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The transverse relaxation effects which occur during the appli- neglecting relaxation times, have very good frequency profile
cation of optimized slice-selective Shinnar-Le Roux pulses are  They have been used in conventional FSE sequences, replac
studied. The behavior of both longitudinal and transverse magne-  gptimized sinc-pulses, inducing not only signal improvemen
tization is examined, focusing the attention on changes which but even contrast enhancemes. (
affect the absorption and dispersion components. Besides the re- The effects of short relaxation times on optimized SLF
duction in amplitude, the absorption component was found to be . . -

pulses have not yet been analyzed. The aim of this paper is

unaffected by transverse relaxation times, whereas the dispersion dv theT I ) ff imized 90° SLR pulses
component was strongly distorted. A comparison between the Study theT, relaxation eftects on optimize pulses

distortion components from pulses having same length but differ- having same length but different bandwidths, withdutre-

ent bandwidths is given. © 2000 Academic Press laxation effects. The behavior of all three components is an
Key Words: SLR pulses; relaxation; absorption; dispersion; lyzed, with special attention to absorption and dispersion con
bandwidth. ponents of the transverse magnetization.

NeglectingT, is a very common assumption and, because c
the large ratio ofT, to T, in many brain tissues, it is not too
INTRODUCTION strict a constraint. This assumption is not true for fluids like
CFS, but in this case relaxation times are in the range
Some NMR applications require RF pulses with duration sleconds and therefore much longer than the RF pulse duratit
the same magnitude of relaxation times, precluding the possi-
bility of ignoring relaxation during the pulse itself. It is there- METHODS
fore necessary to study the effects of relaxation times on the
magnetization profiles. Only a few papers have been writtenWe generated three optimized 90° Shinnar-Le Roux puls
about this topic. (3, 4), with a duration ofL = 1.024 msbandwidths of 2.5,
Norris et al. (1) analyzed the effects of shoft, values on 5.0, and 7.5 kHz, and 0.1% pass and stopband ripples.
selective inversion hyperbolic-secant pulses, reporting a moedified version of Matpulse-1.0 (see Matsd)) (has been
ticeable effect of reduction in the magnetization outside thesed to obtain optimized SLR pulses. They have one, thre
slice. In 1993, Hajduket al. (2) examined the influence of and five lobes, respectively. In every case, we used 512 tin
relaxation on the frequency-domain profiles of a variety of bosteps.
excitation and inversion pulses, using both infinite and shortTo calculate the magnetization profile, a sequence of R
T,. pulse and gradient pulses—a field gradiéntfor slice selec-
The results reported ir2) are very similar to those describedion and a refocusing gradiet.—has been simulated by the
in (1): decay of the on-resonance magnetization and a sigrifloch equations with relaxation terms. They have been nume
icant degradation of the frequency profiles, especially whéeelly solved by the fourth-order Runge—Kutta methad 8).
shortT, relaxation times were assumed. In any case, the effedis excite a 10-mm slice, the following values for the amplitude
of longitudinal relaxation time were not as significant wittof the slice-selective gradient have been used: 5.0, 10.0, a
shortT,. 15.0 mT/m, respectively, for pulses with bandwidth of 2.5, 5.C
In their papers, both Norrist al. and Hajduket al. focused and 7.5 kHz.
their attention on the profiles of the longitudinal and transverseThe amplitude and length of the selective gradient have be
magnetization. On the contrary, it can be very important teft fixed, as well as the length of the refocusing gradi@nt,
study the behavior of all the magnetization components wehereas the amplitude @ .; has been modified in order to
investigate their mutual interactions and to study whether anfitain the maximum signal without reinforcing the relaxatior
how changes in one of the three components could affect tivae effects. The magnetization profiles have been calculat
behavior of the others. directly after the end of the refocusing gradient.
Optimized Shinnar-Le Roux (SLR) puls& @), calculated ~ We wanted to study the behavior of the magnetization pre
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- value of the sum of the overall contribution bf, andM, in
/\ every single point of the slice excited. In order to calculate th
signal intensity, the sample must be assumed to be homo
O I neous. That means it is characterized by the same relaxati
| Gt times and proton density in every point. The integrals of th
. , . absorption and dispersion components over space have b
' L T calculated by the trapezoidal rul@, @).

