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A class of chemical-shift-selective (CHESS) water suppression
(WS) schemes is presented in which the characteristic frequency-
domain excitation profiles of “adiabatic” full-passage (AFP) RF
pulses are utilized for frequency-selective excitation of the water
resonance. In the proposed WS schemes, dubbed WASHCODE,
hyperbolic secant (HS) pulses were used as the AFP pulses. Besides
the high immunity of WS efficiency toward B; inhomogeneity, these
sequences also exhibit extraordinary insensitivity to the dispersion
of the water T; relaxation times. The actual performance of the pro-
posed WS schemes was achieved in particular by optimizing the fre-
quency offsets of WS HS pulses and the time intervals between them.
To reduce the RF power requirements of these WS sequences for
in vivo applications, HS pulses with the minimum possible
frequency bandwidths were employed, which also substantially
reduced the adverse effects on the observed proton MR spectra.
The proposed WS schemes were evaluated by simulations based
on the Bloch equations. Several WS sequences which looked
particularly promising were verified experimentally on the human
brain on a 3 T MR scanner using very short echo-time STEAM for
volume selection and a standard single-loop surface coil for both
signal transmission and reception. Routinely, water-suppression
factors ranging from 2000 to 4000 were achieved in vivo without
additional adjustment of parameters for individual subjects and
without violating legal safety limits. © 2001 Academic Press

Key Words: low-power water suppression; B, insensitive; T; in-
sensitive; adiabatic full-passage pulses; hyperbolic secant pulses.

INTRODUCTION

resonances related to strong and fast-switched magnetic fie
gradients.

Water suppression techniques farvivo proton MRS are
based on exploiting a suitable physical parameter distinguishin
the protons of water from those of the observed metabolites. |
short echo-timé vivoproton MRS, water suppression is almost
exclusively accomplished by chemical-shift-selective (CHESS
techniques, based on the difference between the chemical shi
of water and of metabolite proton2-15. With CHESS tech-
nigues, the water resonance is saturated, as a rule, by repe
ing episodes of water magnetization excitation and subseque
dephasing by strong magnetic field gradient pulses. Water suj
pression efficiency achieved with the CHESS WS technique
proposed so far is always affected by inhomogeneities of th
exciting B; field and by the inhomogeneods relaxation of
water. Therefore, the current developments of CHESS WS s
guences fomn vivoapplications are driven by the desire to make
WS efficiency insensitive to both these parameters. In additior
there are other important properties to be considered when d
signing a WS technique, such as RF power deposition (SAR
tolerance towardB, inhomogeneity, adverse effects on metabo-
lite resonances occurring close to the water resonance, comp:
ibility with very short echo-time acquisition, and possibility of
accommodating outer volume suppression or other magnetiz:
tion preparation, as well as time demands for implementatiol
and experimental adjustmeritsvivo.

In most CHESS-type WS techniques, water excitation is ac

e?omplished by amplitude-modulated RF pulses whose carrier |

_I?(_asplte the a.b'“ty. of modern MR scanners to adequat bt exactly on the water resonan@e-13. Recently, de Graaf
digitize metabolite signals at concentrations even lower than

1 mM in the presence of large amounts of tissue wathy (and Nicolay proposed a different WS technique, called SWAMP

highly efficient water suppression (WS) is often still required i|nn which water excitation is carried out by the transition zones

humanin vivo proton MR spectroscopy. WS helps to avol cforequency—domam excitation profiles of adiabatic full passage

. ) o . AFP) RF pulsesi4). The carrier frequency of these AFP RF
spectral distortions arising from imperfectly suppressed fal € is offset f h by ab half
coherence pathways, imperfect volume selection, or acous{ﬁf:.ses Is offset from the watgr resonance by about one-nat «

' ' éir total frequency sweep width. Due to the properties of AFF

1 ) __pulses, SWAMP exhibits strong immunity toward Bgfield in-
To whom correspondence should be addressed at Institute of Suen[ﬁgmo eneity. However. the original SWAMP sequence has tw
Instruments, Academy of Sciences of the Czech Republialokopolskd 9 Iy WEver, gl qu '

