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Localized 'H NMR spectroscopy using the 90° —t; — 180° —t; +
t) —180° —t, —Acq. PRESS sequence can lead to asignal loss for the
lactate doublet compared with signals from uncoupled nuclei which
is dependent on the choice of t; and t,. The most striking signal loss
of up to 78% of the total signal occurs with the symmetrical PRESS
sequence (t; = tp) at an echo time of 2/J (~290 ms). Calculations
have shown that this signal loss is related to the pulse angle distri-
butions produced by the two refocusing pulses which leads to the
creation of single quantum polarization transfer (PT) as well as to
not directly observable states (NDOS) of the lactate AX; spin sys-
tem: zero- and multiple-quantum coherences, and longitudinal spin
orders. In addition, the chemical shift dependent voxel displace-
ment (VOD) leads to further signal loss. By calculating the density
operator for various of the echo times TE=n/J,n=1,2,3,...,
we calculated quantitatively the contributions of these effects to the
signal loss as well as their spatial distribution. A maximum signal
loss of 75% can be expected from theory for the symmetrical PRESS
sequence and TE = 2/J for Hamming filtered sinc pulses, whereby
47% are due to the creation of NDOS and up to 28% arise from PT.
Taking also the VOD effect into account (2 mT/m slice selection gra-
dients, 20-mm slices) leads to 54% signal loss from NDOS and up
to 24% from PT, leading to a maximum signal loss of 78%. Using
RE-BURP pulses with their more rectangular pulse angle distri-
butions reduces the maximum signal loss to 44%. Experiments at
1.5 T using a lactate solution demonstrated a maximum lactate
signal loss for sinc pulses of 82% (52% NDOS, 30% PT) at TE=
290 ms using the symmetrical PRESS sequence. The great signal loss
and its spatial distribution is of importance for investigations using
a symmetrical PRESS sequence at TE=2/J. © 2001 Academic Press
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INTRODUCTION

pulse train with a total echo time of TE4t (1, 2). But soon a
more general pulse train

90" —t; — 180" —t; +t, — 180 — t; — AcQ. [P2]

was introduced3-6), together with theoreticaB( 4, 6-9 and
experimental -9 descriptions of signal losses which occur
for coupled homonuclear spin systems compared to uncot
pled spins. Here the total echo time is defined as=TH; +
TE, = 2t; + 2t,. For the lactate doublet, signal losses of more
than 60% have been reported dependent on the time inteérvals
andt, used 8, 4, 6-9. Three effects compete for the responsi-
bility for the signal loss. The first two effects arise from the pulse
angle distributions produced by the two slice selective refocus
ing pulses: first, the creation of not directly observable state:
(NDOS) of the lactate spin system, namely zero- and multiple:
guantum coherences and longitudinal spin ord8¢s6), and
second, the single quantum polarization transfer &T The
third effect is the chemical-shift-dependent voxel displacemen
VOD (4,7, 8.

In spectroscopic investigations on lactate, usually echo time
TE=n/J,n=1,2,3,..., are used to prevent phase anomalies
of the lactate doublet. Thus, just these echo times were consic
ered in this study. In practice, however, in most cases only th
shorter echo times are useful, so afocus or=TEJ and 2/ J is
to be desired. The VOD effect was found to predict no signal los:
for TE=1/J, but was made responsible for the signal loss at
2/J (8). Therefore, we examined in this study quantitatively the
contributions and spatial distributions of the effects of NDOS,
PT, and VOD with a special focus on Ee2/J (~290 ms).

Single voxel localized proton spectroscopy is frequently pefhjs was performed by calculating and analyzing the quantum
formed using point-resolved spectroscopy (PRESS),“a-90 mechanical density operator which makes it possible to describ
180" — 180’ — Acq. double spin echo pulse train. The three slicghe state of the spin system at the time of data acquisition
selective pulses are successively applied to select a single Voygly experimentally at 1.5 T by using a solution of lactate anc

In early work the PRESS method was used as a

90° —t — 180° — 2t — 180° — t — Acq. [P1]

203

acetic acid in water. Unfavorable timing of the PRESS sequenc
around TE=290 ms leads to a signal loss for the lactate dou-
blet of 82%, in very good agreement with 78% predicted by the
theory.
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THEORY
1.0
A schematic representation of the PRESS sequence for sp: s 08
tial localization is shown in Fig. 1. Ideally, the two refocusing © = 82 !
pulses should be 18(ulses. However, a main drawback of 2 § 02
these slice selective pulses and the whole PRESS sequence % § 0.0
that the refocusing pulses themselves produce transverse mag 5 02
netization (M;) outside the centers of the slices; see Fig. 2. =1 50:8'2
The amount and spatial distribution of the transverse magne E 08
tization depends on the pulses used and is given in Fig. 2 for th PR -1.0
s ; : X 0 05 1.0 L5 20 ms
2.56-ms Hamming-filtered sinc pulse, which excites a 20-mm
slice usirg a 2 mT/m gradient, a pulse which is frequently used Gaussian
with PRESS spectroscopy. In addition, a Gaussian pulse whicl ‘ - 1.0
leads to an increased amount of transverse magnetization ar | 1 g" 8’2
a RE-BURP pulsel(0) which shows less transverse magneti- gt ] = 0.4
zation are given. To guarantee high-quality localizationthe =t 1 -% 02
components are eliminated by spoiler gradients applied Withir'i: ] B _8'3
the PRESS sequence (see Fig. 1). However, despite the fag ] 2 04
that theM; components are eliminated due to the dephasing | 206}
. . . . | L E 08+
effect of the spoiler gradients, an important problem remains:

the pulse angle decreases more or less rapidly to zero ou
side the centers of the slices. See Fig. 3, left column. This
means, that a calculation of the PRESS sequence should tal
into account that the pulse angles vary over the slices anc
that gradients are applied according to Fig. 1. Therefore, the

