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Delayed-Focus Pulses Optimized Using Simulated Annealing
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Unlike prefocused pulses and shaped pulses based on the linear
response theory, delayed-focus pulses (X.-L. Wu et al., 1991, Magn.
Reson. Med. 20, 165–170) produce a selective spin echo after a pre-
defined short delay without using aπ refocusing pulse. In this paper,
a series of delayed-focus pulses of different flip angles are proposed
based on optimization using Fourier series representation and sim-
ulated annealing. The resistance of these delayed-focus pulses to
T2 relaxation is also demonstrated using numerical simulation of
Bloch equations. C© 2001 Academic Press

Key Words: shaped pulses; linear response; delayed focus; spin
echo; T2 relaxation.
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INTRODUCTION

Under the assumption of the linear response theory the
duced magnetization is proportional to the resonant Fourier c
ponent of the applied field. For RF pulses designed based o
linear response theory (e.g., Gaussian and sinc pulses) the
ter of time for evolution of magnetizationt0 = Tp/2 when they
act on equilibrium magnetization, whereTp is the duration of
the pulse. These RF pulses result in a characteristic app
mately linear phase roll across the excited spectral regio
accordance with the shift theorem (1). For magnetic resonanc
imaging applications the unwanted evolution of magnetizat
during a Gaussian or sinc pulse can be refocused by a gra
reversal following the RF pulse. Since the evolution of che
ical shift during a RF pulse cannot be refocused by a grad
pulse great efforts have been made to design the so-called
focused” or “self-refocused” RF pulses which result in an a
proximately zero phase immediately after the pulse (2, 3). In
this case the center of time for magnetization evolutiont0 = Tp.
Prefocused pulses have found many applications in both h
resolution andin vivoNMR spectroscopy (4, 5). They also have
found important applications in magnetic resonance imag
especially the prefocused 180◦ slice-selective refocusing pulse
(6, 7).

Using an evolutionary approach, Wuet al.(8) proposed a class
of delayed-focus pulses which generate a 90◦ excitation of a se-
lective spin-echo. The spin-echo pulses proposed by Paulyet al.
(9, 10) optimized using the SLR algorithm also have a delay
focus where a selective spin echo is produced. In both cases
B0 field gradient and chemical shifts are refocused by these
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pulses. Therefore, within the selected spectral window, an
proximate zero phase is produced att0 = Tp+1t , where1t is
a predefined short delay. As pointed out by Wuet al.(8) and by
Pauly and Macovski (9), these pulses should be very useful f
magnetic resonance imaging experiments because no rev
of the slice-selection gradient is needed while phase-enco
gradients can be applied during the extra delay1t . However,
to apply these pulses to magnetic resonance imaging a s
of delayed-focus or spin-echo pulses with various flip angl
low RF power requirement, and excellent resistance to re
ation have to be generated. In this paper we use the comb
Fourier series representation and simulated annealing techn
to produce a series of RF pulses with flip angles of 30◦, 45◦, 60◦,
and 90◦ which generate a selective spin echo at1t/Tp = 0.125.
The RF power requirement of these pulses is similar to that o
E-BURP-1 pulse (2). These pulses also show excellent resistan
to degradation caused byT2 relaxation.

METHODS

RF Pulse Optimization

The delayed-focus pulses (hereafter referred to as DFP pu
were designed to be amplitude-modulated with their shapes
fined by a finite Fourier series (2),

γ B1(t) = ω
m∑

n=1

[ An cos(nωt)+ Bn sin(nωt)], [1]

whereω = 2π/Tp, andAn andBn are Fourier coefficients to be
determined to generate a selective spin echo atTp+1t .

A simulated annealing algorithm was implemented on
SPARCStation 20 computer to search for the optimal pu
shapes for a predefined1t/Tp ratio and a predefined spin-ech
profile atTp+1t . The starting Fourier coefficients (m= 5–10)
were set to zero except forA0 which was set toα/2π as required
by Eq. [1], whereα is the pulse flip angle in radians. Pulse sha
calculated from the finite Fourier series was digitized into 64
256 segments. Att = 0,Mx = My = 0,Mz = M0, whereM0

is the equilibrium magnetization. For each RF pulse segm
matrix multiplication based on Bloch equations without the r
laxation terms was performed to calculate the sequential rota
4



C

i
y

v

u

,
e

t

ion
s

tive
e
P-

f a
tom

s,
DELAYED-FO

of the magnetization by each digitized RF segment. For the t
intervalTp ∼ Tp+1t, γB1 = 0, the magnetization evolves onl
under the influence of resonance offset. The mean square d
ation of the magnetization profile att = Tp+1t was evaluated
for the following predefined target profile,

