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Unlike prefocused pulses and shaped pulses based on the linear  pulses. Therefore, within the selected spectral window, an ay
response theory, delayed-focus pulses (X.-L. Wu etal., 1991, Magn.  proximate zero phase is producedgat Ty + At, whereAt is
Reson. Med. 20, 165-170) produce a selective spin echo after apre- g predefined short delay. As pointed out by @al. (8) and by
defln_ed short delay without using am refocu3|_ng pulse. In this paper, Pauly and Macovski9), these pulses should be very useful for
a series of delayed-focus pulses of different flip angles are proposed o hatic resonance imaging experiments because no rever:
based on optimization using Fourier series represerltatlon and sim- of the slice-selection gradient is needed while phase-encodir
ulated annealing. The resistance of these delayed-focus pulses to . ‘ .

gradients can be applied during the extra deidy However,

T, relaxation is also demonstrated using numerical simulation of . : . .
Bloch equations. o 2001 Academic Press to apply these pulses to magnetic resonance imaging a seri

Key Words: shaped pulses; linear response; delayed focus; spin  Of delayed-focus or spin-echo pulses with various flip angles
echo; T, relaxation. low RF power requirement, and excellent resistance to relax

ation have to be generated. In this paper we use the combine
Fourier series representation and simulated annealing techniqg
to produce a series of RF pulses with flip angles 6f 3@°, 60°,
INTRODUCTION and 90 which generate a selective spin echaaf T, = 0.125.
The RF power requirement of these pulses is similar to that of a
E-BURP-1 pulse?). These pulses also show excellent resistance
ftﬁ'gegradation caused [y relaxation.

Under the assumption of the linear response theory the
duced magnetizationis proportional to the resonant Fourier co
ponent of the applied field. For RF pulses designed based on
linear response theory (e.g., Gaussian and sinc pulses) the cen-
ter of time for evolution of magnetizatidp = T,/2 when they METHODS
act on equilibrium magnetization, whefg is the duration of L
the pulse. These RF pulses result in a characteristic apprd?tf Pulse Optimization
mately linear phase roll across the excited spectral region inThe delayed-focus pulses (hereafter referred to as DFP pulse
accordance with the shift theorert) (For magnetic resonancewere designed to be amplitude-modulated with their shapes d
imaging applications the unwanted evolution of magnetizatigimed by a finite Fourier serieg),
during a Gaussian or sinc pulse can be refocused by a gradient
reversal following the RF pulse. Since the evolution of chem- m
ical shift during a RF pulse cannot be refocused by a gradient yBi(t) = w Z[A” cospwt) + B, sin(hwt)], [1]
pulse great efforts have been made to design the so-called “pre- n=1
focused” or “self-refocused” RF pulses which result in an ap-
proximately zero phase immediately after the pue3. In wherew = 27/T,, andA, andB, are Fourier coefficients to be
this case the center of time for magnetization evolutjor T,. determined to generate a selective spin echi at At.
Prefocused pulses have found many applications in both high-A simulated annealing algorithm was implemented on &
resolution andn vivo NMR spectroscopy4, 5). They also have SPARCStation 20 computer to search for the optimal puls
found important applications in magnetic resonance imagirghapes for a predefinest/ T, ratio and a predefined spin-echo
especially the prefocused 18§lice-selective refocusing pulsesprofile atT, + At. The starting Fourier coefficients(= 5-10)

6, 7). were set to zero except fép which was set ta /27 as required

Using an evolutionary approach, Wtal.(8) proposed a class by Eqg. [1], wherex is the pulse flip angle in radians. Pulse shape
of delayed-focus pulses which generate a@&itation of a se- calculated from the finite Fourier series was digitized into 64 ol
lective spin-echo. The spin-echo pulses proposed by Raaly 256 segments. At = 0, My = My = 0, M, = My, whereMg
(9, 10 optimized using the SLR algorithm also have a delaydd the equilibrium magnetization. For each RF pulse segmer
focus where a selective spin echo is produced. In both cases,rtiarix multiplication based on Bloch equations without the re-
By field gradient and chemical shifts are refocused by these Riation terms was performed to calculate the sequential rotatic
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of the magnetization by each digitized RF segment. For the tim 600 . . . . \ l