— After being excited by an RF pulse, the transverse magn
] tization begins to dephase because of the slice-selective gra
ent. A refocusing gradient is used to let the magnetizatio

_ ; ) . . . .~ _rephase. The length and the amplitude are usually set to h
shown with a slice selection gradient amplitu@e and a refocusing gradient . ;
amplitudeG,, which changes in different simulations. The durationf the th€ length of the pulse and to the negative amplitude of tt
slice selection gradient and the duratiof® of the refocusing gradient are left Selective gradient, respectively. It has been proved that
fixed. The upward arrow points to the time when the magnetization has bqvgrphasing interval slightly different frorh/2 improves the
calculated. phase behavior when relaxation is neglec@dKlere we keep

the length fixed and change the amplitude of the refocusir

i , gradient to the value which yields the maximum signal inten
file from pulses with lengths comparable to the transvergg

relaxation times. For that reason, we used four different valueslr'] order to compare the results obtained for different pulse

of T,: infinity, 2L, L, andL/2, whereL is the length of the 54T, yalues, the ratio between the optimal refocusing grad
pulse. When relaxation times different from infinity were useg, (calculated to obtain the maximum signal) and the gradie
the longitudinal magnetization on-resonance was not Zero-elH]pIitudes has been evaluated. The percentage of sig)
order to have no longitudinal component on-resonance, §igineq or lost compared to the signal obtained by using tt
longitudinal magnetization has been adjusted by using flip,jative value of the selective gradient as a refocusing gradie

angles larger t.han. 90°. ) . has been also calculated.
The magnetization profiles have been determined both in

case of retuning of the pulse power (zero on-resondhgeand

in case of nonzero on-resonance longitudinal magnetization, if RESULTS

applying nominal 90° pulses. The absorption and dispersion

components calculated with small values Bf have been  The profiles in space domain have been calculated by usi

compared to the same components calculated with the simulated sequence of RF and gradient pulses shown

= oo, Fig. 1. Three different optimized 90° SLR pulses, plotted ir
One major effect of shoiT, relaxation time is the exponen Fig. 2, have been applied together with a selective gradgnt

tial decay of the transverse magnetization after the maximuoilowed by a refocusing gradie@,; having half the length of

of the RF pulse. All of the other effects can be better focuséige selective gradient and different amplitude depending on tl

if a normalization of the two components is performed. Thaiulse, the nominal flip angle, and tfig time.

has been done by dividing bol#, andM, by the maximum of ~ The absorption, dispersion, and longitudinal components |

the transverse magnetizatidf,,. the profile from the 90° pulse with bandwidth of 2.5 kHz are
The intensity of the NMR signal is directly dependent on thglotted in Fig. 3. The components calculated using relaxatic

value of both absorption and dispersion components of ttimes smaller than infinity are compared with those calculate

transverse magnetization. Actually, it is given by the absolugth an infinite T,. In the four columns of the figure, the three

FIG. 1. Assumed sequence for the performed simulation.Z¢padient is

A B C
0.4 0.4 04+
3 3 3
3 02t 3 027 2 02r
3 a 3
E 3 £
< 00 < oot < 00
02l 02l 020
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10
Time [ms] Time [ms) Time [ms)

FIG. 2. Optimized 90° SLR pulses with the same length= 1.024 ms, butifferent bandwidths: (A) 2.5 kHz; (B) 5 kHz; (C) 7.5 kHz.
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FIG. 3. Relaxation effects on magnetization profiles relative to the pulse with a 2.5-kHz bandwidth assuming diffevahies. The absorption and
dispersion components, as well as the longitudinal magnetization, calculated usifig €Ay (dashed) and those calculated using (B)= 2L; (C) T, = L;
(D) T, = L/2 (solid) are compared herk.is the length of the pulse.

