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The effect of using self-refocused RF pulses of comparable duration to relaxation times is studied in detail
using numerical simulation. Transverse magnetization decay caused by short T2 and longitudinal compo-
nent distortion due to short T1 are consistent with other studies. In order to design new pulses to combat
short T1 and T2 the relaxation terms are directly inserted into the Bloch equations. These equations are
inverted by searching the RF solution space using simulated annealing global optimization technique. A
new T2-decay efficient excitation pulse is created (SDETR: single delayed excursion T2 resistive) which is
also energy efficient. Inversion pulses which improve the inverted magnetization profile and achieve bet-
ter suppression of the remaining transverse magnetization are also created even when both T1 and T2 are
short. This is achieved, however, on the expense of a more complex B1 shape of larger energy content.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

When imaging samples with very short T2 (e.g. bone, tissue in-
jected with contrast agent, or porous media) it is desirable to start
acquiring signal immediately after the end of the RF excitation
pulse. This has been achieved using self-refocused pulses which re-
move the need for applying gradient reversal usually needed for
rewinding spins’ accumulated linear phase. The family BURP
(band-selective uniform-response pure-phase) RF pulses [1] have
been designed using optimization techniques. Although these
pulses shorten total excitation time spins still relax during the
excitation leading to reduced NMR signal. In many cases the design
criteria have ignored relaxation processes by assuming that both
relaxation times T1 and T2 are much longer than the RF pulse dura-
tion (L). While this assumption is correct in many cases especially
when short RF pulses (known as hard pulses) are used to excite
bulk samples, however, there are applications in which relaxation
times have to be taken into account when they become compara-
ble to L. For example T1 is shortened considerably in T1-weighted
dynamic contrast-enhanced imaging and also when paramagnetic
impurities and surface relaxation make T1 comparable to L in por-
ous media imaging.

Many studies have analyzed the effect of short relaxation times
(in particular T2) on the NMR signal [2-6]. This was done by insert-
ing already known RF profiles (e.g. Burp, Gaussian, sinc, SNOB, etc.)
into the forward calculation of the Bloch equations using numerical
techniques. Others have attempted to take into account the effects
of relaxation into the design of the RF pulse [3,7-9]. This is usually
a more demanding problem since it involves inverting the Bloch
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equations and the design will be tailored to specific value of T1
and T2, and therefore may not be optimum for exciting all values
of T1 and T2.

Results obtained here confirm most of the studies referenced in
this work that short T2 attenuate magnetization in the selected
slice region while short T1 produce significant distortions in the
profiles. We extend this work by seeking new slice-refocused RF
profiles that reduce the effects of short relaxation times.

2. Theory

We use simulated annealing (SA) global optimization tech-
niques [1,10-12] to synthesize self-refocused RF pulses (B1 pro-
files). Typically the annealing procedure relies on gradually
reducing an initial value (Ty) of a control parameter (temperature
analog in thermodynamics) by a small amount (temperature step
AT). At each temperature a series (N) of random search processes
are performed to search for the minimum of an error function at
certain system configuration. The system variables are the set of
desired B1 values. The error is the mean square difference between
the target response and the excited magnetization. The latter is cal-
culated by numerically solving the Bloch equations, using Runge-
Kutta-Fehlberg 6th order method [13]. In this work, and unlike
previously published reports on SA, we include the relaxation
terms in the Bloch equations to investigate the RF profiles under
conditions when T1 and T2 are comparable to L. The Bloch equa-
tions then become as in Eq. (1)

%:y(MxB)—RMerMO (1)
where M = (My,M,,M,)" is the magnetization column vector, B is
the effective RF field in the laboratory frame, and y is the gyromag-
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netic ratio. R is a 3 x 3 diagonal matrix with elements R2, R2, and
R1, and 1\710 = (0, O,MO)T is the thermal equilibrium magnetization
column vector.