interval T, ~ Tp+ At, yB; = 0, the magnetization evolves only &,
under the influence of resonance offset. The mean square de'__ ago!l O° o ]
ation of the magnetization profile tit= T, + At was evaluated % '
for the following predefined target profile, ;
©
My(v) = sina, Mx(v) =0, forv=0~ 15/T, g
My(v) =0, forv=2/T, ~25/T, 8
My(v) = 0, My(v) =0, forv =3/Ty ~ 10/ Ty, 2 N o .
%—200— v ! o xx"x o o |
where v is the resonance offset in hertz. The target profile Y ° 4
o«

was evaluated at intervals of3) T,. The initial temperature -400} S~ ° o
of the Metropolis algorithm(1, 12 was set to generate an up-
hill success ratio 0f~100%. The annealing schedule used was _g,, . ‘ . \
T,/ Ti_1 = 0.9 ~ 0.95. For each temperature step, the maximurr 10 20 30 40 50 60

. . time (arbitrary units)
number of attempted uphill moves and successful uphill moves
was set to be 500 and 50 per Fourier coefficient, respectivelyric. 1. Pulse ordinates for = 90°, At/T, = 0 (E-BURP-1, cross),
One set of Fourier coefficients corresponding to the minimu@®5/4.0 (dotted-dashed line), 340 (DFP90, solid line), and.05/4.0
mean square deviation with respect to a predefined flip anglpen circle).
a predefinedAt/ T, ratio, and the designated spin-echo profile

was obtained after each annealing run. in Table 1. Figure 3 demonstrates the evolution of the excitatior
_ _ _ profiles obtained aat = 0, 0.25, 0.5, and 0.75 ms using a 4-ms
Simulation of 3 Relaxation 90° delayed-focus pulse (DFP90, designedAay T, = 0.125).

The effect of T, relaxation during the DFP pulses and Clearly, the delayed-focus pulse generates a “focused” selectiv
on selectivity and signal intensity was simulated by numericalfPin €cho atAt = 0.5 ms. The achieved phase purity at the
integrating the Bloch equations including fiigelaxation terms  "éfocusing pointfor DFP pulses is similar to that of the E-BURP-
(13). The magnitudes of the on-resonance spin echo generateBulse atAt = 0 (2). Simulation of a five-lobe sinc pulse
by the delayed-focus pulses and other RF pulde)(under (fo = Tp/2) and an E-BURP-1 pulséy(= Ty) confirmed that

varying T, were fitted to a single exponential decay(15,  they are not suitable for spin-echo generatiofiat At.
Figure 4 shows a one-dimensional spin-echo profile of &

) DFP90 pulse using a 10-cm-diameter spherical water phantor

. T
M = Mo sina exp(—? [2] and a 3.0T SMIS spectrometer (Surrey Medical Systems

2

where z, the effective time of echo (TE) with respect 1o
relaxation, is equivalent to the TE of a hard pulse spin-ech:
sequence that generates the sdmeelaxation effects.

600 T T T T T T

4001
RESULTS

Figure 1 shows a series of 98elayed-focus RF pulses with
various predefinedt/ T, ratios: O (equivalent to E-BURP-1),
0.254.0,0.54.0,and 0.754.0. The pulse shapes were obtained§
using the combined Fourier representation and simulated annex , |
ing method as described under Methods. The peak amplitude &
the pulses exhibits aminimumat /T, = 0.125. ForT, =4ms &
(bandwidth= 1125 Hz),At = 0.5 ms. The corresponding 90 401
delayed-focus pulse (DFP90) require8apeak amplitude of
831 Hz, which is comparable to that of the E-BURP-1 pulse. Fo 600 0 20 20 20 50 80
At/ T, > 0.75/4.0, the selectivity of the spin-echo profile de- time (arbitrary units)
viates significantly from the target excitation profile while both
theTEeak power f'i”d the mtegrated power Increase. fur'Fher. dashed line), 60 (DFP60, open circles), and 90(DFP9O0, solid line).

e pulse ordinates for delayed'foculs pulses with flip anglﬁ%/Tp = 0.125 for all pulses. *Fourier coefficientsA, = 0.086, 1.529,
of 30, 45°, 60°, and 90 are plotted in Fig. 2At/Tp = 0.125 _1208 —0.230,0.041 0.022 0.055 —0.036 0.003 —0.004;B, = 0.00Q
for all flip angles. Their peak amplitude requirements are listee.456 —1.235, 0.656, —0.028 0.100, —0.064, —0.013 0.002, —0.003.

