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Synopsis
Multiband pulses can have long durations, which can be reduced by applying the VERSE approach to
optimise the combination of gradient and RF to make full use of available hardware performance.
The resulting time-varying gradients are demanding and can lead to excitation errors on non-ideal
gradient systems. In this work we incorporated the measured gradient impulse response function
(GIRF) into an iterative VERSE design method and validated the result using simulation and
experiments.

Purpose
Durations of multiband pulses for simultaneous multislice imaging (1) are longer than single-band
equivalents. Phase-optimizing (2), time-shifting (3) and Root-flipping (4) can reduce pulse duration
by modifying the relative properties of component slices. These methods use the constant selection
gradients; further efficiency gains can be achieved by using time-variable gradient waveforms.
Examples of variable gradient methods were used in last year’s ISMRM pulse design challenge
(5),(6). Time-optimal pulses may demand rapidly varying gradient waveforms that real gradient
systems may not be able to accurately reproduce (7), resulting in excitation errors. However, it has
been shown that gradient performance may be modelled as linear time invariant and hence
characterised by a gradient impulse response function (GIRF) (8).
In this work we developed a simple method to update designs from the time optimal VERSE
framework (5) using a measured GIRF to produce feasible short-duration multiband waveforms.

Theory
When supplied with an RF pulse 𝐵1 (𝑡) and gradient waveform 𝐺(𝑡) the time optimal VERSE
algorithm will return a minimum duration version 𝐵1𝑣 (𝑡) and 𝐺 𝑣 (𝑡) that has been distorted in time
such that either 𝐺 𝑣 (𝑡) is running at slew/maximum amplitude limits or 𝐵1𝑣 (𝑡) is at its maximum

value for as much of the duration as possible. The VERSE algorithm optimises the two waveforms
while preserving their ratio:
𝑊(𝑠) =

𝐵1 (𝑠)
𝐺(𝑠)

𝐵𝑣 (𝑠)

= 𝐺1𝑣 (𝑠)

(1)
𝑡

where s is a k-space arc length parameter defined as 𝑠(𝑡) = 𝛾 ∫0 𝐺(𝜏)𝑑𝜏. The problem with nonideal gradient performance is that the demanded gradient waveform 𝐺𝑑𝑒𝑚 and the actually realised
waveform 𝐺𝑎𝑐𝑡 are not the same, but are related by convolution with an impulse response function
𝐻(𝑡):
𝐺𝑎𝑐𝑡 (𝑡) = 𝐺𝑑𝑒𝑚 (𝑡)⨂𝐻(𝑡)

(2)

The VERSE algorithm deals with 𝐺𝑑𝑒𝑚 since this is the waveform fed to the scanner which is subject
to explicit hardware limits. However the magnetization sees 𝐺𝑎𝑐𝑡 . Hence, although the VERSE
𝑣 (𝑠)
𝑣 (𝑠)
method ensures that 𝐺𝑑𝑒𝑚
meets the condition in Eq.(1), 𝐺𝑎𝑐𝑡
does not: this violation leads to
excitation errors as illustrated in Figure 1. Incorporating equation 2 into the VERSE method is a
challenge that is as yet unresolved.
Iterative correction method:
𝑣 (𝑡),
𝑣 (𝑡)
A simple correction can be achieved as follows; run VERSE to find 𝐺𝑑𝑒𝑚
then compute 𝐺𝑎𝑐𝑡
𝑣 (𝑡)
from 𝐺𝑑𝑒𝑚
using equation 2. The realized k-space trajectory can be found by
𝑡

𝑣 (𝜏)𝑑𝜏
𝑠𝑎𝑐𝑡 (𝑡) = 𝛾 ∫0 𝐺𝑎𝑐𝑡

(3)

and the ratio of amplitudes for the realized k-space trajectory 𝑊(𝑠𝑎𝑐𝑡 ) can be found by resampling
𝑊(𝑠) from the first iteration onto 𝑠𝑎𝑐𝑡 (𝑡). The corrected RF pulse is found as 𝐵1𝑣,𝑐𝑜𝑟𝑟 (𝑠𝑎𝑐𝑡 ) =
𝑣,𝑐𝑜𝑟𝑟
𝑣 (𝑠
𝐺𝑎𝑐𝑡
is not
𝑎𝑐𝑡 )𝑊(𝑠𝑎𝑐𝑡 ) and is reparametrized to time using equation 3. However 𝐵1
guaranteed to meet its peak amplitude constraint, and will almost certainly violate it. Instead the
𝑣
constraint can be met by feeding 𝐵1𝑣,𝑐𝑜𝑟𝑟 and 𝐺𝑑𝑒𝑚
back into the time-optimal VERSE algorithm and
iterating (Figure 2). Convergence is typically achieved within 100 iterations (computation time 3-5
minutes on i7-4810MQ CPU @ 2.80GHz).