The frequency response is discretized into M elements covering
the slice selection direction for the three magnetization compo-
nents (My, i=1, 2, 3 for the x, y, and z components respectively,
and j=1 to M for the space elements). The target magnetization
profile (M?frget, with similar meaning for the indices i and j as be-
fore) is the desired magnetization response due to the application
of the RF pulse. The RF pulse can be, for example, a 7/2 excitation
pulse or a 7 inversion pulse. The objective (or error) function (Eq.
(2)) that we seek to minimize is

3 M
objective = " (M,Fj*“get -
i-1 =1

Constraints on the maximum and minimum permissible values of
the magnetization components (M;”" and ij‘?‘””) are also defined.
The number of the constraints along each axis can be smaller than
the maximum M if some regions of the frequency response are left
unconstrained for some or all of the magnetization components. For
example, the transition region between the excited slice and sup-
pression (unexcited) regions is unconstrained for all magnetization
components, while the M, component is left free in the excited slice
region for the excitation pulse [1]. For this work we have con-
strained all magnetization components according to Eq. (3) to de-
sign a 7/2 excitation pulse
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Mp is set to unity and €ower and &ypper are the tolerance values (set
to 0.001). AF is the slice thickness and JF is the transition region
width, both in Hz.

In order to speed up the optimization process the constrained
problem is transformed into an unconstrained one. This is achieved
by inserting the constraints into the error function using the meth-
od of penalties [13,14]. The contribution of the constraints is con-
trolled through the weighting or emphasis factors oy, i =1, 2, 3 for
the x, y, and z components, respectively (chosen for the results pre-
sented here to be equal to each other). The objective function then
becomes

objective = 23: {Z (Mtarget ij) T o (}ZM; (MUDper _ j)z

i=1

M ower_ 1r \2
306wy

L is chosen to be 3.0 ms and modeled discretely by 30 ordinates and
the maximum number of constraints M is set to 64 in this work.
Searching the error surface for the minimum error is accomplished
by varying the B1 profile. This is implemented indirectly through
the use of Fourier series coefficients [1,11] with six harmonics
yielding a total of 13 adjustable coefficients. This procedure ensures
continuous and smooth RF profile [15] and reduces the computa-
tional task by searching through a smaller dimensional space (i.e.
13 instead of 30). The B1 waveform is given by Eq. (5)

6
B1(t;)P = ap + ) _ a, cos(nwot;) + by sin(nwot;)
n=1

i=1,2,...,30 (5)

wo = 27/L is the fundamental frequency.
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Fig. 1. A 1/2 excitation pulse is optimized using constraints applied to all magnetization components over all frequency regions (extended constraints BURPx) as opposed to
the BURP pulses (which have no constraints over the z-component). Excited magnetization component is improved slightly (A and B). Furthermore, the BURPx profile (D)
appears slightly shorter than BURP and therefore will be adopted as a standard for comparison with other designed pulses in this work. Similar out of phase transverse

magnetization (C) are produced by the two pulses.
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We investigate the effect of different values of T1 and T2 on the
design of the RF profile and hence the magnetization response.
Combinations of T1 and T2 values include infinite T1 and T2 (val-
ues set to 1 x 10" seconds in the programming code) along with
three other values: L/2, L, and 2L. The design of pulses will consider
both excitation and inversion pulses. We also emphasize the
importance of careful selection of the optimization parameters
on the type of RF pulse produced by the simulation annealing pro-
cess. Among these parameters are the weighting coefficients «; (ta-
ken to be all equal to 0.1 in the results presented here),
temperature step (AT ~ 0.005 to 0.1), the maximum number of
search iterations (N ~ 3000 to 10,000) at each temperature, and
the initial temperature Ty ~ 2.0.
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3. Results