My(υ) = sinα, Mx(υ) = 0, for υ = 0∼ 1.5/Tp

Mx(υ) = 0, for υ = 2/Tp ∼ 2.5/Tp

My(υ) = 0, Mx(υ) = 0, for υ = 3/Tp ∼ 10/Tp,

where υ is the resonance offset in hertz. The target profi
was evaluated at intervals of 0.5/Tp. The initial temperature
of the Metropolis algorithm (11, 12) was set to generate an up
hill success ratio of∼100%. The annealing schedule used w
Ti /Ti−1 = 0.9∼ 0.95. For each temperature step, the maximu
number of attempted uphill moves and successful uphill mo
was set to be 500 and 50 per Fourier coefficient, respectiv
One set of Fourier coefficients corresponding to the minim
mean square deviation with respect to a predefined flip an
a predefined1t/Tp ratio, and the designated spin-echo profi
was obtained after each annealing run.

Simulation of T2 Relaxation

The effect ofT2 relaxation during the DFP pulses and1t
on selectivity and signal intensity was simulated by numerica
integrating the Bloch equations including theT2 relaxation terms
(13). The magnitudes of the on-resonance spin echo gener
by the delayed-focus pulses and other RF pulses (1, 2) under
varyingT2 were fitted to a single exponential decay (14, 15),

M = M0 sinα exp

(
− τ

T2

)
, [2]

where τ , the effective time of echo (TE) with respect toT2

relaxation, is equivalent to the TE of a hard pulse spin-ec
sequence that generates the sameT2 relaxation effects.

RESULTS

Figure 1 shows a series of 90◦ delayed-focus RF pulses with
various predefined1t/Tp ratios: 0 (equivalent to E-BURP-1)
0.25/4.0, 0.5/4.0, and 0.75/4.0. The pulse shapes were obtain
using the combined Fourier representation and simulated ann
ing method as described under Methods. The peak amplitud
the pulses exhibits a minimum at1t/Tp = 0.125. ForTp = 4 ms
(bandwidth= 1125 Hz),1t = 0.5 ms. The corresponding 90◦

delayed-focus pulse (DFP90) requires aB1 peak amplitude of
831 Hz, which is comparable to that of the E-BURP-1 pulse. F
1t/Tp > 0.75/4.0, the selectivity of the spin-echo profile de
viates significantly from the target excitation profile while bo
the peak power and the integrated power increase further.
The pulse ordinates for delayed-focus pulses with flip ang
of 30◦, 45◦, 60◦, and 90◦ are plotted in Fig. 2.1t/Tp = 0.125
for all flip angles. Their peak amplitude requirements are list
US PULSES 235
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FIG. 1. Pulse ordinates forα = 90◦,1t/Tp = 0 (E-BURP-1, cross),
0.25/4.0 (dotted-dashed line), 0.5/4.0 (DFP90, solid line), and 0.75/4.0
(open circle).

in Table 1. Figure 3 demonstrates the evolution of the excitat
profiles obtained at1t = 0, 0.25, 0.5, and 0.75 ms using a 4-m
90◦ delayed-focus pulse (DFP90, designed for1t/Tp = 0.125).
Clearly, the delayed-focus pulse generates a “focused” selec
spin echo at1t = 0.5 ms. The achieved phase purity at th
refocusing point for DFP pulses is similar to that of the E-BUR
1 pulse at1t = 0 (2). Simulation of a five-lobe sinc pulse
(t0 = Tp/2) and an E-BURP-1 pulse (t0 = Tp) confirmed that
they are not suitable for spin-echo generation atTp+1t .

Figure 4 shows a one-dimensional spin-echo profile o
DFP90 pulse using a 10-cm-diameter spherical water phan
and a 3.0T SMIS spectrometer (Surrey Medical System

FIG. 2. Pulse ordinates forα=30◦ (DFP30, cross),* 45◦ (DFP45, dotted-
dashed line), 60◦ (DFP60, open circles), and 90◦ (DFP90, solid line).
ed

1t/Tp = 0.125 for all pulses. *Fourier coefficients:An = 0.086, 1.529,
−1.298,−0.230, 0.041, 0.022, 0.055,−0.036, 0.003,−0.004;Bn = 0.000,
−0.456,−1.235, 0.656,−0.028, 0.100,−0.064,−0.013, 0.002,−0.003.
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TABLE 1
RF Peak Amplitude and Effective Relaxation TE

RF pulse Peak amplitude×Tp
a Effective TE/ (Tp +1t)b

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

a Peak amplitude is in Hz, andTp is in s.
b Effective relaxation TE (=τ in Eq. [2]), and1t/Tp = 0.125.