A B C D
1.0 1.0 1.0 1.0
Losp . 05 . 05 . 05
p> : . = p= =
00} 00 0.0 00
-20-10 0 10 20 220 -10 0 10 20 -20-10 0 10 20 -20-10 0 10 20
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0.2
Zx 0.0}-- N 2*
02 ¢
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FIG. 4. Absorption and dispersion components, normalized to the maximum of the transverse magn#igatialtulated assuming, values less thae are
compared to thé, andM, components calculated by usiitg = «. (A) T, = «; (B) T, = 2L; (C) T, = L; (D) T, = L/2, whereL is the length of the pulse.
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FIG. 5. M, components normalized to the maximumMaf,. The dispersion component calculated with= o (dashed line) is here compared with the
same components calculated with = 2L, T, = L, T, = L/2 (solid line). 2.5 kHz (A-D), 5.0 kHz (E-H), 7.5 kHz (I-Nl is the length of the pulse.

components of the magnetization profile calculated for diffelarger, that is if the magnetization profile has a more rectal
ent relaxation times are shown. As expected, every compongatar shape, the normalizedcomponents undergo a weaker
has a reduced amplitude when valuesTaf different from amplitude reduction and show side oscillations with highe
infinity are used. The longitudinal component does not chanffequency, but smaller amplitude.
only in amplitude, but even in shape. The transition band Examinations have been performed to analyze whether
becomes wider when the relaxation time is smaller, excitimgfocusing amplitude different from-G, could reduce the
parts of the sample which are out of the slice to be selectedephasing influence of thé, component and therefore induce
The absorption and dispersion components from the saméetter signal. This has been done in different conditions ft
pulse are shown in Fig. 4. Here they are both normalized to teeery pulse. In order to have a zero longitudinal magnetizatic
maximum of the transverse magnetizatidh),. The normal on-resonance, it is possible to retune the pulse power |
ized M, component does not change its shape when valuesagfjusting the flip angle. In Table 1, the adjusted values fc
T, greater than or equal to the length of the pulse are usedeifery pulse are shown. The larger the bandwidth is, the less t
T, = L/2, a slight distortion can be detected (Fig. 4D). Th#ip angles have to be modified.
most evident effect oM, is that the dispersion component In Tables 2 and 3, the results relative to the pulse with
changes its shape: the linear behavior is reduced in the cen®&-kHz bandwidth are shown. They have been obtained kee
part of the profile and a larger number of oscillations appeaisg the flip angle fixed to the maximum value, which mean:
The behavior of optimized 90° SLR pulses with the santbat the longitudinal magnetization on-resonance is not ze
length (1.024 ms), but with different bandwidths (5.0 and 7¥when T, times smaller than infinity are used (Table 2), anc
kHz) has been studied. In both cases, as well as for the pudghusting the magnetization by changing the flip angle to ha\
with a 2.5-kHz bandwidth, the absorption component amplreroM, component on-resonance (Table 3).
tude is reduced. In Fig. 5, the dispersion components of theTo obtain the maximum signal in case of 90° flip angle, th
three kinds of pulses have been plotted. If the bandwidth rislative refocusing amplitude had to be increased 58% if
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TABLE 1 TABLE 3
Adjusted Flip Angles for Different T, Values Signal versus Refocusing Gradient Amplitude
with Adjusted Flip Angles
Flip angle
Signal
T, 2.5 kHz 5.0 kHz 7.5 kHz Gradient  Relative refocusing gain  Relative refocusing
T, (ms) amplitude amplitude (%) amplitude range
® 90.0° 90.0° 90.0°
2L 94.1° 91.2° 90.5° 0 5.0 1.058 +1.38 1.042-1.072
L 98.3° 92.5° 91.2° 2L 5.0 1.032 +0.42 1.017-1.048
L/2 107.0° 95.1° 92.6° L 5.0 1.008 +0.02 0.990-1.024
L/2 5.0 0.924 +1.47 0.912-0.940