PRESS experiment which was used for calculation is repre-8 [
sented by the pulse train for the symmetrical PRESS sequenc g |

and TE=2n/J,n=1,2,3, ...,

wpeX —t = BaBx — 2t —yarx —t —Acq,  [P3]

ampli
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FIG. 2. Numerically determined longitudinalM;) and transverseM;)
magnetization after application of different slice-selective®180Ises with a
bandwidth (FWHM) of 1704 Hz. These 18pulses result in 20-mm slice thick-
nesses if they are applied in the presenica @ mT/m gradient. Top: 2.56 ms
180 Hamming-filtered sinc pulse; center: 1.28 ms18@ussian pulse; bottom:
3.39 ms 174 RE-BURP pulse.

for the asymmetrical PRESS sequence and =T{J,
n=123,.... The symbol &}," represents am pulse with
phasex applied to theA-nucleus which serves for the excitation
of a slice. Due to the chemical shift dependent displacemer
the samex pulse excites a spatially shifted slice for the three
X-nuclei, which is represented by, . That means that the pulse
anglewx is different at most points within the voxel, as is also the
case forg andy (see, for example, Fig. 3, left column). In the
following, the phase of the three pulses defined in [P3] and [P4
will no longer be given within calculations. The density opera-
tor for these PRESS experiments with the weakly coupled spi
1/2 systems can be calculated using the product operator fo

FIG. 1. The double spin echo sequence (PRESS) in a schematical red;%-allsm a0). Qur_ C,alcglatlons include _the assumptions that t,he
sentation. The slice selection gradients are given by A’%and C. Spo"er pU|SeS are Of InflnlteSIma' ShOrt duratlon and that no I’8|axatIOI

gradients are applied to guarantee high quality localization.

OCcCurs.
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FIG. 3. Numerically determined pulse angle distributions (left column) in the direction of the slice selection gradient after slice-seléctiuesé8@dashed
line: A-nucleus; solid line: X-nuclei). The pulse angle distribution in combination with the amplitudes of the normal spin echo shtiaeXin Table 1 leads
to the spatial distribution presented in the central and right columns (dash—dotted line: uncoupled X-nucleus; soliehlirméeiXvithout VOD effect; dashed
line: X3-nuclei with VOD effect). To be more easily comparable, the term (8es 1) which corresponds to the case of an uncoupled X-nucleus is also given bt
is negative, so that all functions show the value 1 in the center of the slice. The right column shows the corresponding spatial distribution lef e Gopb
2.56-ms 180 Hamming-filtered sinc pulse; center: 1.28-ms 1&aussian pulse; bottom: 3.39-ms 1 RE-BURP pulse. The RE-BURP pulse produces a pulse
angle of 180 outside the center of the slice if a nominal pulse angle of 1§4sed in the center of the slice.

For an uncoupled X spin system the density operator at ttieese echo times will be considered in the following, namely
time of data acquisition in the PRESS sequence is TE=4t=2n/J,n=1,23,..., for the symmetrical PRESS
sequence [P3] and echo times #H/J,n=1,2,3,..., for

o (Acq.) = —0.25l sin(x)(cosBx) — 1)(cosfx) — 1) [1] the asymmetrical PRESS sequence [P4].

independent of the question whether the symmetrical sequeggget _Sréner?EIZESI/zRE_S? Sze%uence [P3]
[P3] or the asymmetrical sequence [P4] is applied and indepen- T T e T
dent of the echo time used. With the assumptions made, the density operator for thg AX
A similar calculation of the density operator for the weaklgpin system can be calculated using the symmetrical PRES
coupled AX spin system of lactate with variableandt, was sequence. For the case of E&t =4/J,8/J,12/], ... the so-
not possible, because this leads to an explosion in the numhgion for the pulse train [P3] can be easily calculated becaus
of terms obtained. However, in spectroscopic investigations onthis case both refocusing pulses are applied at times whe
lactate usually echo times EEn/J,n=1,2,3, ..., are used no antiphase magnetization is present. Thus, the coupled sp

