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molecular species.

The selective excitation of metabolite signals in vivo requires the use of specially adapted pulse
techniques, in particular when the signals are weak and the resonances overlap with those of unwanted
molecules. Several pulse sequences have been proposed for this spectral editing task. However, their
performance is strongly degraded by unavoidable experimental imperfections. Here, we show that
optimal control theory can be used to generate pulses and sequences that perform almost ideally over
a range of rf field strengths and frequency offsets that can be chosen according to the specifics of the
spectrometer or scanner being used. We demonstrate this scheme by applying it to lactate editing. In
addition to the robust excitation, we also have designed the pulses to minimize the signal of unwanted

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In vivo "H-MRS spectra of mammalian brain tissue contain
information about ~20 metabolites resonating in a very narrow
chemical shift range. The majority of the metabolite signals appear
between 1.2 and 4.4 ppm [1]. This leads to considerable signal
overlap, which is most severe for signals from coupled spins and
from molecules whose concentrations are small. In addition mac-
romolecules and lipids overlap with the metabolite signals. As an
example, the lactate methyl resonance at 1.3 ppm can be obscured
by a broad lipid peak. Unambiguous detection of metabolite signals
in vivo, therefore, often requires selective excitation techniques.

Selective detection of metabolite signals can be achieved by
spectral editing techniques that use differences in the scalar cou-
plings to simplify the spectra [1]. Widely used methods are J-differ-
ence editing [2-5] and multiple-quantum-filters (MQF). While
J-difference editing requires two scans that are subtracted, multi-
ple-quantum-filter sequences allow spectral editing in a single
scan and, therefore, reduce artifacts, e.g. from motion of the
patient.

Many in vivo studies require absolute quantification of metabo-
lite signals related to a disease or disorder. In these studies, co-
edited or poorly suppressed undesired signals that contribute to
the measured signal distort the real value of the desired metabolite
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concentration. Therefore, improved selective excitation techniques
are desirable that allow reliable quantification.

Early work on the detection, quantification and imaging of lac-
tate in vivo based on double quantum coherence transfer was re-
ported e.g. in [6,7]. Single-shot lactate editing and simultaneous
lipid suppression is also possible with a zero-quantum-filter, as de-
scribed in [8]. Here we investigate the performance of multiple-
quantum filters using the example of the sequence Sel-MQC from
He et al. [9]. Current work on the basis of this sequence can be
found e.g. in [10-19]. Pickup et al. developed a robust method
for generating lactate maps in vivo in selected regions with a se-
quence that is a combination of the Sel-MQC technique with longi-
tudinal Hadamard slice selection and chemical shift imaging [10].
In [11] the clinical feasibility of this technique was demonstrated.
On the basis of the sequence in [10] early and patient-specific
markers of therapeutic response in cancer treatment can be mon-
itored [12,13]. The Sel-MQC sequence was also combined with fast
spectroscopic imaging methods like spiral MRSI [14] or multi-spin-
echo-readout [15]. Enhancement of in vivo lactate signal was
achieved by a refocused version of the sequence [16] or in combi-
nation with binomial spectral-selective pulses [17]. A variant of the
sequence for relaxation measurements was developed in [18].

In spite of these improvements, selective excitation with multi-
ple quantum filters in the presence of experimental non-idealities
like field inhomogeneities is challenging for low concentrated
metabolites with overlapping signals. In general B;-inhomogeneity
in high field MRI systems and also at clinical field strengths poses
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one of the major problems for in vivo measurements. It is known
that the performance of MQF sequences degrades rapidly in inho-
mogeneous magnetic fields [9,16]. Especially in the evolution period
where double quantum coherences are manipulated by radio-
frequency (RF) pulses, imperfect flip angles or off-resonance condi-
tions have a significant effect on the outcome of the sequence. This
may result in severe signal loss of the edited signal or in subopti-
mal selectivity, e.g. inefficient suppression of unwanted signals.
As under in vivo conditions and in MRI-scanners the B;- and Bg-
inhomogeneities are much larger than in NMR-systems the poor
performance of multiple-quantum filters is very critical and may
prohibit lactate editing with this method in large volumes with
considerable field inhomogeneities and for relatively small lactate
concentrations. The unwanted co-excitation of the metabolites ala-
nine or threonine may be a problem for an unambiguous lactate
quantification. To avoid these problems small volumes and prefer-
ably homogeneous B;- and By-fields can be used. As an example
Melkus et al. [15] used a 17.6 T animal scanner with a small bird-
cage resonator. Several mechanisms can cause lactate signal loss in
lactate editing sequences. ‘NMR-invisible lactate’ is one problem
that was reported recently in [19] but was also observed previ-
ously e.g. in [20]. It seems that this phenomenon is associated with
binding of the lactate molecule to large molecules which involves a
change of the T,-relaxation time for the lactate and therefore a
broadening in the line width.