The effect of extending the range of the applied constraints to
all regions of the frequency response for the three magnetization
components is shown in Fig. 1. Both responses from the standard
BURP [1] pulse and that of the extended-constraints pulse (referred
to as BURPx) are overlaid with the target response for the trans-
verse and longitudinal components. Both relaxation times are as-
sumed infinite compared to pulse duration (T1 and T2 ~ inf). The
response profiles are very similar to each other (as expected due
to the similar constraints) with slight improvement in the slice
delineation using the extended constraints method (Fig. 1A and B
show BURPx magnetization closer to the target than those pro-
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Fig. 2. The BURPx RF profile that was optimized for infinite relaxation times is tested for samples of shorter T2 (T1 ~ inf). As expected the absorbed magnetization (M, ) suffers
increasing decay with decreasing T2 (A) while the longitudinal component exhibits greater broadening (B). The dispersion transverse profile (not shown here) suffers similar
decay as experienced by the absorption component. Values of T2 are inf, 2L, L, and L/2 while T1 ~ inf.
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Fig. 3. A T2 attenuation resistant RF pulse (SDETR) is optimized. SDETR exhibits a single main delayed RF excursion which leaves magnetization vector closer to transverse
plane for shorter time and hence less T2 decay. T2 values are directly inserted into the design (RF synthesis) process by including relaxation terms into Bloch equations. This
yielded new RF profiles (A) according to the T2 value used. Initially when T2 is reduced to 2L the design responds by maintaining the same RF profile but increasing its
amplitude. When T2 is reduced further a more efficient RF profile becomes necessary (SDETR). The transverse and longitudinal magnetization components produced by
various RF profiles are shown in (B-C), respectively, and its amplitude reflects the corresponding T2 values.
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duced by BURP). As expected the RF profiles have the same general
shape and similar peak values except that the extended-con-
straints pulse peaks at a slightly earlier time and it appears shorter
than BURP by 3%. Geen and Freeman [1] adopted similar approach
by extending the range of the constraints for the dispersion com-
ponent in order to improve phase purity. In all results to follow
we have adopted the all constraints method (BURPX).

To show the effect of short T2 on the excited magnetization the
7t/2 BURPxX pulse (that was optimized under infinite values of T1
and T2) will be tested with samples of small T2. BURPX is used in
the forward calculation of Bloch equations, however, with three
shorter T2 values: T2 = L/2, L, and 2L (Fig. 2). The absorption profile
suffers a corresponding decreasing magnitude ~40%, 60%, and 75%
of that corresponding to infinite T2, but little degradation in the
shape of the profile (Fig. 2A). The longitudinal component suffers
increasing broadening while the dispersion magnetization is
diminishing with decreasing T2 (Fig. 2B-C). This behavior would
be similar to other pulses such as BURP, Gaussian, sinc, etc. We at-
tempt to reduce this transverse magnetization decay.

Thus far we have concerned ourselves with the design of a refo-
cused pulse under ideal relaxation conditions, i.e. infinite T1 and
T2. We turn our attention now to the design of RF pulses under
short T2 (T1 is kept infinite initially). The relaxation decay terms
are included into the Bloch equations used to search the solution
space for RF pulses with short values for T1 and T2. Different opti-
mized RF profiles are shown in Fig. 3A. Decreasing T2 from infinity
to T2 = 2L, yielded a similar RF pulse to BURPx with delayed peaks,
and larger amplitude of the maximum peak (36%). However,
decreasing T2 further (i.e. T2 =L and L/2) yielded a new RF profile
that has a single main peak delayed to the end of the RF duration.
We refer to this pulse SDETR: single delayed excursion T2 resistive
pulse. The magnetization produced by these four pulses is shown
in Fig. 3B-C and its amplitude reflects the values of T2.

The improved performance of the new SDETR pulse is detailed
in Fig. 4 which shows a comparison between SDETR and BURPx
pulses and is emphasized by an additional comparison with a stan-
dard non-refocused sinc pulse. The relative gain in the absorption
magnetization produced by SDETR pulse is larger for smaller T2
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Fig. 4. The transverse magnetization gain produced using SDETR (optimized for short T2) is emphasized in comparison with BURPX (optimized for infinite T2) and a standard
non-refocused sinc pulses over different T2 values. M, values for SDTER and BURPX pulses are: 0.7M, and 0.4My at T2 = L/2, 0.8 M, and 0.6M at T2 = L, and 0.85M, and 0.75M,
at T2 = 2L. The gain in the absorption profile is sometimes offset by a larger undesired dispersion component (G-I) while the M, components are similar (D-F). The title of the
figure represents the values of T1 and T2 used in the calculation of the magnetization (i.e. forward calculation of the Bloch equations) while the legend shown inside the figure

indicates the values used in the synthesis of the RF pulses.
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values as clearly shown in Fig. 4A-C. The excited magnetization
reaches magnitudes of 70%, 80%, and 85% of that corresponding
to infinite T2 (i.e. compared to those produced by BURPX) for the
T2 values of L,/2, L, and 2L respectively. Recall that applying BURPx
under short T2 values produces 40%, 60%, and 75% magnetization
peaks only (Fig. 2A and 4A-C). The longitudinal and dispersion
transverse components are shown in Fig. 4D-F and G-I, respec-
tively. The dispersion profiles produced by SDETR are of higher
amplitude than BURPx. Notice comparison with BURPx is almost
equivalent to comparison with the standard Geen pulse BURP
due to similar profiles and magnetization.

