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Abstract The goal of this work was to design improved Chemical Exchange Saturation Transfer MRI
RF pulses applicable to whole-body clinical scanners.
Conventionally, CEST imaging requires a long continuous wave saturation pulse, however, due to hardware limitations, only pulsed saturation is practicable
for in vivo scanners. Consequently, RF pulses with a
duty cycle of 90% are designed by optimal control. The
simulation results were compared to a 100% duty cycle Continuous-Wave pulse and a 90% Gaussian
standard pulse. The optimal control pulse showed superior efficiency to the Gaussian pulse and comparable performance to the Continuous-Wave pulse, while
transmitting less energy to the patient.

The Bloch-McConnell equations in this case include
two proton pools, one pool for bulk water and one pool
for the solute, which are connected via chemical exchange with exchange rate 𝑘𝑠𝑤 from solute pool to
bulk water pool and exchange rate 𝑘𝑤𝑠 from the bulk
water pool to the solute pool. Therein, 𝑀 and 𝐴 dẽ and
scribe the system with chemical exchange and M
̃
𝐴 describe the system without chemical exchange.
Each of the pools are defined individually by relaxation
times 𝑇1𝑤 and 𝑇2𝑤 for bulk water and 𝑇1𝑠 and 𝑇2𝑠 for
the solute pool.
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Chemical Exchange Saturation Transfer (CEST)-MRI
is a specific imaging method that can efficiently detect
various metabolites in the human body undetectable
by conventional MRI [1]. This can be realized by applying a long, off-resonant Continuous Wave (CW)
saturation radio frequency (RF) pulse. However, such
pulses are not always feasible due to hardware limitations and Specific Absorption Rate (SAR) restrictions,
especially on clinical scanners which require pulsed
RF excitation which typically provide much lower saturation, [1]. Optimal Control (OC) is emerging as a
promising tool to find Duty Cycled (DC) pulses that
achieve high CEST-effects while accounting for hardware limitations of clinical scanners. OC CEST pulses
with a DC of up to 90% are designed to challenge CW
pulses and exceed state of the art pulses used on clinical scanners.

Theory and Methods
Bloch-McConnell equations are the basis for describing chemical exchange phenomena in MRI. Explicitly,
they describe a six-dimensional inhomogeneous system of ODEs giving us the temporal evaluation of the
magnetization vector 𝑀(𝑧, 𝑡):
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Introduction
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The optimization problem is given as
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The first integral of Eq. 2 corresponds to the transmitted energy in the 𝐵1 field with the regularization parameter 𝛼. The second term maximizes the difference between the magnetization 𝑀𝑧 with CEST and the mag̃𝑧 without CEST at the saturation offset 𝑧1 ,
netization 𝑀
i.e. maximization of the corresponding CEST peak
weighted with parameter 𝛽. The third term ensures the
maximization of the area under the z-spectrum by integrating over the whole frequency space Ω weighted
by the parameter 𝛾. The design of this cost function
was inspired by [2].
For OC, the DC of the RF-pulse is fixed to a value of
90% with an on time of 𝑡𝑝 = 100 ms and subsequent
off times of 𝑡𝑑 = 12.5 ms (see Tab. 2). 90% DC is chosen to maximize the on time and therefore the dependent CEST effect as well as ensure the feasibility of
measurements on clinical MRI scanners. For performance review, the simulation is also conducted for a
CW pulse with a DC of 100% and a Gaussian standard pulse with the same 𝑡𝑝 and 𝑡𝑑 times as the OC
pulse. The Gaussian standard pulse is a Gaussian
function filtered with a cosine window which is directly
taken from [3]. The amplitude of the CW pulse as well
as the Gaussian standard pulse is optimized to yield a
maximum CEST effect for this model, thus the best
CW pulse and Gaussian standard pulse for a given
saturation time are used within the following comparison.
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The simulation and optimization process is demonstrated using the example of a creatine pool with a frequency offset of 𝛿 = 1.9 ppm in chemical exchange
with a bulk water pool with no offset (see Tab. 1). The
simulation parameters are taken from [4].
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̃ (𝑧)
There, the saturated spectrum without exchange 𝑀