The goal of this work is to develop and implement an improved
spectral editing scheme that is robust against inhomogeneous
fields and achieves selective excitation of the targeted metabolite
over the relevant range of field strengths with minimal loss of sig-
nal. At the same time, it prevents co-editing of unwanted mole-
cules and retains a small SAR value. In this study we chose
lactate and alanine as an example system where lactate is the
metabolite of interest and alanine should be suppressed. Alanine
is also a critical metabolite, similar to lactate, e.g. for tumor studies.
The method that we present here can also be applied to the other
combinations of metabolites, such as the selective excitation of
alanine and the suppression of lactate.

1.1. Pulse sequence

To investigate the performance of multiple quantum filter
sequences for selective excitation of metabolite signals in the pres-
ence of B;- and By-inhomogeneity, we have chosen here the Selec-
tive Multiple-Quantum-Coherence Transfer (SSel-MQC) sequence
from He et al. [9]. Fig. 1 shows the pulse sequence, which achieves
selective excitation of the lactate methyl resonance and suppresses
all signals with different coupling topologies in a single scan. In
particular, the large signal components from water and lipid are
suppressed very effectively.

180°,
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Fig. 1. Pulse sequence SSel-MQC [9]. The relative intensities of the selection
gradients (G ) are g, : g, = 1:2. The pulses in the first row (P; and P;) are selective
for the lactate methyl and lipid resonances at 1.3 ppm, the pulses in the second row
(P, ans P4) excite the frequencies at 4.1 ppm (lactate methine group and water).

As shown in Fig. 1, the sequence uses selective pulses to excite
the CH3 and CH protons of lactate and consists of three periods. It
starts with the preparation period, where the first 90°-pulse P, ex-
cites single-quantum coherence of the lactate methyl spins which
evolves under chemical shift and J-coupling during the delay T = 211
where | = 6.9 Hz is the coupling constant between the lactate
methyl and methine spins. At the end of this delay, the second
90°-pulse P, transforms the antiphase magnetization into double-
and zero-quantum coherence. This conversion occurs only for
the coupled spins that were excited by the two selective RF
pulses. During the following evolution period (t;), chemical shift
and J-coupling are refocused by the inversion pulse P; while the
gradient pulse g, labels the double quantum coherence. The last
90°-pulse P, initiates the detection period by converting the double
quantum coherence back into single quantum coherence. The sec-
ond gradient pulse g, has twice the area of g, to select coherence
that was converted from double to single quantum while dephas-
ing all other (unwanted) signal contributions.

1.2. Optimal control

Improving the performance of the pulse sequence and reducing
the effect of experimental imperfections can be achieved by a
number of approaches. Their theoretical basis is optimal control
(0C) theory, which is a powerful method for steering complex
dynamical systems in a desired way. The design and optimization
of RF pulses is, therefore, a typical application. Recent work of dif-
ferent groups has shown that OC in NMR and MRI can increase the
sensitivity of optimized experiments and make them robust
against deviations in instrumental parameters, such as an inhomo-
geneous distribution of RF amplitudes. This is particularly
important for in vivo MRI or MRS where OC allows one to design
low-power RF pulses that are insensitive to offset and perform
the targeted operation with high precision. Recent applications of
OC pulse sequence design can be found in [21-23] for liquid
NMR and in [24,25] for solid state NMR. In MRI and MRS early work
includes [21,26-29] which demonstrated that the improved se-
quences are also useful under in vivo conditions. So far optimized
broad bandwidth frequency selective pulses and flip angle homog-
enizing broadband pulses were developed in [26-28]. In [21,29]
spatially selective pulses were optimized.

The use of OC for pulse design enables the optimization of RF
pulse shapes that provide (a) the most efficient transfer of coher-
ence from an initial spin state p, to a desired target spin state C
(state-to-state) transfer or (b) a desired effective Hamiltonian
[30]. Neglecting relaxation, the dynamics of a nuclear spin system
can be described by the Liouville-von Neumann equation

with the Hamiltonian H(t) and the density matrix p(t). H(t) can be
written as

H(t) = Ho + Y (), (2)
K

where Hy is the internal spin Hamiltonian and the second term de-
scribes the effect of the RF field. wq,(t) are the RF amplitudes cou-
pling to the component I; (k = x,y) of the nuclear spin.