Guilford, UK). The test sequence consists of a 4-ms DFP
pulse to select a 1-cm axial slice and a subsequent gra
echo along thez axis for readout. A 0.5-ms refocusing gradie
of the samepolarity as that of the slice-selection gradie
was used after the DFP90 pulse. The area of the refocu
gradient was set to 0.5 ms times the amplitude of slice-selec
gradient. The acquired phase-sensitive slice profile shows a
slice-selective 90◦ excitation as expected. The phase purity
t = Tp+1t was also confirmed by using the same DFP90 pu
(Tp+1t = 4.5 ms) to excite bulk water while shifting the tran
mitter frequency over a frequency range covering±2000 Hz.
FIG. 3. Comparison of spin-echo profiles generated by a 4-ms DFP90 p
at (a) 0 ms, (b) 0.25 ms, (c) 0.5 ms, and (d) 0.75 ms after the pulses. Sim
results were also obtained for the DFP30, DFP45, and DFP60 pulses.
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FIG. 4. A phase-sensitive excitation profile generated using a 4-ms DFP
pulse to select a 1-cm axial slice. A 0.5-ms refocusing gradient of the sa
polarity as that of the slice-selection gradient was used after the DFP90 p
The area of the refocusing gradient was set to be 0.5 ms times the amplitud
slice-selection gradient. A 10-cm water phantom was used for the test.

Results similar to those of E-BURP-1 with1t = 0 (2) were
obtained without adjustment of phase control (data not show

Figure 5 shows the simulated pulse excitation profiles gen
ated by a DFP90 pulse (Tp = 4 ms,1t = 0.5 ms) atT2 = 100
and 20 ms, respectively.T1 was set to 2 s ineach case. Clearly, the
degradation of the selectivity of the slice profile under these c
ditions is negligible. The only significant change is the unavo
able decrease in the magnitude of the selected signal inten
The magnitude of the on-resonance magnetization under var
T2 relaxation conditions fits to a single exponential (Eq. [2]). T
decrease in signal intensity due to relaxation of the transve
components duringTp +1t is shown in Fig. 6. In Eq. [2],τ is

FIG. 5. Simulated spin-echo profiles generated by a 4-ms DFP90 pulse

ulse

ilar
shortT2 (T1 = 2 s). (a)T2 = 100 ms. (b)T2 = 20 ms. Solid lines are absorptive
magnetization; dotted lines are dispersive magnetization.1t = 0.5 ms for both
cases.
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FIG. 6. Plots of the decay of on-resonance magnetization as a function oT2

(T1 = 2 s). Pulses shown are the following: 90◦ five-lobe sinc, closed diamonds
E-BURP-1, open squares; DFP90, open circles; DFP60, closed triangles; DF
open triangles; DFP30, closed circles.

equivalent to the TE of a hard pulse spin-echo sequence that
erates the sameT2 relaxation effects. Theτ/(Tp+1t) ratios for
the five-lobe sinc pulse, the E-BURP-1 pulse, and the delay
focus pulses are also listed in Table 1. As shown in Table 1,
extent of signal attenuation for the DFP pulses is similar to t
of the prefocused E-BURP-1 pulse. Note that the effects of s
T2 relaxation times are independent of the absolute value oT2

or pulse length and are instead dependent only on the ratio
the relaxation time toTp+1t . For example, the effects observe
for a pulse length (including1t) of 5 ms andT2 = 20 ms would
be the same for a pulse of 2.5 ms andT2 = 10 ms for the same
pulse shape and the same1t/Tp.

DISCUSSION

Although not shown under Results the effects ofB1 inho-
mogeneity on the selectivity of the DFP pulses have also b
simulated using Bloch equations. For a±5% variation inB1

the degradation of the slice profiles generated by DFP pu
is negligible, similar to that of the E-BURP-1 pulse (2). This
is because the RF distribution of the DFP pulses is simila
that of the E-BURP-1 pulse, leading to similar tolerance ofB1

inhomogeneity.
Similar to the spin-echo pulses, one potential application

the DFP pulses is in two-dimensional heteronuclear (e.g.,31P,
19F, or 13C) spectroscopic imaging where the phase-encod
gradients can be inserted in the predefined short delay1t .
Due to the shortT2 of many phosphorus components (16)
chemical shift images of phosphorus-containing metabolites
usually acquiredin vivo using a simple pulse–acquire schem
with a short delay prior to data sampling to allow for inserti

of phase-encoding gradients. The evolution of magnetizat
during the phase-encoding gradients leads to baseline disto
and therefore complicates metabolite quantitation (17). Post-
CUS PULSES 237
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acquisition data processing methods such as backward li
prediction requires high signal-to-noise ratio frequently not
cessible in clinical studies. To overcome this difficulty a short-T
spin-echo method using hard pulses (18) has been developed fo
three-dimensional phosphorus chemical shift imaging. An al
native approach would be to apply the concatenated spin-e
pulses or the delayed-focus pulses for two-dimensional s
echo spectroscopic imaging of phosphorus using the1t delay
prior to acquisition for insertion of phase-encoding gradient