to prevent phase anomalies of the lactate doublet. Thus, jagstem behaves like an uncoupled system and we obtain for tf
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A-nucleus and the three X-nuclei (compare with Eq. [1]) donotoccurin Eq. [3], however, their excitation leads to change
in the observable terms therein, leading to a signal loss as wi
o(Acq.) = —0.251;y sin(@a)(cosBa) — 1)(cosfa) — 1) be shown below. Thus, PRESS is a sequence which limits de
) tection to coherences which remain single quantum coherenc
—0.25(I2y + lay + lay) sin(ex) throughout the entire sequence. Among the observable terms
x (cos@Bx) — 1)(cosfx) — 1). [2] further effect occurs which can lead to a signal loss and whicl
is also restricted to a coupled spin system: the single-quantu
I, is the A-spin and,, I3, andl, are the three X-spins. polarization transfer PT9). PT occurs also during the transmis-
Using the symmetrlcal PRESS sequence and echo tm’?é%n of theg- andy -pulses, but in contrast to the NDOS, the PT(
TE=4t=2/3,6/J,10/J, ..., the density operator is more€rms remain single quantum coherences throughout the PRE
sequence. The PT terms show a dependendgiorcontrast to
the SQC of the normal spin echo.
. Itis interesting that the application of the symmetrical PRESS
o(Acq) = + sin(a)[—0.25l1y coS(Bx)(cosBa) — 1) cos sequence [P3] gnd TE4t :pélla/J, 8/J,12/J, y produces nei-
x (yx)(€osta) — 1) — lay(l2z13, + 12714z + 13,14;)  ther MQC or ZQC nor PT, thus no signal loss has to be expecte:
. . The latter is in agreement with Yablongkial. (8) who defined
x sin(a) sinBx) cosfx)(cosfa) — 1) cosgt) the echo time TE=4/J as “magic echo time”. No dependence
— lay(l22132 + 122147 + 137147) cOsBa)(cosBx) — 1) on the timing of the sequence exists in Eq. [2] and no VOD
. . has to be taken into account, only a dependence on the pul
sin(ya) sinfyx) coset) + lu(lazla; + 1ozl angles occurs. Of course, in Eq. [2] the origin of the signal from
I32142) SiN(BA) sin(Bx) cosfyx)(cosfa) — 1) the A-nucleus is also spatially shifted in three dimensions witt
. respect to the origin of the signal from the three X-nuclei; how-
SINEt) — Tax(l2zl3z + l2zlaz + lszlaz) COSB) ever, their signal intensity is not dependent on the size of thi
(cosBx) — 1) sin(ya) sin(yx) sin(6t) — 0.75l 1y shiftin Eg. [2], in contrast to Eq. [3], as will be shown with the

. . . . following analysis.
sin(8) Sin(Bx) coZ (Bx) sin(ya) sin(yx) 9 anay
Normal spin—echo terms.The trigonometric terms in Eq. [3]

C0S(yx) COS(Bt) — 0.751 1. sin(Ba) sin(Bx) corresponding to the normal spin—echo for the A-nucleus hav
coZ(Bx) sin(ya) Sin(yx) COL(yx) sin(2t)] the form cod(Bx)(cos(Ba) — 1) cos(yx) (cosfa) — 1), while

. for the three X-nuclei the form is cg8f)(cos(@Bx) — 1) cosf/a)
+ sinx)[—0.25(12y + lay + lay) cOSBA) (cosf/x) — 1). These functions show considerable differences

complex:

X X X X 4+ X

X

x (cos@Bx) — 1) cosf/a)(cosfx) — 1) — 0.25 from the uncoupled X spin system, where the normal spin—ech
: . . shows the trigonometric behavior (c8s) — 1)(cosfx) — 1);
x (lzy + lay + lay) Sin(Ba) Sin(Bx) Sin(ya) see Eq. [1]. These differences contribute to the signal loss ok
x sin(yx) cos(dt) + 0.25(I2x + lax + lax) served for the lactate spin—echo signals.
. . . . . The interrelationship between pulse angle distribution anc
x SinBa) sin(Bx) sin(ya) sin(yx) sin(2t)]. [3] spin system can be visualized best by calculating the pulse ang

) ) ) distribution fromM; andM; of Fig. 2 using the equation
The density operator in Eq. [3] contains only terms that lead to an

observable signad.is the Larmor frequency difference between M
the two coupling partners. The last three lines of Eq. [3] contain B = T _ arctan(—z> ] [4]
magnetizations which belong to the three X-spins while all other 2 t
terms contain A-spin magnetizations. The terms for the three X-
spins are identical to those presented previously by Marshall afige results for all three pulse types used in Fig. 2 are show
Wild (12). in Fig. 3, left column, taking a chemical-shift-dependent slice
The application of [P3] with TE=4t=2/J,6/J,10/J,... displacement of 2 mm into account which is obtained for lac-
results in the creation of NDOS by the two refocusing pufgestate with the 2 mT/m gradients used. Using these pulse ang
andy . These states of the spin system produced bgnnot re- distributions the spatial distributions of the normal spin—echc
sultin observable magnetization unless they are transferred barkns shown in Fig. 3, middle column, were calculated for
to single quantum coherences (SQC) by the second refocudling Xz nuclei in Eq. [3] (dashed line) and the uncoupled X-
pulsey. However, in the PRESS sequence even a transfermfcleus in Eq. [1] (dash-pointed line). In addition, the normal
NDOS back to SQC does not give rise to a signal because thepa—echo term for the xnuclei is provided for the case with
SQC are dephased by the spoiler gradients applied within thero chemical shift displacement (solid line). The double PT
PRESS sequence; see Fig6l Also, NDOS produced by do  terms of the X%-nuclei in Eq. [3] could also be derived; see
not give rise to observable signals. Consequently, NDOS terfig. 3, right column. Again, distributions without taking the
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chemical-shift-dependent displacement into account (solid lingiyections of the two refocusing pulses: the terms of an uncou
are also provided. pled X-system (top left) as well as the terms of then(clei, the