OC is based on the optimization of a function of the type

T
Ji(wy) = & — 1/0 > ot (bt (3)
. 3
where @; is the efficiency (the fidelity) to be maximized and the sec-

ond term penalizes the deposited power scaled with the weighting
factor 4, and T is the duration of the pulse.
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If the system is to be steered from a given initial state p, to a
final state p;, (state-to-state transfer), the efficiency can have the
form

@y =Tr(ppp(T)). (4)

In the more general case, where the pulse should implement a spe-
cific propagator Up, the efficiency can be

@, = [Tr(ULU(T))[*. (5)

The function in Eq. (3) has to be maximized in the space of possible
pulse shapes wq, typically by numerical simulation and iterative
optimization.

The majority of the OC applications used gradient-based opti-
mization such as the gradient ascent pulse engineering (GRAPE)
algorithm [22,29,26]. Here we use a Krotov-based OC approach
that was recently implemented for NMR by Maximov et al.
[30,31] and for MRI by Vinding et al. [21]. This method applies a
sequential update rule where all controls are updated simulta-
neously. As shown in [31,21], this method can be faster per
iteration especially for a large number of spins and the conver-
gence behavior does not depend on the initial guess in contrast
to gradient-based methods.

2. Pulse optimization
2.1. Goals

The pulse sequence SSel-MQC described in Section 1.1 acts as a
multiple quantum filter for lactate methyl signals. The thermal
equilibrium density operator of the lactate spins is p, =1, + F,,
where [,=1, is the spin of the methine group and
F, = I, + I3, + 14, denotes the three spins in the methyl group of
lactate. For ideal pulses, the first CHs-selective Z-pulse (P; in
Fig. 1) generates y-magnetization for the methyl spins:
p, = I, — F,. The following delay T = z,l]gfenerates antiphase magne-
tization: p, = I, + 2I,F,. Here we use a reference frame where the
CH-spins are on resonance. The chemical shift evolution of the
CHs-spins will be refocused by the 180°-pulse P; and can, there-
fore, be neglected in p,. The following pulse P, rotates the methine
spin and creates zero- and double-quantum-coherences in
p; = —I, — 2I,F,. During the delay t;, the gradient g, together with
g, selects specific coherence pathways. The single-spin term I, in
p; does not pass through the MQF and will not be considered
any further. The selective m-pulse P; refocuses couplings and
chemical shift evolution during t; for the CHs-spins. The last pulse
(P4) again creates antiphase magnetization of the CHs-spins:
P4 = —2I,F,. During the final delay of duration 7, the magnetization
refocuses to ps = —0.5F,, which is detected.

In real experiments the RF pulses deviate from the ideal behav-
ior assumed above. In particular, the amplitude of the RF field is
inhomogeneous which results in variations of the flip angles
throughout the region of interest. This effect is most severe in
high-field MRI where the wavelength of the RF field becomes com-
parable to the size of the RF coil. In addition, By-inhomogeneity
leads to a distribution of the resonance frequencies. These non-
idealities generate additional terms that were not considered in
the density operators p; (i=2, ..., 5). Non-ideal selective pulses
also excite, e.g., the methyl group of alanine and generate signals
similar to those of lactate. In the case of inhomogeneous B;-fields,
e.g., a 90°-pulse applied to I, generates not only y-magnetization,
but also some z-magnetization which is not suppressed by the
MaQ filter. Optimal control allows one to design pulses that achieve
a more robust suppression of such undesired signal contributions.

In the following, we use optimal control theory to design pulses
that are robust with respect to pulse imperfections and implement

the desired transformations for lactate while simultaneously sup-
pressing the unwanted alanine signal. Since the initial condition
is well defined by thermal equilibrium, the excitation pulse P;
can be designed as a state-to-state transfer that takes the thermal
equilibrium state to the targeted state with y-magnetization of the
lactate methyl group. Before application of the pulses P,, P; and Py,
however, the spin system contains multi-spin terms which all
must be transformed correctly by the pulses. At this point, it is,
therefore, necessary to use pulses that implement the correct uni-
tary transformation, i.e. universal rotation pulses. All three pulses
were optimized for coupled spins taking into acount the whole
spin system of the molecules.