147, 61264 Bmo, Czech Republic. Fax: +420-5-4151 4402. E-mail: starcuk@jOT drawbacks: its RF power requirements are too high fo
isibrno.cz. whole-body application, and its WS efficiency is substantially
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compromised byT; relaxation during the AFP pulses and theation bandwidth of a spin-inversion AFP pulse there exists
delays between them. The former problem might be alleviaté@quency offset for which the pulse performs & @8citation.
by narrowing the excitation bandwidth (and sacrificing part dfogether with a suitable RF pulse frequency offset this provide
the spectral width), but this would even aggravate the secoadonvenient way foB;-insensitive excitation of water protons
problem. The benefits of shortening the interpulse delays to vél4). In CHESS WS techniques, a flat region of suppressiol
ues as low as 1 ms, as proposed by the authors, are questionatnd the water resonance and a minimal effect on other si
it does not eliminatd; relaxation during AFP pulses and it re-nals are desirable. The final frequency-domain excitation profil
duces the achievable efficiency of crushing unwanted transverssults from multiplicative shaping of the initial magnetization
magnetizations by gradients due to gradient strength or slew-ratel new inseparablg-relaxation admixtures by the appropriate
limitations and the increased liability to eddy currents. As a reoherence-transfer profiles of the RF pulses applied. The pr
sult, in whole-body MR systems, the original SWAMP does ndiles forming the suppression region, as well as the miminun
assure the desired high WS efficiency within legal safety limitpower required, depend on the type of amplitude and frequenc
Recently, a modification of the SWAMP sequence has beerodulation of the AFP pulse. A very sharp transition zone re
proposed15) which demonstrates that the performance of theselting in a narrow suppression bandwidth can be achieved wif
sequences can be substantially improved by simultaneous optirentzian amplitude modulation, however, at the cost of highe
mization of the RF pulse offsets and the delays between thgmeak RF power and some profile distortions at low RF powe
Such sequences can be made insensitive to the heterogeneitgwafs (L4). On the other hand, the well-known hyperbolic secan
the B; field and efficient in a wide range d@f relaxation times (HS) pulses17) appear very convenient for the construction of
of water protons. Because of the long delays (typically tens WS schemes of the above-mentioned type.
milliseconds), outer volume suppression (OVS) modules may beA basic HS pulse with frequency sweep frenfr to +F [Hz]
accommodated close to the localizing excitation. Furthermodyringatime intervat-T/2 <t < T/2isdescribed by amplitude
these sequences exhibit improved frequency-domain excitatimmondulationy B, (t) = b sech {/z) [Hz] and frequency offset
profiles of the water suppression region, and are very robust arft) = F tanh¢/z) [Hz]. The time-scale parameteis related to
flexible. Despite the higher number of parameters, their impléie maximum sweep rate at the pulse center/¢t)(0) = F/z.
mentation and application are very easy and fast, which is vitallp describe the pulse shape and the particular type of excit
important forin vivo experiments. tion in a time-scale-independent way, it is convenient to defin
This paper deals with the theoretical background and furthitye relativeB; amplitudeq = b/|F|, the time-extension factor
developments of the latter type of the CHESS WS schemeés= T /1, and the sweep facter = Ft. For the actual imple-
The main attention is focused on minimizing the RF power reaentation the pulse shape is fully determined by parameters
quirements of these WS sequences without introducing advease A, and the excitation bandwidth is basically identical to
effects on the spectral range of interest. In the present paperthve sweep rangeR2 The exact value of parametgr defining
demonstrate that RF power deposition generated by AFP pulse cutoff levele = B,(T/2)/B(0), is not critical. As a suit-
sequences may become comparable with that of other muétble compromise between the pulse duration and the truncati
pulse CHESS WS schemes if suitable AFP pulses of the miakrtifacts,A = 10.0 (¢ ~ 1.3%) is further assumed for all pulses.
mum applicable bandwidth are used. The properties of the dfith the value of: fixed, notation HSh is sufficient to identify
signed WS schemes were analyzed in detail by computer sinaspecific HS pulse type. For the elimination of the endpoint dis
lation based on a numerical solution of the Bloch equations, tatentinuity, amplitude reduction B (t) = y B1(t) — ¥ B1(T/2)
ing into account the basic parameters characterizing the subjsas proposedl{); such pulses will be denoted as HS
(i.e., Ty, T2) and the complete excitation sequence comprising The general HS pulse performance, manifested by the sha
STEAM localization (6) and WS in the preparatory period a®f excitation profiles, is closely related to parameteiVhile
well as in the middle periodiM of STEAM. Power deposition of the typical values$n| used for adiabatic inversion pulses are 0.5
the newly proposed WS sequences is compared with that of thel.0, specific goals may be better achieved with other val
most commonly employed WS techniques. Experimental verifies (02 < |n| < 2.0). Computer simulation, whose substantial
cation was carried out in the human brama3 T MRscanner. results are summarized in Table 1A, reveals several facts: (.
For a given excitation bandwidth, HS pulses with higher value
THEORY of n are longer, deposit more RF energy, and their frequency
domain excitation profiles are closer to rectangular due to im
proved adiabaticity. (2) With any HS pulse, sufficient transition-
AFP RF pulses have been found attractive for various applegion stability towardB; (e.g., such that the full-excitation
cations due to their ability to produce defined spin manipulaffsets do not change by more thdn~3 Hz with a 30-ms
tion with little sensitivity towardB, -field inhomogeneity. At RF pulse, i.e.§,t < 0.01) is achieved already with; values above
power levels exceeding a certain threshold level, the frequen®@s; at ~90% of the spin-inversion threshold valisg;. (3) If
domain excitation profiles of these pulses are practicallg| > 0.3, usage of HS pulses with a higher sweep fantonly
independent oB;. In either transition zone around the excinegligibly improves the transition region stability, whose main
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TABLE 1
Basic Power- and Bandwidth-Related Properties of the RF Pulses
Referred to in This Paper (Relaxation Effects Neglected)