We extend the RF synthesis by studying T1 relaxation next. RF
excitation pulses have been optimized under short T1 and T2 con-
ditions and the resulting profiles are compared with those pro-
duced by BURPx (i.e. infinite T1 and T2). Three sets of values are
chosen for T1 and T2: L/2, L, and 2L (satisfying the obvious limit
of T2 < T1). Generally the RF profiles depart from the standard
BURPx shape with more than one single RF excursion of dominant
amplitude, and generally larger amplitude for the peaks (Fig. 5A).
The absorption response and the longitudinal profiles are shown
in Fig. 5B-C for the four pulses shown in Fig. 5A. We now compare
these T1 and T2 optimized pulses (abbreviated as T12 pulses) with
BURPx and standard sinc pulses. Although larger absorption pro-
file is produced with the T12 pulses than BURPx (for T1 =T2 =L/
2 and L but not for 2L), however, significant distortion exists in
both pulses (Fig. 6A-C). This characteristic “melting” down effect
has been reported before by Hajduk et al. [5] and Nullizard and
Freeman [7] where shoulders droop down relative to the center.
The dispersion profiles (Fig. 6G-I) show similar amplitudes, how-
ever, with more oscillations for the T12 optimized pulses than for
BURPx.

Fig. 7A shows a 7 inversion pulse optimized under infinite T1
and T2 values (I-BURPx) along with the magnetization response
(Fig. 7B). This is basically the pulse produced by Geen and Freeman
[1]. The objective is to produce a fully inverted longitudinal com-
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T12 Pulses

Time (ms)

ponent within the selected slice in addition to minimal transverse
magnetization. Although dephasing gradient lobes can be applied
after slice selection to nullify the remaining transverse magnetiza-
tion (Fig. 7B) this would be considered undesirable for applications
with short T2. The objective of the following optimization is to re-
duce remaining transverse magnetization while improving or at
least not compromising M,. Pulses are optimized for various com-
binations of T1 and T2 and the excited magnetization will be com-
pared with those produced by standard I-BURPXx pulse (optimized
under infinite values of T1 and T2—Fig. 7A). The results can be
summarized as follows:

e T1, T2 = (inf, L/2), Fig. 8A-D: the optimized pulse has smaller
both peak amplitude and energy. It also exhibits a single large
excursion similar to SDETR, however, followed and preceded
by smaller excursions. While the inverted magnetization is very
similar to that produced by [-BURPx the transverse components
are greatly reduced (Fig. 8C-D) which represents great
advantage.

e T1, T2 =(inf, L), results not shown here: similar pulse profile and
magnetization response to those for (T1, T2) = (inf, L/2) above.

e T1, T2 =(L/2, L/2), Fig. 8E-H: imposing short T1 in addition to
short T2 in the optimization procedure produces a multi-peak
RF pulse with larger power and energy. The inverted magnetiza-
tion (Fig. 8F) is much cleaner than that produced by a pulse
which did not take into account the sample’s short T1 and T2.

e T1, T2=(L, L), results not shown here: the optimized pulse
improves M, while the transverse components produced are
similar to the case discussed above.

We have demonstrated that simultaneously T1 and T2 opti-
mized inversion pulses offer improved longitudinal and transverse
magnetization responses.

In order to emphasize the stability of these new designed pulses
we have applied the SDETR pulse (/2 excitation optimized under
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Fig. 5. RF pulses (A) exhibit more excursions than BURPx when optimized under short T1 and T2 simultaneously. The peak power increases with shortening relaxation times.
Significant distortion still exists in the absorption profiles due to short T1. Magnetization components appearing in (B-C) do not show monotonic behavior with either T1 or
T2 values (i.e. maximum M, due to T1=T2 = 2L appears intermediate to the other two M, profiles) because of the competing effect of the two relaxation times.
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distortion due to short T1. The penalty is more oscillations and slightly larger peaks in the undesired dispersion profiles (G-I). The longitudinal profiles are similar (D-F).