normal spin-echo term (top right), the double PT term (centel
ht), and the addition of both terms (center left). The double PT
ect is maximum at the corners where both refocusing pulse
produce 90 pulse angles (center right). Dependent on its phase
are terms of nucleus A which contain a single PT prot_he double. PT contribution can add constructively (center left

duced by thep pulse and a normal spin echo_hereafte tfg_e Slpin_?d;lo termTe;]nd d_t;fy this tobtht\jltotalthsignal,r(])r Sutb'
represented by Sifif) Sin(B:) Cosx)(costa) 1) and tractively (not shown). The difference between the graph cente

those produced after a normal spin echo by fhepulse !eft and top_left_ is g.iven on bottom left. Since the double P'_I"
cos(Ba)(cosBx) — 1) sin(ya) sin(yx). These single PT terms is constructive in thls example,.thls plot represents the s.patlcl
oscillate with cosit) or sin@t). No single PT terms occur for dlstr|bu_t|on of the signal loss which arises due to the creation o
the three X-nuclei. Besides the single PT, the double PT aL’%I 0S n the_)g-fsys'gem compa_red to an uncoupled X-system.
occurs; this means a PT which takes place atipeilse and is e spatial dl_strlbutlpn of the signal loss of th_e lactate doublet
reversed at the pulse. These terms show an oscillation WitISbOttom left) is confined to the edges. No signal IOSS oceurs
the frequency cosf2) or sin(2t) and have a trigonometric de-:g iké%)center, where the pulse angle of both refocusing pulse
pendence of siffy) sin(Bx) cog(Bx) sin(ya) sin(yx) cog(yx) ' _ .

for nucleus A and sirx) sin(8x) sin(ya) sinyx) for the three A comparison of FIQS. 4a and 4b shows that the_VOD effect
X-nuclei. We have previously discussed the density operatorISfidS to small corrections of the results obtained without VOD.
the three X-nuclei and its creation via the double PT in more Signal intensity. To determine the total signal intensity for
detail ©). These considerations showed that small deviations!@ftate, the different terms containing the pulse angles in Egs. |2
the echo time from 2J lead to phase and intensity distortion ofnd [3] had to be integrated numerically over the volume ele-
the doublet signal of lactate by the signal contribution originaf2ent assuming constant lactate concentration over the sampl|
ing from double PT. A complete period of the double PT term jEhe corresponding results are givenin Table 1. The terms gin(

obtained at 1.5 T by the sin{®) and cos(&t)-dependence after and singx) are factors which are identical for all terms. Thus,
10.87 ms for thes of 2 - 184 s! for lactate in the solution theintegration could be carried out as atwo-dimensional integra
used. tion in the direction of the two refocusing pulses. We assumed

furthermore, that both refocusing pulses had an identical puls

Antiphase terms. The density operator of Eqg. [3] containsan le distribution which should be given in practice if two iden-

terms of antiphase magnetizatipn for the A—nugleu_s representd, pulses are used. The integral for the uncoupled X-system i
for example byly 12,13, the gnnphasg-magnetlzatlon of .nu- iven by the term (cog) — 1)(cos§/x) — 1), which is used as

Clel.JS Awith respect to nuclei 2 and 3 of the three X-n_ucle|. SUleference for the Hamming-filtered sinc pulse and set equal t
antiphase terms lead to phase and intensity anomalies of the Cthis represents the maximum signal intensity which can be
tate quartet. This resultis exciting because usually one would jtained with the sinc pulses used
pect pure mphase mggnet|zat|on fora/J,n=1,2, 3 o The expected signal intensities for the lactate doublet can b
na conventional spin—echo sequence. However, this 'fact. culated from Table 1. As a rule of thumb, Gaussian pulse
easily be unq?rstood by an example: Inphasp magneUzaner duce a smaller and RE-BURP pulses a greater signal of th
the Xs-nuclei is present aiter the pulse and is ransferred to normal spin—echo. Vice versa, the greater contribution from P

pure antiphase magnetization of the-iclei at the time where occurs for Gaussian pulses while the RE-BURP pulse produce
the 8 pulse is applied (TE4) due to the J-coupling to the single

A I Thi tioh tization i dallv t ¢ Iécgs PT. It is interesting that, with an uncoupled system, the
-hucteus. This antipnase magnetization 1S partially ranslerrgg,  oqjap, pulses produce 24% more signal and the RE-BUR
by the s pulse from the X%-nuclei to the A-nucleus. Thus, after

: o ulses 8% more signal, compared to the sinc pulses. This i
the 8 pulse a new antiphase magnetization of the A-nucleus:p 9 b P

. ) dte to the broad wings of the(cosBx — 1) function for the
created which d_evelops after tfiepulse f_o_r a period of 3TR aussian pulses, which lead to strong signal contributions fror
under the coupling to all three X-nuclei if not transferred bac

tside the halfwidth of the slice (see Fig. 3). For the RE-BURF

Terms of single quantum polarization transfer PThe .
density operator in Eq. [3] contains terms which deper{%
on the difference of the Larmor frequencids=Q, — Qg e
between the A-nucleusj) and the X%-nuclei 23). There

