the subscript .4, has been dropped, and
j<

6] U, andU, represent the time evolution operator, exp(Hr),
att = 7, andr,, respectivelyU,RU, is unitary, and thus has
eigenvalues of the form exp;) (6). Substituting these eigen-

Plugging this expansion into Eq. [3], we obtain values and rearranging terms, we obtain

ol A o shortt . ~ ~ N an - PPN A A A A A
e MR gpe 1+ E N I« Rigo [71  Trpl,] = 2 't )“)<§||(U2RU2) ”IX(UzRUZ)”|§k><§k||x|§|>.
j k|

R [13]
The expression on the RHS of Eq. [7] commutes Witland
thus cancels thee("*""R.ge ") " terms in Eq. [3] 6). In the limit of fast pulsing in the seconet,j phase of the DIET
Therefore, in a CPMG sequence, in the limit ofr & |J,|, sequence, one can use the Taylor expansion shown in Eq. [1
|8kl The terms in this expansion commute withso that



J COUPLING-INDUCED FAT SUPPRESSION IN DIET IMAGING 151

o o shortr, . manipulation and artifact assessment of 2D and 3D RARE se-
(U,RU,) "M (U,RU,)" ——— |, [14] guences, Magn. Reson. Imaging 8, 557-566 (1990).
5. R. S. Hinks and D. Martin, Bright fat, fast spin echo, and CPMG, in
“Proceedings, Society of Magnetic Resonance in Medicine 11th
Annual Meeting,” p. 4503, Berlin, 1992.

6. A. Allerhand, Analysis of Carr—Purcell spin echo NMR experiments

The expression for the DIET signal therefore becomes

AT 7 — i(Ak— A1) 1 2 . . .
37'1 + nTz) & Tl’[plx] - 2 R |<§k||x|§|>| : [15] on multiple-spin systems. |. the effect of homonuclear coupling,
k J. Chem. Phys. 44, 1-9 (1966).
7. H. Kanazawa, H. Takai, Y. Machida, and M. Hanawa, Contrast
While the values ofA; and |&) depend onr,, there is no naturalization of fast spin echo imaging: A fat reduction technique

dependence om, or n in Eq. [15]. We have therefore demon- free fr_om field inhomogeneity, in “Proc., SMR, 2nd Meeting, San
strated that in the limit of very fast pulsing in the second phase Tancisco, 1994,” p. 474.

of the DIET sequence, the modulation of the echo train wilP- K- Butts, J. M. Pauly, G. H. Glover, and N. J. Pelc, Dual echo “DIET”
disappear. The fat signal instead retains the suppressionStSPin echoimaging, in *Proceedings, Society of Magnetic Res-

. . . onance, 3rd Scientific Meeting,” Nice, France, p. 651, 1995.
achieved during the firstr() phase of the sequence.
9. L. A. Stables, A. W. Anderson, and J. C. Gore, The effects of J
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