STARCUK ET AL.

tion region around offset-F is excited earlier and is more
affected by relaxation. Therefore, pulses with opposite
frequency-sweep directions are not interchangeabléel;in

relaxation-optimized sequences. In the proposed WS sequenc

A. HS pulses ) . .
PUlsé qi qi e _— T AC 2/A° the frequency sweep will alwgyg be prlented toward the transi
tion zone used for water excitation (i.€, < 0 for downfield-
HS+0.2  13(¢ 1.07 0.585 Be 4.00 0340 offset pulses).
HS+03 ~ 1.02 0880 0457 187 600 0312  Tq reduce the energy deposited by the HS pulses, it is de
HS+05 0870 0730 0357 3.78 10.0 0378 sirable to use the lowest excitation bandwidths possible. Wit
HS+1.0 0672 0536  0.260 9.03 20.0 452 n o p e
HS+20 0504 0413 0180 203 40.0 o0.508 the transition-zone excitation and the focus on the upfield pal
HS+50 0.325 0.295 0125 528 100 0.528 of the spectrum, corruption of a part of the spectral range ol
B. Amplitude-modulated pulses the downfield side of the water resonance and, thus, collec
Pulsé ge TAC zac  tion of one-sided spectra only are acceptable. The selection
pulse parameters is driven by several requirements. The wid
90" SINC3 0.317 5.16 0.0614 " ¢ the transition regiom\; should not exceed-1 ppm so that
90° GAUSS 0.112 1.64 0.0683 tabolites i id ¢ 0 4.3 be detected
90° P10 0372 594 00710 Metabolites in a window of up to 4.3 ppm can be detecte
180° M8 265 566 0468 The above-mentioned simulation results indicate that a puls
90° RECT 0.0625 B6° 0.0727 durationT > 29.7msx (3T/Bp) is required. On the other

nd, th ndwidtiA; should n much narrower
2 Pulses HS described in text; P10 and M8 are our optimized asymmetﬂg'l d, the bandwidti; should not be much narrower to cope

pulses used in STEAM and VAPOR)( other pulses standard (SINE33-lobe We” with Bo mhomogenelty. With regard f0,-relaxation times
sinc, GAUSS= gaussian, RECE rectangular). it seems reasonable to keep the pulse lenigtehorter than

b Relative B, levels corresponding to the thresholds of adiabatic inversion60 ms. Suitable pulses are those wiith = 0.2 or, for bet-
(gi = ¥ B1i/F, 99% inversion efficiency at zero offset), transition-zone stabilityar stability,|n| = 0.3 with durationsT > 30 msx (3 T/By). At
(‘1} = )7’ Bu/F, definition in text), and to 90excitation G = y Bie/F, at zero - 3 ag|a downfield-offset 30- to 40-ms pulses HG2 or 30- to
offset). .

¢ Pulse lengthT. Excitation bandwidthA at 50% between the nonexcited 50-ms pU|SeS HS_—O.3/ were found Convem?nt' . .
and fully excitedM, level. Energy factoE — foT(V By(ro, t))2 dt, whererg is For a comparison, full spectral bandwidth inversion (usec
the point for which the power level is set. Specifically for HS pulsaslevel in SWAMP and applicable also with WASHCODE) re-
corresponding ta used; for levelsy, ge the E scaling factors aregf/q;)? and guires an excitation bandwidth ef5 ppm, i.eT ~2|n|A/A <

(de/)?, respectively. 1.3msx |n T Tom h bandwidth requiremen
4 M, < —0.99 Mg valid only in intervals ofBy; this value valid for the center -3 msx [n| x (3T/Bo). To meet both bandwidth requirements,

of the first such interval.
€ Highly nonrectangular excitation profile.

" — T T T T T

indicators are the frequency positiohof the M,(v) zero cross-
ing (Fig. 1) and the slopeMd,(v)/dv atthis point. (4) Application
of the modified pulses H8' instead of pulses H8 improves
the transition-zone stability for slower swept pulses (such &
In| > 1), but it has no practical effect with faster swept pulse:
(In] < 0.3). (5) For a fixed pulse duration (or rathert) the
transition zone bandwidth; (understood as the frequency range
in which |M;| < 0.95My after the excitation of fully relaxed
magnetizatiorMg by an AFP pulse with its power set above the
inversion threshold,;) is practically independent of the sweep
factorn and can be estimated as ~ 3.8/T.

Based on this knowledge, it may be concluded that applicatic
of HS pulses withn| > 0.3 in the WS schemes considered is 0
not advantageous unless high-quality inversion is required fc
another reason.