hieved mainly within the halfwidth of the slice. For practical
8plications sinc pulses have frequently been used as a compr
se between a superior slice profile compared to the Gaussic
Spatial distribution. The signal intensity distribution within pulses and smaller transverse magnetization components far ot
the volume element produced by two 2.56-ms Hamming-filterste the slice compared to the RE-BURP pulses.
sinc pulses (see Fig. 2) is plotted in Fig. 4a without and in Fig. 4b For the X-nuclei of lactate we can calculate the maximum
with VOD effect. Both figures show the spatial distribution of theignal intensity using Table 1: for sinc pulses the result3d ¢
intensities in the twodimensional space spanned by the spaidl2= 0.46 for cos(4t) = 1, for the case in which the double PT
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FIG. 4. Spatial distribution of the terms of thes»uclei (see Eqg. [3]) of lactate and the X-nucleus of an uncoupled spin system in Eq. [2]. Presented is
numerical result obtained with 2.56-ms Hamming-filtered°1§i@ic pulses (halfwidth 1704 Hz corresponding to 20-mm slice thickness at 2 mT/m slice selecti
gradients): (a) without VOD effect; (b) with VOD effect. Top left: normal spin echo of an uncoupled spin system. Top right: normal spin echo terg o thei X
Center left: addition of the normal spin echo and the positive double PT term ogthec{ei. Center right: positive double PT term of the-Xuclei. Bottom left:
difference between top left and center left representing the signal loss fogthackei due to the creation of NDOS compared to uncoupled-nuclei.

adds constructively to the normal spin echo. The signal minimumCompared to sinc pulses, Gaussian pulses lead to threefo
of 0.22 is obtained for cos{®) = —1 or a destructive addition. greater double PT terms which dominate the total signal intensit
That means a lactate doublet signal loss between 54 and 78%r the contribution of the normal spin echo.

is expected relative to an uncoupled signal. Without taking theUsing RE-BURP pulses with their more rectangular pulse
VOD effect into account, the maximum signal intensity for sinangle distribution compared to both Gaussian and sinc pulse
pulses is B9 + 0.14=0.53 and the minimum signal is 0.25;the maximum total signal loss for the lactate doublet is only
thus, without the VOD effect, a signal loss between 47% add% (relative to an uncoupled signal), almost completely inde
75% is expected. It has to be pointed out that the signal loss fm@ndent of PT (see Table 1). Without taking the VOD effect intc
constructive addition still is on the order of 50%. Responsiblecount, a signal loss of 33% remains. This demonstrates th
for this greatest contribution to total signal loss is the creatidhe VOD effect is responsible for 3 of the 78% total maximum
of NDOS. signal loss which arises for sinc pulses, and for 11 of the 449
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FIG. 4.—Continued

total maximum signal loss which arises using RE-BURP pulséEhe superposition of both leads to the expectation of phase ar
These relations are, however, only valid for the 2 mT/m slidatensity distortions for the quartet.
selection gradients used for the calculations. Stronger gradients .
might be used to reduce the VOD effect; however, it shouldelftfI e Asymmetrical PRESS Sequence [P4]
. . . o . atTE=n/J,n=1,2,3,...

kept in mind that also improved pulse angle distributions might
then be obtained. Thus other gradient strengths demand theiThe asymmetrical sequence [P4] with an echo time of
own calculations. TE=n/J is characterized byfa interval which is kept as small

Finally, the signal intensity for the lactate quartet is mainlgs possible; thus the pulse has to be applied as fast as techni-
determined by the normal spin—echo term and by the single Rally possible after the pulse. For the following calculations
Using sinc pulses, the terms of single PT are 20 times greatex assumed that theinterval is so short that a spin—echo is pro-
than the double PT terms (0.20 vs 0.01); therefore, the latthuced by thes pulse, but that the antiphase terms are negligibly
play a very secondary role. The antiphasterms cancel via small; i.e..t; <« 1/J andt, ~ n/2J =TE/2.
spatial integration so that the antiphagéerms and the nor-  Forthecaseai=2, 4, ...the solution for pulse train[P4] can
mal spin echo term dominate the total signal of the A-nucleuse easily calculated because in this case both refocusing puls
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TABLE 1

Numerically Integrated Signal Using Symmetrical PRESS

Symmetrical PRESS sinc

Gaussian

Normal spin echo
X uncoupled: (co¥fx) — 1)(cos¢’x) —1)  1.00 1.24
Xz-nuclei: cosfa)(cos@Bx) — 1) cosfa)(cosfyx) — 1)

with VOD 0.34 0.20
without VOD 0.39 0.22
A-nucleus: co¥(8x)(cosBa) — 1)(coS(yx)(cosfa) — 1)
with VOD 0.21 0.12
without VOD 0.24 0.13
Single PT
A-nucleus: singa) sin(Bx) cosf/x)(cosa) — 1)
with VOD 0.20 0.28
without VOD 0.23 0.30
A-nucleus: cosfa)(cos@Bx) — 1) sinya) sin(yx)
with VOD 0.20 0.28
without VOD 0.23 0.30
Double PT
Xz-nuclei: sina) sin(8x) sin(ya) sin(yx)
with VOD 0.12 0.39
without VOD 0.14 0.41
A-nucleus: singa) sin(8x) cog(Bx) sin(a) sin(yx) cos(yx)
with VOD 0.01 0.03
without VOD 0.02 0.03
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x (cos(Bx) — 1) sin(ya) sin(yx) cos@t)

— lix(I2z132 + 12214z + 132142) Sin(@a)