(arbitrary units)

FIG. 2. Pulse ordinates fax =30° (DFP30, cross),* 45(DFP45, dotted-
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TABLE 1
RF Peak Amplitude and Effective Relaxation TE

RF pulse Peak amplitudeTp®  Effective TE/ (Tp + At)°

Five-lobe sinc 1.4 0.56
E-BURP-1 3.7 0.44
DFP30 3.6 0.49
DFP45 3.1 0.51
DFP60 3.1 0.49
DFP90 3.3 0.47

@ peak amplitude is in Hz, anf is in s.
b Effective relaxation TE£ in Eq. [2]), andAt/T, = 0.125.

-10 -5 0 5 10

Guilford, UK). The test sequence consists of a 4-ms DFP90 ppm
pulse to select a 1-cm axial slice and a subsequent gradient B o _ _
echo along the axis for readout. A 0.5-ms refocusing gradient FIG.4. A phase-sensn_lve e?<C|tat|0n profile generz_ated usinga 4-ms DFPO(

. . . . ulse to select a 1-cm axial slice. A 0.5-ms refocusing gradient of the sam
of the samepolarity as that of the slice-selection gradlensolarity as that of the slice-selection gradient was used after the DFP90 puls
was used after the DFP90 pulse. The area of the refocustitg area of the refocusing gradient was set to be 0.5 ms times the amplitude
gradient was set to 0.5 ms times the amplitude of slice-selectigine-selection gradient. A 10-cm water phantom was used for the test.
gradient. The acquired phase-sensitive slice profile shows a full
slice-selective 90excitation as expected. The phase purity a&esults similar to those of E-BURP-1 witht = 0 (2) were
t = T, + At was also confirmed by using the same DFP90 pulebtained without adjustment of phase control (data not shown
(To+ At = 4.5 ms) to excite bulk water while shifting the trans-  Figure 5 shows the simulated pulse excitation profiles genel

mitter frequency over a frequency range covering000 Hz. ated by a DFP90 pulsd{ = 4 ms,At = 0.5 ms) atT, = 100
and 20 ms, respectively; was setto 2 sipach case. Clearly, the

degradation of the selectivity of the slice profile under these con

ditions is negligible. The only significant change is the unavoid-
able decrease in the magnitude of the selected signal intensif
The magnitude of the on-resonance magnetization under vario
T, relaxation conditions fits to a single exponential (Eq. [2]). The
” - ] decrease in signal intensity due to relaxation of the transvers
2000 -1000 0 1000 2000 components durind, + At is shown in Fig. 6. In Eq. [2]7 is
)
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FIG.5. Simulated spin-echo profiles generated by a 4-ms DFP90 pulse fo

FIG.3. Comparison of spin-echo profiles generated by a 4-ms DFP90 pulseortT, (T1 = 2 s). ()T2 = 100 ms. (b)T2 = 20 ms. Solid lines are absorptive
at (a) 0 ms, (b) 0.25 ms, (c) 0.5 ms, and (d) 0.75 ms after the pulses. Simiaagnetization; dotted lines are dispersive magnetizatior= 0.5 ms for both
results were also obtained for the DFP30, DFP45, and DFP60 pulses. cases.
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1+ acquisition data processing methods such as backward linei
0.9 1 prediction requires high signal-to-noise ratio frequently not ac-
0.8 - cessibleinclinical studies. To overcome this difficulty ashort-TE
0.7 4 spin-echo method using hard puls&8)(has been developed for
06 4 three-dimensional phosphorus chemical shiftimaging. An alter
= 054 native approach would be to apply the concatenated spin-ect
04 pulses or the delayed-focus pulses for two-dimensional spin
' echo spectroscopic imaging of phosphorus usingAhelelay
0-31 prior to acquisition for insertion of phase-encoding gradients.
021 Since in vivo %P signals have relatively longd; values
0.1 (>>4.5 ms, Ref. 19)) only degradation of pulse profiles due to
0 - - T - 1 shortT, relaxation times13-15 is considered here. As shown
0 100 200 300 400 500 in Fig. 5 shortT, relaxation of cerebral phosphorus-containing