With the expected pulse durations of 30-50 ms, neith@ior
T, relaxation can be neglected. Simulations show Thaklax-

il i i i i i i i i

2.5 3
B,/ B,

3.5 4

FIG.1. Bjsensitivity of the frequency positiom{) of 90° excitation by hy-
perbolic secant (HS) pulses. Simulation for pulses (a) 30-ms HS 0.2 (frequenc

ion h negligible eff in the vicini f the full-excitatiorsWeer range2 = 133 Hz), (b) 40-ms HS 0.3 £ = 150 Hz), (c) 30-ms HS
ation has a negligible effect in the vicinity of the full-excitatio 1.0 (2F = 667 Hz), with (solid) or without (dashed) cutoff level nulling4).

offsets. Ty relaxa_tl_on during the pulse, however, 5|gn|_f|cantlxlo relaxation consideredd; normalized to the respective adiabatic inversion
affects the transition zone and cannot be neglected in the @gssholdss,;. For graph clarity, offsets* — F are shown, further shifted by
sign nor in the implementation of WS sequences. The trangiy0 Hz, (b) 5 Hz, and (c) 10 Hz.
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slow-sweep HS pulse$n| > 1.0) must be used, e.g., HS1.0' where braces indicate optional elements, symbp(s 2 1 -

pulses withT = 30 msx (3T/By). 3) represent the three-slice-selection pulses of STEAMKWA:
0---m) denote the water excitation HS pulses, ahdandt,
Pulse Sequence stand for the time intervals between RF pulses (measured to tl

F pulse focus point where indicated by a parenthesis at tt
(ajacent pulse symbol so that pulse shape dependence mi

. : be avoided). Intervadl; can, therefore, be expressed indepen:
cant Pulses witlControlled Offsets andDelays), is based on dently of the type of pulse 2 Pulses W(k > 1), selected as

water excitation by the transition zones of the excitation prom%sescribed above, are identical except for their frequency offse

of frequency-offset HS pulses. By exploiting the upfield ZONES 11 oo offsets and delayls must be optimized simultane-

of downfield-offs.et pulses, upfield resonances are I sly to provide suitable frequency domain excitation profiles
E)ly)tRe vrvater exc!tat|on. The squ';nnczes cznﬂsst of tIWO quhul Sensitive tol;. The By insensitivity results from the properties

A presaturation sequence win (. o ). pulses With ¢ oy citation by HS pulses. The optional pulse Wserted in
optimized RF pulse offsets and timing, with delays contai "M may be identical with the presaturation pulses, with its full-

ng d_ephasmg30 field gradlen'Fs af‘d’ optionally, RF pulses andy citation offset set exactly on the prevalent water resonanc
gradients for OVS. (2) A localization module, selecting the vo Tequency
;r_pé A(\Jll‘/lm.terestt_(V(l)l)land 0|fot;ol;1ally 'nC“#jJIQ ?ddmlo_nal WS. Our optimization of HS pulse offsets and timing was basec
pable of,alic%?rrnr:g dzzrt?;]gljjlsaer;e c(relf:#esreglra di(lerrllti,r\;i dlsopi?t;n & computer simulation. An evolutionary trial-and-error pro-

: : . ss was found useful in which new pulses were added wit
also WS. This WS may considerably improve the overall W P

- g o . timized parameters before previously optimized sequenc
efficiency because of iff; insensitivity, resulting from the sepa-gg P b y op q

The class of WS sequences, for which we propose t
acronym WASHCODE\Water Suppression byHyperbolic Se-

bility of th h h leading to the stimulated agments. However, to customize the sequence parameters
rabiity otthe coherence pathway leading to tn€ simuiated €Cgy i sats of priorities (e.g., suppression facByrjinhomo-
from that of T;-restored magnetization. As increasing the leng

N i eneity, minimum or maximum delays), nhumeric optimization
of TMleads to a loss of metabolite S'gf“"" due‘l’igrelaxaﬂon, might be preferable. Our minimized objective function was con
we suggest to use only one WS pulse inTthé period.

The general structure of such pulse sequences is structed as a sum of WS-imperfection penaltiesTpre= 0.7,
1.1, and 1.5 s. Each of them was based on the absolute vz
ues of M, at the end of intervatl; inside a limited frequency
offset interval (20 Hz) around the water resonance, to which
suitable weighting was applied. To confine any delay in certai
limits, out-of-bounds values were severely penalized by a higt
order polynomial function. With such a task definition, a stan-
Wik = AiJk=m...1=(P1)ter=(P)tmi—{(Wo)}-Hmz—(Pa)te-ACQ/ - inimization algorithm implemented in Matlab (The Math
Recovery Works, Inc., Natick, MA) could be used. Equal delays of 20 ms