Methods
Numerical Simulations
Phase-optimized multiband pulses (90° excitation and 180° refocusing) were designed for a range of
multiband factors and slice separations and time optimal VERSE applied as described in (5) (Figure
1b, maximum gradient amplitude 40 mTm-1 and slew 200 Tm-1s-1, peak 𝐵1 13𝜇𝑇). Modified designs
were then produced using a GIRF for a Philips Achieva 3T system, which was estimated using imagebased gradient measurements combined with chirp-based gradient waveforms with different
bandwidths
Experiments
This method was validated on the described 3T system by measuring slice profiles for excitation
pulses in a doped water phantom (𝑇1 = 270ms) using a gradient echo sequence with the RF flip angle
scaled to 20° to avoid saturation effects.

Results
Simulation results for a range of multiband factors and slice separations are shown in Figure 4. Timeoptimal VERSE reduced the duration of phase-optimized pulses by 80%, and root-flipped by 46% on
average. The resulting rapidly modulated gradient waveforms lead to excitation errors, as shown on
Figure 5; the proposed method significantly improves the slice profiles acquired in practice. Once
corrected, phase-optimized pulses are 70%% shorter than constant gradient, while the figure is 31%
for root-flipped pulses.

Discussion and Conclusion
Time-optimal VERSE is a very effective method for reducing durations of multiband RF pulses,
particularly for phase-optimized pulses, whose performance after VERSE is similar to the root-flipped
pulses (Figure 4). The resulting very rapid gradient modulation is however hard to realise in practice.
We propose an iterative method for accounting for gradient imperfections that may be used if the
impulse response function of the gradient system is known. Experimental results demonstrate the
value of this approach. Further improvements could be achieved fully incorporating the GIRF into a
combined RF and gradient optimization. This is the focus of future work.
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Figure 1:
a) Top row: Phase-optimized Multiband 6 waveforms.
b) Second row: The multiband waveforms after the Time-optimal VERSE.
c) Third row: The multiband waveforms after GIRF is taking into account. The RF is corrected based
on the constant gradient waveforms.
d) Fourth row: slice profile comparison for the three methods. The original slice profile is simulated
using ideal gradient, whilst the other slice profiles are simulated using the non-ideal gradient (from
cii).

Figure 2: Pipeline of the iterative optimization method.
Starting from any combination of B1 and Gradient waveform, the waveform are improved by the
Time-optimal VERSE method.
The output RF waveform is discarded, and the gradient waveform is convolved with the GIRF to
simulate the effect of a real gradient system.
The GIRF-corrected RF waveform is calculated such that it gives the exact same slice profile as the
original waveforms.
The algorithm reiterates on the Corrected B1 waveform and the gradient waveform before
convolution such that it conditions itself into producing a gradient waveform which matches the
GIRF-correction.

Figure 3:
Results from the first, fifth and twelfth iteration for a Multiband six pulse. In the first iteration there
is a clear difference between the VERSE-output and corrected RF waveform. Bottom row shows the
excitation profile based on the non-ideal gradient. After multiple iterations the difference between
B1-waveforms, and hence slice-profile becomes negligible and the peak-B1 requirement is met.

Figure 4: Simulated results showing efficiency of the algorithm for Phase-optimized and Root-flipped
refocusing pulses with Time-bandwidth product 4. Effective duration is defined as the duration of
the pulse relative to the duration of a block-pulse with equal peak amplitude and flip angle. The
VERSE+GIRF technique is less efficient than the VERSE only method. Interestingly, both VERSE
versions of Phase-optimized and Root-flipped pulses have similar effective duration.

Figure 5: Experimental results at 3T. The top-row shows slice profiles using a phase-optimized
multiband 6 pulse.
Middle row: By using VERSE, the duration is decreased but the rough gradient waveform cannot be
physically realized by the system. Consequently a distorted slice profile is measured.
Bottom row: By using the VERSE waveforms which incorporate the GIRF, the slice profile is
significantly improved.