metabolites undein vivo conditions has no appreciable effect
on the selectivity of the DFP pulses. This is due to both the shor
FIG.6. Plotsofthe decay of on-resonance magnetization as a functin ofPulse duration achieved{ + At = 4.5 ms, RF peak ampli-
(T1 = 25s). Pulses shown are the following*de-lobe sinc, closed diamonds; tude= 831 Hz for the DFP90 pulse) and the optimal trajectory
E-BUR_P-l, opensquares;DFPQQ,opencircIes;DFPGO,cIosedtriangIes;DFFgﬂSthe magnetization during the course of RF excitation. The
open triangles; DFP30, closed circles. extent of T, relaxation during a RF pulse depends on the du-
ration of the pulse and the deviation of the magnetization frorr
equivalent to the TE of a hard pulse spin-echo sequence that ggguilibrium produced by each increment of the RF pulse or-
erates the sanik relaxation effects. The/(T, + At) ratios for ~ dinate. Using DFP pulses the deviation of magnetization from
the five-lobe sinc pulse, the E-BURP-1 pulse, and the delayejuilibrium is minimal during the first one-third of the pulse
focus pulses are also listed in Table 1. As shown in Table 1, tdlgration. The effective TE=r) for T, relaxation during the
extent of signal attenuation for the DFP pulses is similar to thatlse and the extrat delay is 2.2 ms for the DFP90 pulse with
of the prefocused E-BURP-1 pulse. Note that the effects of shdpt = 4 ms andAt = 0.5 ms. Figure 6 demonstrates that the
T, relaxation times are independent of the absolute valuk of T, relaxation during the RF pulses can fit to a single exponen
or pulse length and are instead dependent only on the ratiogiaf. Therefore, the effective relaxation TE is independentof
the relaxation time td, + At. For example, the effects observedlifferences between different metabolites, which may chang
for a pulse length (including:t) of 5 ms andl, = 20 ms would under pathological conditions. This will simplify the process
be the same for a pulse of 2.5 ms ahd= 10 ms for the same of quantification because the effective relaxation TE is identica

1IT, (sec™)

pulse shape and the same/ Tp,. for all 3'P-containing metabolites. The measured signal intensity
can be corrected for relaxation loss usifigvalues measured
DISCUSSION in vivo. In the worst cases, e.dl; = 20 ms, theT, relaxation
loss is 10.4% for an effective relaxation TE of 2.2 ms.
Although not shown under Results the effectsBafinho- Since data acquisition using DFP pulses starts at the cent

mogeneity on the selectivity of the DFP pulses have also beainthe spin echo no baseline distortion is expected when ar
simulated using Bloch equations. Fort#% variation inB;  plied to heteronuclear chemical shift imaging. Neither the sinc
the degradation of the slice profiles generated by DFP pulges= T,/2) nor the prefocused puls& (= T,) can produce a
is negligible, similar to that of the E-BURP-1 puls®).(This slice selection and in-phase signals at a predefined delay. Th
is because the RF distribution of the DFP pulses is similar kas been verified using numerical simulation with both a five-
that of the E-BURP-1 pulse, leading to similar tolerancdBpf lobe sinc and an E-BURP-1 pulse causing baseline distortion:
inhomogeneity. Baseline distortion was found to be worst with sinc pulses be:
Similar to the spin-echo pulses, one potential application c&use the center of time for evolution of magnetization is within
the DFP pulses is in two-dimensional heteronuclear (8'B,, the RF pulse per se. No distortion was found for DFP pulses.
19F, or 13C) spectroscopic imaging where the phase-encodingUsing a single RF pulse to generate a selective spin echo h:
gradients can be inserted in the predefined short dalay also been proposed by Pauly and Macov$kil0Q. They first
Due to the shortT, of many phosphorus components6) used the SLR-based direct design method and obtained a pul
chemical shiftimages of phosphorus-containing metabolites &renerating a delayed spin echo. Later a series of concatenat
usually acquiredn vivo using a simple pulse—acquire schemepin-echo pulses was optimized using the SLR metijl. (
with a short delay prior to data sampling to allow for insertioithe first half of the spin-echo pulse performs a prefocuséd 90
of phase-encoding gradients. The evolution of magnetizatiercitation. The second half of the spin-echo pulse performs
during the phase-encoding gradients leads to baseline distorfiwefocused 180refocusing. Therefore the concatenated pulse
and therefore complicates metabolite quantitatidbv).(Post- can generate a selective spin echo. The optimized spin-ect
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pulses have been successfully applidd tdvotwo-dimensional 4. H. P. Hetherington, J. W. Pan, G. F. Mason, S. L. Ponder, D. B. Twieg,
spectroscopic imaging of phosphomonoesters (PME) and phOS-G' Deutsch, J. _Mountz, and G. M. Pohost, 9spectroscopic imaging of
phodiesters (PDE)20). In that study, an approximately 6-ms the human brain a“_‘-l Magn-_Re§on._Meda2,539—534 (1994).