Table 1: Simulation parameters for the creatine CEST
model including a water pool and a solute pool.
Simulation Parameter
Value
Offset, δ [ppm]
Exchange rate solid-water , 𝑘𝑠𝑤 [Hz]
Exchange rate water-solid , 𝑘𝑤𝑠 [Hz]
𝐵0 [T]
Relaxation, 𝑇1𝑤 [s]
Relaxation, 𝑇2𝑤 [ms]
Relaxation, 𝑇1𝑠 [s]
Relaxation, 𝑇2𝑠 [ms]
Time discretization, 𝛥𝑡 [ms]
Frequency discretization, 𝛥𝑧 [ppm]

1.9
50
1
3
1.08
0.069
1.00
0.160
0.1
0.05

The RF pulse is optimized with a hybrid semismooth quasi-Newton method [5] which also allows
the implementation of constraints prescribed by the
clinical scanner (Amplitude: 𝐵1𝑚𝑎𝑥 ≤ 2.5 µ𝑇 and
Phase: 0 ≤ 𝜑 ≤ 2𝜋). The underlying BlochMcConnell equations and their corresponding adjoint equations are solved numerically by symmetric operator splitting [6].

Results and Discussion
The optimized pulse can be seen in Fig. 2 on the top
right and the corresponding spectrum underneath.

Figure 1 : Direct comparison of the CEST-Peaks for
the CW- , OC- and Gaussian-pulse.
is shown in blue, the one with chemical exchange
𝑀𝑧 (𝑧) in red, and the CEST effect is seen as differ̃𝑧 (𝑧)|. To compare the performance of
ence |𝑀𝑧 (𝑧) −𝑀
the OC results the same model is tested with a CW
pulse and a Gaussian standard pulse. CW pulses are
broadly known as the most efficient pulses for generating high contrast CEST images, mainly used for
NMR spectroscopic measurements. However these
pulses are not applicable on clinical scanners due to

Figure 2: Comparison of the CW- , OC- and Gaussian-pulses and the corresponding z-spectra.
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hardware limitations and SAR restrictions. That is why
pulsed Gaussian standard pulses or pulsed truncated
sinc pulses (not included in this work) are currently
used as most efficient RF pulses for CEST imaging.
By comparing the spectra that are generated with the
OC, CW and Gaussian pulses we can get an understanding of how efficient the pulses generate contrast
in CEST images. Smooth and slim spectra potentially
generate easy to distinguish CEST peaks for measurements. Therefore, minimizing the negative integral
is a priority for the optimization process, as this on the
one hand limits the energy that is put into the RF pulse,
and on the other hand restrains broadening of the
CEST peak and truncates artefacts in the resulting
spectra. All pulses exhibit a comparatively small area
as can be seen in Tab. 2. The CEST peaks of all
pulses can be seen in greater detail in Fig. 1. The
CEST peak maximum of the OC pulse reaches the
CEST peak maximum of the CW within approximately
1.7 % and beats the maximum of the Gaussian pulse
by about 30.5 %.
Furthermore, a restriction to a MRI RF pulse is the energy transferred to the human’s body. The Integral of
(𝐵1 (𝑡))2 over the pulse duration is proportional to said
energy, hence proportional to the SAR [7]. In Tab. 2
we observe that the Gaussian RF pulse train exhibits
the highest energy, followed by the CW with OC showing the lowest energy among those three. This underlines that OC addresses those limitations successfully.
The presented RF pulse designed by means of optimal control showed to outperform state of the art
pulses in terms of CEST effect and pulse energy. The
next logical step would be the implementation on the
MR scanner and comparison to both the CW and
Gaussian RF pulse.
Table 2: Comparison of significant features of a CW
pulse with a DC-OC pulse and a DC-Gaussian standard pulse. Total duration was set to 1 s.
Pulse feature

CW

CEST-Effect [%]
Integral (𝐵1 (𝑡))2 [(µT)2s]
Area [a.u.]
Duty Cycle, 𝐷𝐶 [%]

35.55
2500
200
100

Gaussian OC
24.70
2844
191
90

34.94
2094
198
90
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Conclusion
We implemented an optimal control framework for
CEST RF pulse design. The optimized pulses were
able to outperform state of the art Gaussian pulses by
30.5% and achieve almost the same efficiency as CW
pulses while being applicable to clinical scanners.
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