Fig. 7. Self-refocused 7 inversion pulse optimized under both T1 =T2 ~ inf (A). This is basically the standard pulse produced by Geen and Freeman [1]. Although inverted
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magnetization has good shape the remaining transverse magnetization is large (B).

T1 ~ inf, and T2 = L) to samples with different values of T1 and T2.
In particular we show that magnetization profiles are stable (e.g.
M, never exceeds My) even when T1 is short (i.e. faster magnetiza-

tion recovery) or when T2 is long (i.e. slower magnetization decay)
as shown in Fig. 9. For many of the pulses developed in this work
we have listed the Fourier coefficients of the RF pulses in Table 1.
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Fig. 8. New self-refocused 7 inversion pulses optimized under various values of T1 and T2 simultaneously. The new pulses are compared with the standard pulse (A). (A-D)
shows the effect of the new pulse in suppressing remaining dispersion component when T2 alone is reduced to L/2. When both T1 and T2 are reduced to L/2 (E-H) the new
pulse manages to improve the severely distorted inverted magnetization on the expense of a more complex RF profile. No further suppression of transverse magnetization is

achieved.

4. Discussion and conclusions

Many studies have concentrated on the analysis of magnetiza-
tion behavior under conditions of short relaxation times com-
pared to RF pulse duration [2-6]. This is usually accomplished
by inserting the relaxation terms into the Bloch differential equa-
tions and forward calculating magnetization solution using
numerical simulations. Changing the value of T2 while assuming
an infinite value of T1, or changing both T1 and T2 simulta-
neously elucidates the effects of relaxation on the transverse
and longitudinal magnetization components. In this work, we
have studied self-refocused RF pulses where gradient reversal is
eliminated from the slice selection process. Our results confirm
those obtained previously by other workers [3,5] that short T2
values severely attenuate transverse magnetization while the lon-
gitudinal component is unaffected. Short T1 (which is accompa-
nied by short T2 due to the limitation T2 <T1) leads to
additional distortion of the absorption profile and broadening of
the longitudinal profile.

Other studies have attempted to design RF pulses that combat
the effects of short relaxation times [7-9,16-20]. These were pre-
ceded by the original work of Torrey [21] in which a rectangular
RF pulse was applied and an analytical solution to Bloch equations
was sought. In order to find an analytical solution most of the above
workers had to make certain assumptions about many factors such
as resonance conditions, small tip angle excitation, etc. Nuzzilard
and Freeman [7] adopted a similar approach to ours by effectively
attenuating the target profile by a numerical factor based on relax-
ation times. An average value was chosen to account for both small
relaxation losses when the magnetization vector lies near the z-
axis, and large relaxation losses when the vector is near the trans-
verse plane. No RF profiles were reported in their work but only
magnetization responses. Our approach continuously calculates
the magnetization reduction factor instantaneously at all stages of
the magnetization vector rotation under the effect of the RF pulse.

This approach yielded more T2-relaxation efficient RF pulses. For
a 1/2-excitation the pulse (SDETR) produced under the condition
T2 =L/2 contains a single large peak delayed to the end of pulse
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Fig. 9. The magnetization response calculated for different values of T1 and T2 (as shown in the legend). However, the RF pulse used was optimized under T1 ~ inf and T2 = L.
The bounded magnetization emphasizes the stability of these pulses and their usefulness because their application is not limited to the value it was optimized for only.

Table 1

Fourier coefficients (in UT) for various pulses used in this work. The values of relaxation times are given and also the figure number where the pulse appeared.

Pulse type BURP BURPx BURPx SDETR T12 T12 T12 T12
Flip 90 90 90 90 90 180 180 180