2.2. Excitation pulse

The first pulse can be implemented as a state-to-state transfer.
For the optimization, we consider two initial density operators for
lactate and alanine:

Pomol = Iz.,Mol + Fz,Moh

where Mol = lac, ala.
The desired target operators for an ideal lactate CHs-selective
90°-pulse are:

Pp.iac = lzlac — Fyjac,

Ppala = lzala + Fz,ula-

We therefore searched for pulses that (i) maximize the overlap
with these desired target operators (ii) minimize unwanted
components, in particular transverse components I, and I, of lac-
tate as well as alanine and (iii) minimize the pulse energy
foT > (t)dt. The overlap between the targeted states and the
actual states was calculated as

Tr(Po.moPua(T))
Tr(0pmotPo o)

where p,,,,(T) is the actual state of the molecular subsystem at the
end of the pulse.

(6)

¢Mol =

2.3. Universal rotation pulses

The pulses P,,P; and P, were optimized as universal rotation
pulses. In the SSel-MQC sequence the pulses P, and P, should
implement (7/2), rotations on the CH-proton of lactate. At the
same time, we use these pulses for suppressing the alanine signal
by requiring that they do not affect the alanine spins. This effect
can be achieved either by requiring that the pulses act as unit oper-
ators on the alanine spins or that each pulse inverts them. The sec-
ond possibility led to better convergence in the optimization
process. Accordingly, we used the following target propagators:

LT
UD.lac(PZ) = exp(_ljlx.lac)7
UD.ala(PZ) = eXp(_in(Ix,ala + Fanla))~

Pulse P; should refocus the methyl spins of the lactate. Again, we can
improve the suppression of alanine by requiring that the alanine spins
are not affected by Ps;. We, therefore, used the target propagators

UD.laC(PB) = exp(_ian‘lac)
UD.aIa(P3) =1

for optimizing Ps.
The fidelity of the universal rotation pulses was calculated as
| Tr(Up st Untot(T))I°
Dypol = LMol 7 (7)
Tr(Up, o Un.vol)
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where Uy (T) is the resulting propagator of the pulse for the
respective molecular subsystem.

2.4. Robustness

One of the main goals of this work is to make the performance
of the sequence robust: it should work well in the presence of
experimental imperfections, in particular inhomogeneous B;- and
By fields. To achieve this goal, we included the relevant parameter
range in the design of the pulses and required high fidelity over the
whole parameter range. The overlap @y, was evaluated at several
points of the parameter range and the resulting fidelities were
summed. For this study, we chose a parameter range of +20% from
the nominal B;-field which is significantly larger than required
for the NMR spectrometer where our experiments were performed
but smaller than in a typical high-field MRI scanner. To make the
pulse robust with respect to By inhomogeneity, we also averaged
over frequency shifts over a range of 4 =+7 Hz. The value of 7 Hz
was chosen to let the pulses still be selective, but robust over
a range of Bp-offsets that meets the situation in some in vivo
measurements.

2.5. Pulse shape optimization with optimal control

The calculation of the optimal control pulses in this work was
realized using the Krotov-based algorithm described in [31,30].
The implementation was based on the Matlab-code provided by
Maximov et al. in [30] which uses the formulation from Tannor
et al. which is similar to the original Krotov formulation [30].

For our application, we extended the algorithm in two direc-
tions. First, we let the pulses act simultaneously on two different
spinsystems - in our case the two metabolites lactate and alanine.
Second, the algorithm was extended for the calculation of pulses
that are robust over a range of RF field strengths and frequency off-
sets A as discussed in Section 2.4.

Pulses designed by optimal control theory can have highly var-
iable, ‘noise-like’ shapes. If the hardware is not perfectly linear, this
leads to distortions of the pulse shape and, therefore, reduced fidel-
ity. This problem can be reduced significantly if the pulses are
forced to be as smooth as possible. The smoothness is limited by
other requirements, in particular the main goal of a high fidelity.
To design smooth pulses, we adapted the procedure of Ref. [30]:
at each iteration, the pulse was filtered and components far from
resonance were suppressed. The resulting pulses were relatively
smooth and the experimental performance corresponded quite
well to the theoretically predicted behavior. As an additional bo-
nus, the suppression of the non-resonant frequency components
resulted in pulses with lower total energy corresponding to lower
SAR values than pulses that were optimized without this additional
condition. The resulting pulse shapes for the pulses Py, P, and P3
are displayed in Fig. 2.