REBURP % (COSBx) — 1) sinfya) sin(yx) SiNt)
1.08 — 025(|2y + |3y + |4y) Sin(le)(COS(Bx) — 1)
061 x COS{/a)(cOsfrx) — 1). [6]
0.75
In contrast to the application of the symmetrical sequenc:
056 which leads to the terms represented by Eq. [3], no terms c
066 double PT occur in Eq. [6] because the only pulse which car
create PT is the pulse.
0.09 Signal intensity using the asymmetrical sequenda cal-
0.15  culate the total signal intensity obtained with the asymmetri-
cal sequence, again a two-dimensional numerical integratio
0.09  was carried out in the direction of the two refocusing pulses
015 The results are presented in Table 2 for all three pulses use
in Fig. 2. As in Table 1, the normal spin—echo of an un-
001 coupled X-system is used as a reference and given for con
0.03 parison. It should be stated again that for*2/J,4/J, ...
Eqg. [5] applies; that means that no lactate signal loss occut
%—%% for t; — 0, and lactate behaves like an uncoupled spin systen

For TE=1/J, 3/J, ... the asymmetrical sequence produces &

Note Numerically determined integrals over the two spatial dimensions regignal intensity for lactate which is dependent on the pulse ar
resented by the two refocusing pulgkandy . The corresponding trigonometric gle distributions of the refocusing pulses. For theXiclei of

terms of Eq. [3] are given, which are valid for the symmetrical PRESS seque
and TE=2/J, 6/J, 10/J ... In addition, the term for the spin echo of an un
coupled X-nucleus is also provided represented by (50st 1)(cosg/x) — 1)

"&ttate and the use of sinc pulses, a signal intensity of 0.59 |

obtained, or in other words, a signal loss of 41% has to be ex

and its integral was used to normalize the integral to 1 for the use of sinc pulsp€cted at echo times of TE1/J, 3/J, ... while no signal loss

This integral represents the maximum attainable signal for the given pulse anglecurs for TE=2/J,4/J, .. .. If the VOD effect is not taken
distribution of the sinc pulse shown in Fig. 2, 20-mm slices, and 2 mT/m slice
selection gradients. The values were determined for the pulse angle distributions

shown in Fig. 3 and are only valid for these distributions.

TABLE 2
Numerically Integrated Signal Using Asymmetrical PRESS

are applied at times where only negligible antiphase magnetiza- Asymmetrical PRESS sinc _ Gaussian RE-BURP
tion is present. Thus, the coupled-spin system behaves like an Normal spin echo
uncoupled system and we obtain for the A-nucleus and the thpgencoupled: (cosfx) — 1)(cos¢x) —1) ~ 1.00 1.24 1.08
X-nuclei Xz-nuclei: (cosPx) — 1) cosfa)(cosfx) — 1)
with VOD -059 —050 -0.81
without VOD -062 —052 —0.90
o(Acq.) = —0.25l1y sin(@a)(cos@Ba) — 1)(cosfa) — 1) A-nucleus: (cosga) — 1) cos(yx)(cosfa) — 1)
i with VOD —046 —0.38 -0.77
—0.25(I2y + I3y + lay) sin(ex)(cosBx) — 1) without VOD —049 -040  -084
X (cos —1), 5 Single PT
( G/X) ) [ ] A-nucleus: (cosfx) — 1) sin(ya) sin(x)
o _ _ ) with VOD -035 —0.69 -0.12
which is fort; — 0 identical to the results for the symmetrical  without voD —038 -—071 —0.18

sequence presented in Eq. [2].

Note.Numerically determined integrals over the two spatial dimensions rep-

Fom =1,3,5...inpulse trailn [P4], more complgx behavioresented by the two refocusing pulgeandy . The corresponding trigonometric
exists because NDOS are excited by theulses, which do not terms of Eq. [6] are given which are valid for the asymmetrical PRESS sequenc
contribute to the total signal. The total density operator in thimd TE=1/J, 3/J, 5/J... In addition, the term for the spin echo of an uncou-

case is:

o(Acqg.) ~ —0.25lyy sin(@a)(cosBa) — 1)(cosfa) — 1)

X COé(VX) - Ily(|22|31+ |22|4z+ |32|4Z) Sin(aA)

pled X-nucleus is also provided represented by (€e¥¢ 1)(cosfx) — 1) and

its integral was used to normalize the integral to 1 for the use of sinc pulses
This integral represents the maximum attainable signal for the given pulse ang
distribution of the sinc pulse shown in Fig. 2, 20-mm slices, and 2 mT/m slice
selection gradients. The values were determined for the pulse angle distributiot
shown in Fig. 3 and are only valid for these distributions.
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into account the signal loss decreases by 3to 38% in total. Tt =~ TE=288ms , 290 ms 293 ms
signal losses for Gaussian pulses are greater with 60% and 5 ~10ms 180 -10ms+,-180"4,- Akg.
(with and without VOD), while smaller signal losses of 25% iy 022 021
and 17%, respectively, occur for RE-BURP pulses. It is obvi-
ous that the contribution of the VOD effect to the total signal  xio
loss of the lactate doublet increases for more rectangular pul: /«MM M M
angle distributions: while the VOD leads to 2% greater sig-
nal loss for Gaussian pulses, it increases by 8% for RE-BUR 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
pulses. 90"-t-180°-2¢-180°-t-Akg,

R=0.03 R=0.03 R=0.08

It should be noted that no PT terms exist for thgnclei,
so that no phase anomalies occur, in contrast to the use of t
symmetrical PRESS sequence. W ,“"Lm
Finally, it is interesting to focus on the situation which can
arise in practice: If the echo tim¢g 2 is desired, the symmetrical