. Note. In the Relative refocusing amplitude range column, the range ¢
T, = « and decreased t68.8% if T, = L/2 (Table 2). After rejative refocusing amplitudes corresponding to the maximum signal ga

adjusting the longitudinal magnetization, the maximum signalo.1% is given.
has been reached increasing the refocusing amplitude to only

slightly diffe_rent va_Iues (Table 3). The maxir_num signal gaithtion and inversion pulses have been analyZe@)( Atten-
can be obtained with an accuracy 00.1% using a range of tjon has been especially focused on fherelaxation effects,
relative refocusing amplitudes. In both tables, such a rangey§suming an infinitd, time. In Hajduket al. (2) simulations
given in the column Relative refocusing amplitude range. p5ve been performed even with = T,.

InFig. 6, the signal percentage calculated in case of a pulsyfferent effects have been reported, both quantitative ar
with 2.5-kHz bandwidth and, = « andT, = L/2 is plotted. gy ajitative: the simulated magnetization profiles—in the cas
The signal gain in both cases has been shown. It can be Sgefoth excitation and inversion pulses—were reduced ar
that the optimal signal intensity can almost be reached Wlth(ljégraded_ The shorter g time was, the more degraded the
a range of 2.5-3% oB... However, the ranges @ values fraquency profiles were. A reduction in the magnetizatio
for the examinedr, v_alues do not overlap. outside the slice was also reported.

The same calculation has been performed for the pulses with, order to avoidT, effects interferences, we performed all

5.0-and 7.5-kHz bandwidth. The relative refocusing amplitudg,; simulation by assuming an infinite longitudinal relaxatior
and the signal gain relative to the three pulses are givenife The calculation of magnetization profiles—performe:
Table 4 (nonzero longitudinal magnetization on-resonanGgsing the simulated sequence of RF and gradient pulses sho
after 90° pulses have been applied) and in Table 5 (adjusigdrig. 1—has pointed out the reduction in the longitudina
longitudinal magnetization). In both cases, there is a Strongghgnetization outside the slice already reported by Netris.

signal gain for pulses with better magnetization profiles whq@ and Hajduket al. (2). The same effect has been detecte:

T, times greater than or equal to the pulse length are usgding the RF pulses with the same duration and differel
WhenT, = L/2, the signal gain is much larger for the puls§sngwidths plotted in Fig. 2.

whose bandwidth is 2.5 kHz. Studying at the same time the behavior of the absorption a

dispersion components from the pulse having a 2.5-kHz ban
width, besides the reduction in amplitude, a noticeable disto
. . . tion in the dispersion component has been detected (see Fig.
In the studies previously performed, the effects of relaxatio P P ( g

on the frequency-domain profiles from a variety of both excAjfter the M, andM, components have been normalized (Fig

DISCUSSION

H), it becomes clear that the distortion in the dispersion con
ponent profiles involves points which are out of the slice to b

TABLE 2 selected, whereas the absorption component is unaffected.

Signal versus Refocusing Gradient Amplitude In our simulation, we found that the longitudinal and the
with Fixed Flip Angles dispersion components from pulses with larger bandwidth ar

more rectangular magnetization profiles undergo a small

Signal reduction and distortion, respectively. A correlation betwee

Gradient  Relative refocusing  gain  Relative refocusing - the reduction in the longitudinal magnetization outside the slic

T, (ms) amplitude amplitude % amplitude range . . . .
= (ms) P P ) P 9 with the distortion in theM, component can be assumed (se
o 5.0 1.058 +1.38 1.042-1072  Fig. 5).
2L 5.0 1.028 +0.29 1.012-1.044 Hajduket al. (2) also investigated the effects of retuning the
L 5.0 0.994 +0.01 0975-1.011  pulse power to give the maximum excitation or inversior
L/2 5.0 0.912 +2.86 0.899-0.924

on-resonance. They found that changing the pulse power h

Note. In the Relative refocusing amplitude range column, the range gad effects on the_ fr_equenc;(/’ pl’OfIleS. We Slml_“at_ed the Sar}
relative refocusing amplitudes corresponding to the maximum signal gddfocedure on optimized 90° SLR pulses, adjusting the fli
+0.1% is given. angle (see Table 1). The frequency profiles were not affect
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FIG. 6. Signal percentage relative to a pulse with a bandwidth of 2.5 kHz has been calculated for different refocusing gradient amplitudes. It is she
(A) T, = «; (B) T, = L/2. SG, signal gain.