Since in vivo 31P signals have relatively longT1 values
(À4.5 ms, Ref. (19)) only degradation of pulse profiles due t
shortT2 relaxation times (13–15) is considered here. As show
in Fig. 5 shortT2 relaxation of cerebral phosphorus-containin
metabolites underin vivo conditions has no appreciable effe
on the selectivity of the DFP pulses. This is due to both the sh
pulse duration achieved (Tp + 1t = 4.5 ms, RF peak ampli-
tude= 831 Hz for the DFP90 pulse) and the optimal trajecto
of the magnetization during the course of RF excitation. T
extent ofT2 relaxation during a RF pulse depends on the d
ration of the pulse and the deviation of the magnetization fr
equilibrium produced by each increment of the RF pulse
dinate. Using DFP pulses the deviation of magnetization fr
equilibrium is minimal during the first one-third of the puls
duration. The effective TE (=τ ) for T2 relaxation during the
pulse and the extra1t delay is 2.2 ms for the DFP90 pulse wit
Tp = 4 ms and1t = 0.5 ms. Figure 6 demonstrates that th
T2 relaxation during the RF pulses can fit to a single expon
tial. Therefore, the effective relaxation TE is independent ofT2

differences between different metabolites, which may cha
under pathological conditions. This will simplify the proce
of quantification because the effective relaxation TE is identi
for all 31P-containing metabolites. The measured signal inten
can be corrected for relaxation loss usingT2 values measured
in vivo. In the worst cases, e.g.,T2 = 20 ms, theT2 relaxation
loss is 10.4% for an effective relaxation TE of 2.2 ms.

Since data acquisition using DFP pulses starts at the ce
of the spin echo no baseline distortion is expected when
plied to heteronuclear chemical shift imaging. Neither the s
(t0 = Tp/2) nor the prefocused pulse (t0 = Tp) can produce a
slice selection and in-phase signals at a predefined delay.
has been verified using numerical simulation with both a fiv
lobe sinc and an E-BURP-1 pulse causing baseline distortio
Baseline distortion was found to be worst with sinc pulses
cause the center of time for evolution of magnetization is with
the RF pulse per se. No distortion was found for DFP pulses

Using a single RF pulse to generate a selective spin echo
also been proposed by Pauly and Macovski (9, 10). They first
used the SLR-based direct design method and obtained a p
generating a delayed spin echo. Later a series of concaten
spin-echo pulses was optimized using the SLR method (20).
The first half of the spin-echo pulse performs a prefocused◦
ion
rtion
excitation. The second half of the spin-echo pulse performs a
prefocused 180◦ refocusing. Therefore the concatenated pulse
can generate a selective spin echo. The optimized spin-echo
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pulses have been successfully applied toin vivotwo-dimensional
spectroscopic imaging of phosphomonoesters (PME) and p
phodiesters (PDE) (20). In that study, an approximately 6-m
60◦ spin-echo pulse (peak RF amplitude= 1000 Hz) was used
to generate an echo time of 2.5 ms. Theτ value characteriz-
ing T2 loss during the spin echo was not calculated. Using
DFP pulsesT2 loss during theTp+1t period was significantly
reduced due to both the shortened total pulse duration (w
lower RF peak amplitude) and the optimal trajectory of ma
netization during the early period of the pulse. A further im
provement achieved by the DFP pulses is the elimination
phase cycling which is necessary to cancel dispersive mag
zation when the concatenated spin-echo pulses are used for
selection.

Interestingly, the DFP90 optimized by the mechanical s
ulated annealing routine is very similar to the 90◦ D-BURP-1
pulses optimized by the much more flexible evolutionary alg
rithm (8). On the other hand, their pulse shapes are very diffe
from that of the 90◦D-BURP-2 optimized using the evolutionar
method and that of the 90◦ spin-echo pulses optimized using th
SLR method. The D-BURP pulses are all 90◦ excitation pulses
the small flip angle DFP pulses optimized using simulated
nealing are all significantly different from the correspondi
spin-echo pulses (20) which have more complex pulse shap
and also require more RF power.

In conclusion, we have shown that the delayed-focus pu
of various flip angles can be obtained using a combined fi
Fourier representation and simulated annealing method. T
pulses can be readily applied toin vivomagnetic resonance imag
ing experiments.
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