[
T

[

—

3

sequence leads to a signal loss of up to 78% for sinc pulses, wh >0 100 130 200250 50 1100 130 200 250 50 100 130 200 250
the asymmetrical sequence works without signal loss. 901907290 t-Acq.
R=0.18 R=0.18 R=0.18

MATERIALS AND METHODS

4
=

i
iy
I

Experimental data were obtained on a Siemens 1.5 °
SP63 whole-body imager (Siemens Medizintechnik, Erlangen,
Germany) using the standard circularly polarized head coil FIG. 5. Localized'H PRESS spectra of a lactate and acetic acid solution
A glass sphere (500 ml) filled with a solution of Ca Iactat@btal'ggiw'thd'AﬁEfegtPRElsssegqeuencelsé;Op gwﬁms—li‘y—?m*

: : : it — —t2—Acq. Central row: 90—t — —2t— —t—Acg. Bottom

(.100 (T.Mor:/L) and acetllqc aCIF: (430 mMol/L) in water v(\;as pOSIrow: 90" —t —90° — 2t —90° —t — Acq. The asymmetrical PRESS sequence (top
tioned in the center of the coil. The Larmor frequency 'ﬁeren.crgw leads to a negligible signal loss for the lactate doublet while the symmetrica
8 between the quartet and the doublet of lactate was determigeglience (central row) results in a signal loss between 86%-(88 ms) and
to27-184statl1.5T. 62% (TE=293 ms). This variation in the signal loss is dependent on the double

The PRESS sequence schematically shownin Fig. 1 was uEédrhe double PT effect is visible best if9@focusing pulses are used (bottom

: : : : : w) because this leads to maximum double PT. The double PT contribution
in combination with water Suppression bya35'84 ms frequené e subtractive at TE 288 ms, additive at TE 293 ms, and out of phase at

selective saturation pulse followed by a spoiler gradient (nﬁt:'=290 ms (2J). These spectra give an impression of the phase behavior of the
shown). Since the bandwidth of this pulse was only 70 Hz, némnaller) double PT contributions to the spectra in the central row obtained witt
influence of the water elimination process on the observed sp&g refocusing pulses. Data:= 27184/s, 2 x 2 x 2 cm voxels, 1 acquisition,
tral components was found. To guarantee a proper localizati@fdata points, 4K zerofill, Gaussiz_m filter_ witfy, =500 ms, spectral widt_h _
spoiler gradients were applied before and after the slice selec 0 Hz, zero orQer phase correction until a pure absorption mode acetic aci
. singulet was obtained.
gradients B and C of the two 18@ulses.
The symmetrical and asymmetrical PRESS sequences were
used with echo times (TE) of 288, 290/(®, and 293 ms to EXPERIMENTAL RESULTS
select 2x 2 x 2 cm voxels. For slice selection (bandwigth
1704 Hz), 2.56 ms Hamming-filtered sinc pulses were used inFigure 5 shows the spectra obtained from the lactate an
combination with 2 mT/m gradients. The pulse angles were iaeetic acid solution with the asymmetrical PRESS sequenc
line adjusted using a procedure provided by the manufacturgt; = 10 ms, top row), the symmetrical PRESS sequence (centr:
The signals were acquired fully relaxed with 2K dataow), and the symmetrical PRESS sequence withréfocus-
points and one acquisition, multiplied by a Gaussian functiong pulses (90—t — 90° — 2t — 90°— Acq., bottom row) and
(t12 =500 msto =0 ms), zerofilled to 4K, Fourier transformedecho times of 288, 290, and 293 ms. The echo time of 290 m
and zero-order phase-corrected until a pure absorption maderesponds to /2] (6). The acetic acid signals showed similar
acetic acid singulet was obtained. No higher order phase csignal intensities irrespective of the timing of the sequence. Ir
rection and no baseline correction was applied. This led to tbentrast, the signal intensity of the lactate doublet obtained witl
spectra in Fig. 5. From these spectra the signal integrals wérte symmetrical sequence was drastically reduced. The lacta
determined and the integral ratRR of the lactate doublet to doublet to acetic acid singlet ratR®is given for each spectrum
the acetic acid singlet was calculated. For the phase-distortgdthe number plotted close to the doublBtwas reduced to
doublet at TE=290 ms in Fig. 5 central and bottom row an advalues between 38% (TE293 ms) and 14% (TE 288 ms)
ditional phase correction was applied to obtain pure absorptioompared with the asymmetrical sequence. This is the majc
mode signals prior to integration. effect observed. A minor effect was obtained with a variation of