60° spin-echo pulse (peak RF amplitugel000 Hz) was used > ?é;fi?&nilzgf; five excitation in high-resolution NNERem. Rewd1,

to generate an echo time of 2.5 ms. Thealue characteriz- 6 B M ' . -

. . . . . J. B. Murdoch, A. H. Lent, and M. R. Kritzer, Computer-optimized narrow-
ing T, loss during the'Spm echo was nqt CaICUIaFed: .Usmg the pang pulses for multislice imagind, Magn. Resoriz4, 226—263 (1987).
DFP pUIseST2 loss durmg theTD + At perlod was S|gn|f|cantly 7. L. Emsley and G. Bodenhausen, Optimization of shaped selective pulses ft
reduced due to both the shortened total pulse duration (with NMR using a quaternion description of their overall propagatbr¥jagn.
lower RF peak amplitude) and the optimal trajectory of mag- Reson97,135-148 (1992).

netization during the early period of the pulse. A further im-8. X.-L. Wu, P. Xu, and R. Freeman, Delayed-focus pulses for magnetic reso
provement achieved by the DFP pulses is the elimination of Nance imaging: An evolutionary approabiagn. Reson. Me&0,165-170
phase cycling which is necessary to cancel dispersive magneti-(lggl)'

. f . Pauly and A. Macovski, Direct design of self-refocusing RF pulses,
zation when the concatenated spin echo pU|Ses are used for SI?C%bstracts of the Society of Magnetic Resonance in Medicine, 10th Annua

selection. ) o ) ) Meeting, p. 267 (1991).
|meres“”9'¥v the DFPQ.O Opt'm'.ze‘_j by the mechanical siMy_ ;. pauly and A. Macovski, Designing spin eclim Abstracts of the So-
ulated annealing routine is very similar to the°d0-BURP-1 ciety of Magnetic Resonance in Medicine, 11th Annual Meeting, p. 3902

pulses optimized by the much more flexible evolutionary algo- (1992).

rithm (8). On the other hand, their pulse shapes are very differgit N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and

from that of the 90D-BURP-2 Optimized using the evolutionary E. Teller, Equation of state calculations by fast computing machines
method and that of the 98pin-echo pulses optimized using the > Chem- Phy=21,1087-1091 (1953). o _

SLR method. The D-BURP pulses are alf @Xcitation pulses 12. S. Kirkpatrick, C. D. Gelatt, Jr., and M. P. Vecchi, Optimization by simulated

th Il i le DEP | timized usi i lated annealingScience220,671-680 (1983).
€ small Tip angle pulses optimized using simulate 3. D. G. Norris, H. Ludemann, and D. Leibfritz, An analysis of the effects of

ne_aling are all significa_ntly different from the corresponding shortT, values on the hyperbolic-secant puldelagn. Resor92,94-101
spin-echo pulse20) which have more complex pulse shapes (1991).

and also require more RF power. 14. P.J.Hajduk, D. A. Horita, and L. E. Lerner, Theoretical analysis of relaxation
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Fourier representation and simulated annealing method. Thégg)- Shen and L. E. Lerner, Use of directed simulated annealing to desig
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