by adjusting the pulse power, whereas a remarkable signal gaiff exact on-resonance and infinife, are the constraints
has been obtained, especially in the cas& pfime equal to required, it is possible to find a relationship between th
half the length of the pulse (see Fig. 6 and Tables 2-5). magnetization and the RF pulse amplitude in specific regim

In magnetic resonance, the problem of designing a pulsé spin behavior 12). The pulses generated by using this
with a rectangular frequency profile is crucial, as it is vergnethod are not frequency selective.
important for many applications to have no distorted profiles. Pearlman and Wieczorelk §) presented a method to deter-
Good results have been already reached by generating pulsése RF waveforms for 2D imaging assuming a small varia
without considering relaxation effects. In particular, optimizetion in time of M, (small tip angle hypothesis). They operatec
SLR pulsesg, 4) provide a very good solution to this problemonly on the transverse magnetization, neglecting longitudin
Unfortunately, frequency profiles obtained by performing magelaxivity, performing a change of variable from time to the
netic resonance of tissues after contrast agent applicationkespace coordinate. ThE, relaxivity effect is exponential in
magnetic resonance of materials with very shigrrelaxation time domain only; it is therefore difficult to predict what effect
times can be very strongly distorted. a lack of T, correction can have on a given profile.

Many attempts have been made to adjust the relaxationA different approach for optimizing pulses to include relax:
effects. One of the most widely used methods is to look for tlaion effects has been performed by Nuzillard and Freem:
analytical solution of the Bloch equations without neglectinfl4). They redesign the RF pulses generated by means
relaxation times. In 10, 11), the analytical solution of the simulating annealing to introduce relaxation effects.

Bloch equations has been found in response to a constantin all of the attempts to consider relaxation effects, th
amplitude RF pulse. optimization of RF pulses must be performed for specifi

The solution has been developed neglecting the longitudimalaxation times. Usually in clinical MR imaging, the tissues
and/or transverse relaxation times, under specific conditioradfected by the radiofrequency excitation are characterized |
exact on-resonance, equal transverse and longitudinal reldifferent T, and T, values. Optimization techniques for a
ation times, large RF pulse amplitude compared to relaxatispecific relaxation time cannot therefore be used. Neverthele

rates. it is important to be able to estimate the relaxation effects ¢
TABLE 4
Signal versus Refocusing Gradient Amplitude with Fixed Flip Angles
2.5 kHz 5.0 kHz 7.5 kHz
T, Relative refocusing Signal gain Relative refocusing Signal gain Relative refocusing Signal gain
(ms) amplitude (%) amplitude (%) amplitude (%)
® 1.058 +1.38 1.041 +2.41 1.029 +2.25
2L 1.028 +0.29 1.032 +1.40 1.024 +1.51
L 0.994 +0.01 1.023 +0.67 1.019 +0.90

L/2 0.912 +2.86 1.002 +0.002 1.007 +0.14
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TABLE 5
Signal versus Refocusing Gradient Amplitude with Adjusted Flip Angles

2.5 kHz 5.0 kHz 7.5 kHz
T, Relative refocusing Signal gain Relative refocusing Signal gain Relative refocusing Signal gain
(ms) amplitude (%) amplitude (%) amplitude (%)
© 1.058 +1.38 1.041 +2.41 1.029 +2.25
2L 1.032 +0.42 1.034 +1.53 1.025 +1.59
L 1.008 +0.02 1.026 +0.85 1.020 +1.01
L/2 0.924 +1.47 1.009 +0.08 1.009 +0.24

the magnetization profiles from tissues with relaxation times of. G. B. Matson, An integrated program for amplitude-modulated RF

the order of the pulse duration.

pulse generation and re-mapping with shaped gradients. Magn.
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