3. Implementation and pulse performance
3.1. Experimental setup

For the experimental tests, we used NMR samples containing
the metabolites lactate and alanine as well as a lipid. Lactate and
alanine share the same spin system and have similar spectra. As
a result the standard lactate editing sequence normally excites
not only lactate but also alanine. We, therefore, have chosen this
molecule as an example of an unwanted molecule whose signal
should be suppressed. To distinguish the lactate from the co-edited
alanine, we use a high-resolution NMR-spectrometer which distin-
guishes between these resonances on the basis of their different
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Time [s]

Fig. 2. Pulse shapes of the pulses Py, P, and Ps.

chemical shifts. Typically alanine resonates at higher field. The
experimental data in this work were measured with a Bruker
Avance I1 500 MHz NMR-spectrometer using a Bruker QXI high res-
olution probehead and 5 mm sample tubes. Two samples were
used, with the first containing lactate in D,O (sample “lactate”)
and the second containing lactate, alanine and lipid in DO (sample
“mixed”). For the lipid, we used sodium-lauryl-sulfate which reso-
nates with a broad peak in the region around 1.3 ppm. Fig. 3 shows
the spectrum of the mixed sample.

Performing the experiments in a high-resolution NMR-spec-
trometer combines the benefit of a very homogeneous By-field
with a very homogeneous 1f field compared to MRI-scanners. This
allows us to study also the effect of RF inhomogeneity through
systematic variation of the RF power of the pulses and the effect
of Bg inhomogeneity by variation of the frequency.

3.2. Robustness of excitation pulse

We first evaluate the performance of the excitation pulse P,
which should implement a state-to-state transfer F, — —F, for

lac-CH3 + lipid

ala-CHj3
lipid lipid

Iac CH ala-CH lipid

/\

Chemlcal shift [ppm]

Fig. 3. NMR spectrum of the mixed sample containing D0, lactate, alanine and
lipid, excited with a hard 90°-pulse. The alanine methyl group resonates at
1.47 ppm whereas the lactate methyl signal appears at 1.31 ppm overlapping with
the broad lipid signal.
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the methyl spins of the lactate while leaving all other spins
unaffected. To differentiate between the lactate and alanine spins,
we used the chemical shift difference of 75 Hz between the methyl
resonances and chose a pulse duration of 14 ms to achieve good
selectivity. The resulting pulse has a maximum RF amplitude of
376 Hz. The pulse was made robust over the range of RF field
strengths from 80% to 120% of the nominal value and for frequency
offsets 4 of +7 Hz.

Fig. 4 shows the simulated performance of the optimized pulse
and compares it to the performance of a standard Gaussian pulse
with a duration of 11 ms whose frequency matches the resonance
of the lactate methyl spins. In both cases, we plot the performance
over a parameter range that is wider than the chosen optimization
range: [0.5,1.5] for the effective RF field strength in terms of the
nominal value, and [-10,10] Hz for the frequency shift A. The plots
show the efficiency

o _ Tr(p(T)Fy,lac)
lac-CH; — Tr(Fy,lacFy‘lac) )

with which the pulses generate transverse magnetization Fy o
when acting on the initial state F, . Fig. 4(a) shows that the perfor-
mance of the Gaussian pulse is not robust with respect to inhomo-
geneities of RF and B, fields: The efficiency is only optimal (®c_cu,
= 1.0) for ideal Bo- and RF field strengths. Deviations from the ideal
parameters produce a significant loss of efficiency, e.g. ®c_cu, = 0.6
at the edges of the profile where the RF field strength is 50% or
150%. Particularly for the RF amplitude this poses a major problem
since the RF inhomogeneity of typical MRI scanners is at least of this
order of magnitude. The efficiency profile along the parameter A is,
of course, connected to the pulse length and can be adjusted to a
certain extent.

In contrast to the Gaussian pulse, the optimized pulse excites y-
magnetization over a broad range of parameters in an optimal way
(Fig. 4(b)). The efficiency remains close to 1.0 and does not drop
significantly over the parameter range that was chosen for the
optimization. This range is marked by the gray rectangle in
Fig. 4(b).