T1 Inf Inf Inf Inf L[2 Inf Inf L2

T2 Inf Inf 2L <L L2 Inf L2 L2
Figure 1D 1D 3A 3A 5A 7A 8A 81

ap 2.244 1.885 2.000 -5.792 1.956 3.688 3.498 3.696
a; 8.299 5.601 9.036 —4.387 29.612 6.290 —5.264 7.045
ay -11.031 -9.997 —9.051 3.594 -15.819 —4.268 —0.209 3.765
as 0.809 2316 -3.681 2.983 —5.458 —-3.649 2.081 —-5.078
a, 0.441 0.455 0.960 0.712 —4.404 -0.921 -0.687 10.723
as 0.289 —0.286 0.712 -0.274 -1.384 0.169 0.421 —7.036
ag -0.273 -0.122 0.651 -0.307 1.204 0.342 0.161 -4.614
b, —7.884 -8.918 —4.101 8.262 17.644 —4.994 5.638 -2.676
b 0.151 4.728 -11.749 6.879 —3.805 -10.590 —8.268 -12.661
b3 2.140 1.020 5.177 0.043 6.307 0.543 1.797 —9.686
by 0.397 -0.215 1.412 -0.925 —4.338 1.192 0.001 —-0.552
bs —0.462 —-0.435 0.538 —0.400 —-0.837 0.656 -0.319 11.909
bs -0.072 0.240 —0.431 0.037 -1.510 0.047 0.195 —2.347

duration. This ensures thatlittle magnetization exists near the trans-
verse plane subject to T2 relaxation. Significantly, the peak ampli-
tude of this new pulse is only 23% greater than that optimized
under infinite T2 while its energy (the sum of the amplitude squared)
is less by 9%. This is characteristically similar to minimum energy
pulses profiles found analytically by inverse scattering transform
[22]. A similar pulse was optimized for inversion with good perfor-
mance under short T2 values. In this case a smaller amplitude excur-
sion (Fig. 8A) is needed to fully invert magnetization while at the
same time reducing the transverse magnetization significantly
(Fig. 8C). This is very important since it would not be useful (time
wise) if one has to apply dephasing lobes after a RF pulse which is
meant to be a self-refocused pulse. When both T1 and T2 are shorter
than the pulse duration the optimized pulse managed to improve the
inverted profile significantly (Fig. 8F), however, on the expense of
fast varying B1 profile associated with large energy (Fig. 8E).

The bounded magnetization values (shown in Fig. 9) emphasize
the stability of these pulses and their usefulness because their
application is not only limited to the relaxation times they were
optimized for.

Although some RF profiles have been presented here, many (in-
deed infinite [1,9,22]) solutions exist when searching for a global
minimum in a large dimensional space. The choice of search
parameters can lead to many different RF solutions with similar
magnetization profiles. For example, we have found that increasing
the maximum number of search steps (e.g. from N=3000 to
N=30,000) may produce similar overall error values, however,
with no unique RF solution. Some of these profiles are undesirable
because they may have many excursions or large peak values. Also,
changing the weighting factors (o) can force the solution to switch
between BURPx and SDETR profiles under short T2 conditions. In
dimensionally large optimization problems, single error value is
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Table 2

The search procedure converges to different RF solutions according to the values of
various parameters used in the optimization algorithm. Ty is the initial annealing
temperature, AT is the temperature step, £op; is the tolerance for the overall objective
function while é&jower and &ypper are the lower and upper tolerance values for the
magnetization amplitudes. o; are the weighting factors associated with the objective
function.

Profile 1 2 3 4
# Fourier Coef. 6 6 6 6
w (x Wo) 1.0 1.0 1.0 1.0
Elower aNd Eypper 0.001 0.001 0.001 0.01-0.1
£0bj 0.0001 0.0001 0.001-0.01 0.0001
N 10,000 3000-10,000 10,000 10,000
To 2.0 2.0 2.0 2.0
AT 0.1 0.005-0.1 0.1 0.1
o 0.1-4.0 0.1-4.0 0.1 0.1
T1 Inf Inf Inf Inf
T2 Inf L L L

40

Profile 1

—6— Profile 2
——— Profile 3

20 - Profile 4
=
2 0
o
-20
405 1 2 3

Time (ms)

Fig. 10. Some RF profiles produced by different choices of the optimization
parameters as listed in Table 2.

not usually sufficient to decide on the optimum profile. One has to
also consider the shape of the profile produced and in particular
the number of excursions and maximum peak amplitudes. We
have summarized few parameter values among the many we have
investigated in Table 2 along with few RF profiles produced
(Fig. 10). For example, an increase in the number of Fourier coeffi-
cients may limit the effect of other parameters such as the number
of iterations or renders the solution unstable. We are considering
further quantification of the effects of the optimization parameters
for future work.
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