50 100 150 200 250 50 100 150 200 250 50 100 150 200 Hz
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the echo time. This led to negligibly small changes for the la&irst measurement, reflecting that the signal loss is also depe
tate signals if the asymmetrical sequence was used but produdedt on the pulse angle calibration. This fact is not surprising
moderate changes using the symmetrical PRESS sequencdessuse compared to an uncoupled system, the signal intens
expected from the double PT contributions. The double PT teriias the AX3 system is much more susceptible to deviations of
show a sinusoidal change of their phase with a frequengyaf the refocusing pulse angles from £88ee also Figs. 3 and 4).
(9). This fact is best visible if 90refocusing pulses are used The great lactate doublet signal loss arises from three effect
(bottom row), because this leads to maximum double PT andRwst, the creation of NDOS leads to a signal loss in the oute
zero spin—echo signal (see Eg. [3]). The corresponding spectgions of both directions defined by the gradients of the two re
give an impression of the phase behavior of the (smaller) doulideusing pulses. This results in a signal reduction for the norme
PT contributions to the spectra in the central row obtained wisipin echo term. The resulting spatial distribution of the norma
180 refocusing pulses: The double PT contributions are subtrapin—echo term in Fig. 4b, top right shows no signal loss in the
tive at TE= 288 ms, additive at TE 293 ms, and out of phasecenter but due to the signal loss at the edges a much narrow
at TE=290 ms (2J). § corresponded tos2- 184s? at the shape compared with the uncoupled spin system in Fig. 4b, t
1.5-T field strength used, leading to a period of 10.86 mieft. Second, the double PT effect occurs at the corners of th
It has to be pointed out here that despite using 8fo- two-dimensional space. The double PT is maximum where bot
cusing pulses the sequence remains a double spin—echorsefscusing pulses produce 9pulse angles, see Fig. 4b center
guence and that a stimulated echo signal is prevented via tight. Dependent on its phase, the double PT contribution ca
gradients used, see Fig. 1. The lactate doublet to acetic aaittl constructively to the total signal, see Fig. 4b center left, o
ratio R is identical for all bottom row spectra if the phasesubtractively leading to an additional signal loss (not shown)
of the doublet is corrected to pure absorption mode prior Eigure 4b bottom left shows the spatial distribution of the lac-
integration. tate signal loss for constructive contribution of the double PT
The measurements which led to the spectra in Fig. 5, centt@im; that is, the signal loss that arises due to the creation c
row, were repeated after 15 days with a slightly different resuMDOS is shown. The fact that the signal loss occurs in the oute
The transmitter voltage for the 18@efocusing pulses as de-regions of the volume element is important for practical appli-
termined by the manufacturers inline adjustment procedure wadions using the symmetrical PRESS sequence at ZEJ:
73.9V (day 1) and 71.1 V (day 16). The corresponding lactatiee lactate-containing structure should be positioned within th
doublet to acetic acid ratioR also showed clear differences:.center of the volume element to prevent false negative result
the lactate doublet signal loss was between 62 and 86% for #tard, the VOD effect has to be taken into account, the effects o
first measurement, while the repeated measurement led to valwbgh lead to slight changes in intensity and spatial distributior
between 52 and 82% (spectra not shown). of the signal of the lactate doublet as can be derived from Figs.
The lactate quartet is free of phase anomalies if the asymmatid 4 and Tables 1 and 2. All three effects as well as their spati:
rical sequence is used at B22/J; see Fig. 5, top row. If the distributions could be analyzed individually with use of the the-
symmetrical PRESS sequence is used the quartet shows stramggical considerations presented here. Using a numerical sim
phase and intensity anomalies, as is obvious from the fact thatton, Thompson and Allen recently have also demonstrated

the outer lines of the quartet are negative. pulse angle dependence of the lactate sigids However, the
paper provides overall signal intensities rather than separatir
DISCUSSION the contributions and spatial dependence of the three individu:

effects and their corresponding signal loss.

Theoretical calculations in this work revealed a signal loss One solution to the first two effects, the creation of NDOS
by the lactate doublet compared with an uncoupled signal Bd the double PT is to use superior refocusing pulses. Suc
tween 54 and 78% at an echo time ¢fJ26/J, ... using the pulses produce a pulse angle distribution which shows a mot
symmetrical PRESS sequence, 2.56-ms Hamming-filtered smectangular function; see Fig. 3. However, care has to be take
pulses, and 2 mT/m gradients. Of the loss, 54% arises from thecause transverse magnetization components may arise far o
creation of NDOS while up to 24% can occur in addition due tside the centers of the slices as, for example, if RE-BURP pulse
the double PT. are used. On the other hand it is possible to drastically reduc

The signal loss of the lactate doublet determined experimehe signal loss for the symmetrical PRESS sequence to valu
tally from the spectra in Fig. 5 is with values 62% (double Petween 33 and 44% using RE-BURP pulses, making the sign
constructive) and 86% greater than the values of 54 and 7&3tensity also less susceptible to the PT effects. However, whil
expected from theory. However, a repeated measurement with total signal loss decreases with the use of such pulses, t
identical experimental circumstances caried out 15 days latess due to the VOD effect generally increases; see Tables 1 al
showed smaller signal losses of 52% (double PT constructi&)Moreover, it should be pointed out that pulses which produc
and 82% very close to the theoretical values. The difference lzerectangular pulse angle distribution cannot be realized.
tween both measurements was that separate transmitter adjusi-further solution to the problem is the use of the asymmet:
ments were carried out for both measurements. The transmitieal PRESS sequence, which in theoty + 0) produces no
voltage for the 180refocusing pulses was 3.9% greater for theignal loss at a TE of 2. However, to build up such a sequence



LACTATE SIGNAL LOSS IN PRESS LOCALIZED'H MRS 213

is impossible. An experimental approach is very demanding f8iemens Medizintechnik, Erlangen, and the Max Grundig Clinic for continuous
the hardware components used because the first refocusing ptHgee

has to be applied extremely fast after thé 8@citation pulse.
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