Also outside of the optimized region the signal loss is signifi-
cantly lower than for the Gaussian pulse. For a direct comparison,
Fig. 5 compares the efficiencies of both pulses as a function of the
RF amplitude for A = 0 Hz, experimentally as well as theoretically.
The improved excitation by the optimized pulse is clearly visible;
over the range of +20-30%, the fidelity remains very close to 1.0.
The experimental data were measured with the lactate sample.
They are in very good agreement with the simulation for the
Gaussian pulse. In the case of the optimized pulse, the experimen-
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Fig. 5. Experimental and simulated data for the dependance of the Lac-CH; signal
after a single Gaussian pulse and a single Krotov pulse on the RF amplitude. The
measured points of the lactate sample represent the integrated Lac-CHs peak (y-
magnetization). The displayed curves correspond to the cross-section of Figs. 4(a)
and (b) respectively for an ideal By-field condition (A = 0 Hz). Differences between
simulation and experiment of the optimized pulse may be due to transient effects
distorting the strongly modulated pulse shape.

tal data match the simulation over most of the parameter range
but deviate slightly for higher RF amplitudes. The reason for this
effect may be the more complicated pulse shape of the optimized
pulse compared to the Gaussian pulse shape. Stronger modulations
in the RF amplitudes during the pulse may cause transient effects
which are more pronounced if the RF amplitude is scaled with a
higher factor. Non-linearities of the amplifiers can lead to this
effect and are more severe at high powers.

In addition to the robust excitation of the lactate methyl signal,
the optimized pulse also suppresses the alanine signals in a robust
way (efficiency profile not shown here). Only 1.3% of the alanine-
CHjs signal is left after the optimized pulse for ideal RF amplitude
and By-field.

3.3. Universal rotation pulses

The refocusing pulse (Ps;) and the multiple quantum excitation
and detection pulses (P, and P,) were realized as optimized univer-
sal rotation pulses with the same range of parameters for the
robustness as for P;. The optimized pulses show a very robust
performance. The fidelity &, of P, and P4, as defined in Eq. (7),
has a mean value of 0.973 inside the optimized region. For the refo-
cusing pulse P;, the mean fidelity in the optimized region is 0.972.

(b) optimized

0.95
5| 14 0.9
8 0.85

e 09

= 0.8

c

> 038

2 0.75

bl 07

L|) 0.7 .

8 0.6 0.65

- 150 0.6
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50 -10
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Fig. 4. (a) Efficiency profile of a single Gaussian 90° pulse (length: 11 ms) as a function of the RF field strength (100% corresponds to the nominal RF amplitude) and frequency
shift A due to static field inhomogeneity. The plotted values denote the efficiency of the transfer F, — —F,. (b) Efficiency profile of a single robust OC-pulse (first pulse in the
sequence SSel-MQC). The efficiency of the lactate CH; excitation is robust over a range of field strengths.
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ala-CH3
(a) hard l

lac-CHj3 + lipid

(b) Gaussian: w1x 1.0

1.00
\
(c) Gaussian: w1x 1.26
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(d) optimized: w1x 1.0
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Fig. 6. Experimental spectra of the mixed sample containing lactate, alanine and
lipid. (a) Reference spectrum obtained with a hard 90°-pulse; spectra (b)-(e) were
obtained with the SSel-MQC sequence, using (b) Gaussian pulses and ideal RF
amplitudes ; (c) Gaussian pulses and non-ideal RF amplitudes (126%), (d)
optimized pulses and ideal RF amplitudes, (e) optimized pulses and non-ideal RF
amplitudes (126%).

4. Sequence performance
4.1. Lactate excitation

The pulse sequence SSel-MQC for lactate editing should excite
the lactate methyl signal and at the same time suppress other un-
wanted signals. As shown in Fig. 6, the suppression of unwanted
signals from uncoupled spins in water and lipids by the selection
gradients G works very well in a single scan: the lipid signals vis-
ible in the reference spectrum (a) are not present in spectra (b)-(e)
which were obtained with the SSel-MQC sequence, and the same is
true for the water resonance (not shown in the figure). In the
spectrum in Fig. 6(d) the lipid signal is suppressed by a factor
450 compared to the spectrum in Fig. 6(a). In the case of the

(a) Gaussian

3
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c
S
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©
S 150

' 10
RF-field [%]
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Frequency shift A [Hz]