[WS{+OVS}]-[Localization{+WS}]-Acquisition/Recovery

or, in more details for STEAM localization (Fig. 2),

: d2 d1 l‘E;‘l rm‘I flrn2 ‘: teé T{}
“—> = > i >

FIG. 2. Structure of WASHCODE pulse sequences with STEAM localization. Transition zones of the frequency-domain excitation profiles of hyper
secant (HS) pulses are used for water excitation. The frequency offsets of the otherwise identical HS pulsesWi(m = 2---4) and of the interpulse
delaysdp, . . ., d; are chosen such as to provide good frequency-domain profiles in the suppression region with niipgeusitivity. Delaysl, provide enough
time for crusher gradients and for the incorporation of outer volume suppre3siamsensitivity may be improved by an additional pulsg Wserted in the
TM = tm1 + tm2 period of STEAM with slice selection pulses,fP,, and B. For minimal outer-volume contamination and/or short echo fiifie= 2te; = 2teo,
optimized asymmetric pulses are recommended for slice selection. HS pulses are followed by dephasing gradient pulses such as to avoid spumatisecho |
Timing and amplitudes not to scale. Details in text.
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TABLE 2
WASHCODE Sequence Parameters (Examples)
WS pulse T [ms] F [Hz] m Offsetsvp, ..., v1, (vo)? [Hz] Delaysdp, . . ., d; [ms]
HS-0.3 30 —1000 1 94.2,(98.2) 77.7
2 103.6, 89.5 36.2,16.4
3 108.4,99.1, 85.0 30.8,34.2,9.3
4 101.5, 106.2, 92.6, 73.9 22.8,35.8,19.2,5.6
40 —750 1 72.0, (73.6) 36.5
2 77.2,66.1 51.6,15.3
3 82.4,72.8,62.5 58.2,42.6,9.0
4 76.9,80.7, 69.9, 55.6 30.0,44.1,19.8,9.6
50 —60.0 1 50.0, (58.9) 233.2
2 63.3,52.1 25.6,20.7
3 65.9, 59.5, 48.8 26.2,24.1,9.4
4 61.5,63.9,56.8, 41.3 25.4,24.9,19.0,18.9
HS—-1.0 30 —-3333 1 322.0, (331.5) 148.7
2 333.3,319.9 164.2,32.0
3 343.1,332.2,317.5 21.5,32.2,93
4 340.4, 334.9, 324.9, 303.3 21.7,40.7,18.8,11.7

a All pulse offsets relative to the water resonance frequency in the VOI center. Qffsgftswn in parentheses
for m = 1 are valid for anym.

and offsets of half the sweep rangewere used as the startingcoil plane, in the occipital lobe of a healthy volunte@E(=
points. Although no attempt was made to find global minim& ms, TM = 50 ms, TR = 2500 ms). Based on theoretical
sufficiently good solutions have been found in this way. Sone@mputations for such a configuration, the ratio between thi
suitable sets of parameters, calculated for the recovery timenoiximum and the minimunB, value inside the VOI was ap-
2.5 s, are listed in Table 2. All offsets in this table are relative fgroximately 1.5. The 30-ms WS pulses H8.2 were frequency

the water resonance frequency. offset for downfield excitation. Before the actual measurement
manual shimming for the VOI was performed and power lev-

METHODS els were adjusted. First, with WS switched off, the power of

STEAM pulses was adjusted for a maximum signal of water

Simulation Then the power level of presaturation HS pulses was increase

nearly to the inversion threshold value to achieve stable wate

Computer_ siml_JIation_ based on numerical ;olution of t%ppression. Finally, the power of pulse,Was set to a sim-
Bloch equations including botf, and T, relaxation was ap- jjar vajue. The power levels of all pulses are set based on th

plied as the first stage of verification. The whole sequencggise nerformance in the VOI and, therefore, their ratios can b
including coherence pathway separation were evaluated. calculated

slice-selection pulses of STEAM were modeled byd hard In all experiments, 4 4-step-phase cycling of pulses &nd

pulses in order to isolate the effects of water suppression frq;m was used, embedded in a CYCLOPS supercyt®. (For
the off-resonance effects of slice selection (i.e., slice profile aBQcitation, coronal RF coil orientation was used. Slices were

chemical-shift displacement), which are unrelated to water sUpsio sted in the order coronal (slidey), sagittal ), axial @),

gﬁ)slis(-:ign and depend on the shaped RF pulses and gfadiwi’&? By gradients of 1350 Hz/cm. The dephasing effects of gra:

dientsg(t) in intervalsds, dp, di, te1, tm1, tm2, @ndte, evaluated
by the corresponding k-space offsets (at coherence letgl
Ak = (Aky, Aky, Aky) = [yg(t)dt, were (100, 0, 0), (O, O,
Several WASHCODE sequences were experimentally vefio0), (0, 100, 0), (25, 0, 10), (33, 0, 0), (0, 0, 150), and (25, 0
fied on a 3 TMedspec-DBX MR scanner (Bruker Medical Inc.,10) cnT?!, respectively.
Ettlingen, Germany), using a 55-cm i.d. gradient coil systemH MR spectra of human brain tissue were obtained from
(Bruker BGA 55) and a standard single-loop 10-cm-diametéite same VOI with a 3- 1-pulse WASHCODE sequence with
transmit/receive surface coil. A modified STEAM sequenddifferent HS-pulse power levels ranging frdpn to 4By;. Signals
(Fig. 2) with 2.15-ms localization pulses with bandwidths ofvere accumulated in 256 scans, and truncated to 0.2 s sampl
2700 Hz (optimized asymmetric pulses minimizing out-of-slicey 500 complex points starting at the echo center. Lorentzia
excitation 9, 18), or standard 3-lobe sinc pulses) was used fdéine broadening of 1.3 Hz and zero filling 8 K points were
the acquisition of localized MR spectra from a2 x 2 cm®  applied before the Fourier transform, and only Oth order phas
VOI centered about 3 cm below the skull, i.e., 2 cm above th®rrection was used.

Experiment
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FIG. 3. Frequency-domain excitation profilésy,(v) of the stimulated echo in WASHCODE-STEAM sequences witk= 1, 2, and 3 presaturation pulses,
without (m + 0-pulse WASHCODE) or withri + 1-pulse WASHCODE) the WS pulseyth TM. The dependences are plotted for watge= 0.7 s (solid), 1.1 s
(dashed), and 1.5 s (dash-da),= 0.1 s, andB; set to the adiabatic inversion thresh@g, which ensures efficient WS in a VOI wit max/ B1min < 1.3. In
all simulationsTE = 10 ms,TM = 50 ms, and the slice-selection flip angle i$ 90

Fig. 5, simulating the excitation of metabolites by-3-pulse
) , WASHCODE sequences adapted for differ8gftfields and ap-
Simulation plying variousB; power levels. Obviously, with increased power
Figure 3 demonstrates the role of the number of WS pulsésvels and/or with the larger durations of HS pulses required ¢
It proves that by employing more HS pulses generally motewer By fields the impactincreases. In reality, the effectin lowel
reliable WS is achieved, and that the application of pulgdrW fields will be less pronounced than shown because of the slight
TMis superior to adding an extra presaturation pulse. It furthBigherT, values 20).
indicates that with the extra HS pulse in period, WS-factors A comprehensive theoretical comparison of WASHCODE &
of >10000 can be achieved under closely controlled conditioBSVAMP is hardly possible because of the system and sample d
and>1000 on a routine basis. pendency of the spectral distortions due to insufficient WS. Fa
The insensitivity of WS efficiency to simultaneolisandB;  instance, an elevated intensity of wrong-pathway signals not Ic
variation is demonstrated in Fig. 4. Comparison between graptadized within the VOI will require the application of high gradi-
(a) and (b) illustrates the fact that in very inhomogeneBus ents, which may lead to distortions by eddy currents and mecha
fields the degradation of WS efficiency in loB4areas can be ical vibrations. Nevertheless, a partial comparison may be base
overcome by increasing the power of the HS pulses with respect the evaluation of the main-pathway water magnetizatior
to the slice-selection pulses. Figure 6 provides the comparison of a WASHCODE sequenc
The intensities of the spectral lines of interest occurring clogéth two SWAMP-like sequences without optimized frequency
to the water resonance frequency may be affected by the \Wfsets and delays. The simulations supposed either presatul
to some extent. Simulations confirm that there is no obsemien followed by STEAM localization with an additional WS
able offset-dependent bias dueTprelaxation because of thepulse in periodTM, or presaturation without such additional
very limited excitation of the upfield region; only the stanWS and with any type of localization (STEAM or PRESS). The
dard TR/ T;-dependent saturation recovery can be observamhmparison of the two types of application indicates how mucl
The offset-dependent partial saturation is determined mairdfthe resulting WS efficiency is derived from the WSikl. The
by the ratio betweefM, and the pulse lengtf, and by the presaturation efficiency was found to be severely compromise
magnitude of theB; field applied. This effect is illustrated in in SWAMP-like sequences.

RESULTS
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FIG. 4. Frequency-domain excitation profilésy (v) of the stimulated echo in 2 1- and 3+ 1-pulse WASHCODE-STEAM sequences with the 40-ms HS
—0.3 pulse power level set to (a) 1.@8; or (b) 1.73By; at the point where the STEAM pulses produce affip angle, presumably the VOI center. These levels
are chosen such as to ensure efficient WS in the VOI wittBa emhomogeneity rang8; max/ B1 min Of 1.5 and 3, respectively. The excitation profiles are plotted
for local B; equal to the 0.5 (—), 0.8 (———), 1.0 ¢}, 1.2 (—e @), and 1.5 ¢ e e) times the nominaB; value valid in the VOI center, fof; = 1.1 s (thin) and
0.7 s (thick). The zoomed bottom graphs show details of the water-suppression region from the graphs above and document the robustness of VWWBeefficie
dependence dfly on By in the nonsuppressed regions is mainly due to the slice-selection sensitiéty to

Experiment theoretically, which can be explained by tH& and By
inhomogeneities inside the VOI. Fine adjustment of de-
Typical 'H MR spectra of human brain tissue are showlay d; might improve the efficiency. Even with the high-
in Fig. 7. The water suppression factors can be estimatest B; level, the measured SAR was below the legal safety
as ~2600-4400. These values are lower than predictéiohits.
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FIG.5. Simulation of the saturation effect on metabolites. Frequency-domain excitation phdfile}sof the stimulated echo in the81-pulse WASHCODE-
STEAM sequence adapted for (A) 1.5 T (80-ms HS pulseg)3(B (40-ms pulses), and (C) 7 T (16-ms pulses). Frequency radg®e 1 ppm from the water
resonance shown. Calculated far= 1.3 s andT, = 0.2 s, for HS pulseB; levels set to (a) D By;, (b) 20 By, and (c) 30 By;. With the relaxation delay of 2 s,

the full STE amplitude would be.B9 Mo.



ROBUST LOW-POWER WATER SUPPRESSION 175

0.01
i A a i B a ; C a
5 b L b | b
0.005 | © - € - £
-t d - d - d
§ - - -
= [ i i
-0.005 L | | | i | | | | ! I |
-20 -10 0 10 20 -10 0 10 20 -10 0 10 20
Av [HZ] Av [HZ] Av [Hz]
01 r -
L D a L E a L F a
. i b A b [ b
N ¢ N c L c
_ ok d [ d [ d
= gL i i
= C C [
-0.05 |- - -
-0.1 | | | | l | i | l |
-20 -10 0 10 20 -10 0 10 20 -10 0 10 20
Av [Hz] Av [Hz] Av [Hz]

FIG.6. Simulation of the WS efficiency in a 3-pulse WASHCODE sequence (A, D) and in 3-pulse SWAMP-like sequences with constant offsets and inte
delays of 20 ms (B, E) and 1 ms (C, F). For SAR compliance, 40-ms-BiS' pulses were used in all sequences. Graphs A, B, and C show the excitation profil
My (v) after STEAM localization including one WS pulseTiM period (i.e., full signal is 0.84p). Graphs D, E, and F shoi,(v) at the end of presaturation and,
therefore, describe the final magnetizathdg after localization with no additional WS (such as PRESS or STEAM with no WM The lines correspond to
water protonil; of (a) 0.5 s, (b) 0.7 s, (c) 1.0 s, and (d) 1.95.= 0.1 s andTy = 2 s were assumed in all cases.

For comparison, spectra acquired in a similar manner, kefficiency to the dispersion of the wat@i relaxation time,
with insufficient HS-pulse power (0By;), were found not only and better adaptability to specific requirements. Reduction ¢
to have higher water/NAA ratios-6.5), but were also corrupted the RF power deposition, which is a very important consider
by modulation satellites disposed #tL70 Hz and+940 Hz ation in human studies, especially at high magnetic fields, we
around the water resonance, with intensities of about 5% of thehieved by applying only a small number (i.e., 1 to 4) of fast:

residual water line intensity. sweep AFP pulses, such as HS 0.3 pulses, with reduced fr
quency bandwidths (E| = 150 Hz at 3 T field, i.e;-1.2 ppm)
DISCUSSION andB; levels as low as possible/|F| > 0.9 inside the VOI).

The use of narrowband HS pulses resulted in a reduction «
WS sequences of the WASHCODE class, which belongstite adverse effects on the spectrum of interest, located ot
the family of multipulse CHESS WS schemes, pursue sevegidle the WS excitation band. The immunity of the WS effi-
goals: efficient and robust water suppression, low side effects@mancy to the dispersion of the wat@&i relaxation time was
other resonances, and low-power deposition. achieved by simultaneous optimization of the frequency offset
Analogously to the recently proposed SWAMP techniquef the WS RF pulses and the relatively long time delays bet
their insensitivity to B; field inhomogeneity is based onween them. It was confirmed experimentally that the inclusior
water excitation by the frequency-domain transition zones of one WS HS pulse in th&M period of STEAM consider-
AFP RF pulses. However, in contrast to SWAMP, WASHCODBRbly improves the WS efficiency, which is extremely valuable
sequences exhibit several advantages, such as considerflshort echo-time experiments. All HS pulses are identical ex
reduction of RF power requirements, high immunity of W8ept for their frequency offsets, which makes the WASHCODE
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With the long interpulse delays, lower spoiling gradients can be
used in order to reduce acoustic modulation. If necessary, RF at
gradient pulses for OVS can be easily incorporated into thes
A I\ delays without compromising thE insensitivity.

The numerically optimized parameters given in Table 2 do no
represent global minimizers of our objective functions. Different
WASHCODE sequences tailored to specific needs may be ol
tained with objective functions properly reflecting the particular

priorities involving various aspects of the sample investigated
field quality, and the acquisition procedure employed.
The key parameter defining the frequency profile of the sup
. A pression region is the HS-pulse length, defining the transitiol
T - bandwidth. For te 3 T magnetic field, values of 30-50 ms are
suitable. The suppression profile improves with increasing th
number of WS pulses. Even with 4 HS pulses before the local
Cc A ization module, the WASHCODE sequence is usually shorte
~ than 200-280 ms atBy field of 3 T. In well-shimmed magnetic
fields, the lengths of HS pulses and their frequency bandwidth
can be chosen such that only the frequency range from about 4
d A to 6.0 ppm is strongly affected by the WS RF pulses.
6 4 2 (0]

e}

o

To modify the parameters suitingelt8 T field for another
By field, full reoptimization may not be necessary. With simply
ppm rescaled offsets and lengths of HS pulses, identical WS perfo
FIG.7. H MR spectra from a X 2 x 2 cn? VOI localized by STEAM Mance would be guaranteed with identical delays between tf
(TM = 50 ms,TE = 7 ms) in the occipital lobe of the human brain, acquire@pparentT;-relaxation focus points of the HS pulses. In prac-
in 256 phase-cycled scans with WS by & 3-pulse WASHCODE sequence. tice, using the same free delays and slightly adjusting the las
The B, levels of 30-ms WS pulses HS0.2 were set to (aBu, (b) 14Bw,  presaturation pulse offset are often satisfactory. For instance,

(c) 2Byy, and (d) 4By;. Spectra were normalized according to the NAA peak ago .
2.02 ppm. Based on comparison with the NAA signal intensity, the WS facto of 1.5and 7 T, durations of these sequences may be abo

can be estimated as 4400, 2300, 2900, and 3500, respectively. Note the RIGIP—500 ms and 130-180 ms, respectively.
reproducibility of the metabolite part of the spectra. Finally, it may be interesting to compare the RF power deposi
tion of WASHCODE sequences with that of other modules. Sucl
a comparison can be based on the integrat [(y By (t))? dt if
seguences easy and fast to adjust and, therefore, suitable for eduB; values refer to the same point. For volume selection, the
tine clinical applications. It is worth noting that the implemennatural reference position is the center of the VOI, for which the
tation of WASHCODE sequences with simulation-based op®0’ flip angle is adjusted. With high-quality selection of the VOI,
mized parameters never required any additional adjustmenotdy WS inside the VOI is important. For the HS pulse power
achieve a 2000- to 4000-fold suppression of the water resonarajustment, the point inside the VOI experiencing the lowes

TABLE 3
Energy Deposition by Various Localization and WS Modules (2, Relative Units)
BISTRO!" SWAMPSN WASHCODE" N
B1 max/ B1 min STEAMZ9 WETP-9 VAPOR®9 (32-pulse) (4-pulse) (4-pulse, 1-sided)
1.5 530 80 190 110 1200 190
3 530 — — 280 3100 480

a2.1-ms AM pulses P10, bandwidth 2500 Hz. For 2.1-ms 3-lobe sinc pulses: 13% less.

b 8.2-ms gaussian pulses, bandwidth 200 Hz. For 26.2-ms AM pulses P10: 4% mor&-Refs.

€ 26.2-ms AM pulses P10, bandwidth 200 Hz. For 8.2-ms gaussian pulses: 4% le$s. Ref.
d100-ms pulses HS 1.0, bandwidth 200 Hz, threslugldssured by the highest pulse. RE3.

€ 30-ms pulses HS 1.0, bandwidth 667 Hz, threslupldRef. 14.

f 30-ms pulses HS 0.2, bandwidth 133 Hz, threshpld

9 B, level set for the VOI center.

h For the twoB; rangesB; level in the VOI center set 25% and 100% above the threshold level.
" Identical for SWAMP modified for single-sided spectra, with pulses according to hp&bpve.
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RF sensitivity is decisive, i.e., the power level will be higher in APPENDIX
the VOI center. In this sense the power deposition by the WS o _ _
pulses depends on thBs range B1 min t0 B1may) inside the VOI.  The parametrization of HS pulses used in this paper ha

For By max/Bimin €qual to 1.5 and 3.0 and with other reasorkeen selected with regard to the simplicity of formulating gen:
able assumptionS, the relative amounts of energy deposited%?l statements relevant to the tOpiCS studied. Table 4 giveS t
various sequence modules are summarized in Table 3, Wh@g@rVieW of the relations of these parametel’s to several oth
values are based on data in Table 1. For Simp“citB,la/ajue mathematica"y equivalent parametrizations found in literature
of (B1min+ Bimay/2 has been assumed in the VOI center. Witfl4, 17, 21-24

B1max/ B1min ~ 3, representing the practic&; inhomogeneity

limit for STEAM localization, only WS-schemes like BISTRO

(13), SWAMP (14), or WASHCODE (5) are useful. The differ- ACKNOWLEDGMENTS
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