SSel-MQC sequence with Gaussian pulses (Fig. 6(b)), we find in
addition to the lactate signal also a significant alanine signal. When
the RF amplitudes are 26% higher than the optimal value, the lac-
tate signal is reduced by 1/3, as shown in Fig. 6(c). This indicates
that the Gaussian pulses are not robust with respect to RF inhomo-
geneity. The sequence with the optimized pulses, however, shows
very robust performance as demonstrated by the last two spectra
(Fig. 6(d) and (e)): with the nominal amplitude, as well as with
amplitudes artificially increased by 26%, the editing sequence with
optimized pulses suppresses the alanine resonances and the ampli-
tude of the lactate signal remains almost at its maximum value.
The alanine signal in the spectrum in Fig. 6(d) is suppressed by a
factor 1200 compared to the spectrum in Fig. 6(a). This corre-
sponds to a dynamic range of the filter of ~62 dB.

The lactate signal excited by the SSel-MQC sequence reaches at
most 50% of the lactate signal obtained with hard pulse excitation
since the selection gradients refocus only one of the two coherence
pathways. This value is found in the simulations as well as in the
experiment for ideal pulses. However, as shown in Fig. 7(a), the
resulting lactate-CHs signal decreases rapidly with deviations of
the RF amplitude if the SSel-MQC sequence is implemented with
Gaussian pulses. A miscalibration of +50% of the RF amplitude re-
sults in a lactate-CH; amplitude of less than 0.1 (i.e. less than
20% of the ideal signal amplitude (= 0.5)). For an already very weak
lactate signal in human tissue this poses a serious problem and can
make the lactate detection impractical. If optimized pulses are
used instead, their performance improves dramatically as shown
in Fig. 7(b): In the optimized region a mean efficiency value of
98% is reached. In the whole displayed region in Fig. 7(b) the
average efficiency is 86%.

Fig. 8 shows a direct comparison of the RF profiles for both
sequences at zero frequency offset, A = 0 Hz. The improved perfor-
mance of SSel-MQC with optimized pulses can clearly be seen. The
experimental data measured with the lactate sample are in very
good agreement with the simulation for the sequence with Gauss-
ian pulses. With optimized pulses the experimental data fit better
for lower RF amplitudes. For higher RF amplitudes the measured
data have still much higher values than the Gaussian version of
the sequence. The deviations could, as mentioned above, originate
from transient effects due to more complex RF amplitude enve-
lopes. Here the influence of four pulses instead of one could explain
a stronger deviation.

4.2. Co-editing
The use of spectral editing sequences for selective excitation of

a desired metabolite may involve the problem of co-editing of
another undesired metabolite that is also partly excited by the
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Fig. 7. Simulated efficiency profiles of lactate-CH3 excitation by the SSel-MQC sequence as a function of the RF field strength (100% corresponds to the nominal RF amplitude)
and frequency shift A due to static field inhomogeneity. (a) SSel-MQC with Gaussian pulses. Each pulse has a length of 5 ms. (b) SSel-MQC with optimized pulses.
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Fig. 8. Experimental and simulated data for the Lac-CHj; signal after SSel-MQC as a
function of the RF amplitude. The measured points correspond to the integral of the
Lac-CH; peak (absolute magnetization). The displayed curves represent the cross-
section of Figs. 7(a) and (b) respectively for an ideal By-field condition (A = 0 Hz).
The delay t; was set to 13 ms.

editing sequence. In the case of a multiple-quantum-filter designed
for lactate editing the co-excitation of alanine signals is possible
due to the similar molecular structure. When standard selective
pulses, as e.g. Gaussian pulses or sinc pulses, are employed, this
feature is often not considered. In the literature lactate editing
was e.g. in [16] performed using a multiple-quantum-filter with
sinc-Gaussian pulses with a length of 5.5 ms and a bandwidth of
300 Hz. The simulated data in Fig. 9(a) show that with Gaussian
pulses with a length of 5 ms, the sequence also excites a significant
amount of alanine signal reaching up to 50% of the maximal possi-
ble value. In the case of overlapping signals or chemical shift selec-
tive imaging where only one data point is recorded for each voxel
[32], this results in errors in the quantification of the lactate con-
tent. In contrast the editing sequence with optimized pulses pro-
duces a strong suppression of the alanine signals (see Fig. 9(b)).
Almost no alanine signal is excited in the region of parameters
displayed in the figure; @q_cy, stays below 1.8% of the maximal
possible alanine signal. The direct comparison of the RF profiles
for A=0Hz in Fig. 10 shows the advantage of the OC-version of
SSel-MQC clearly: it suppresses the alanine signal very efficiently
over the whole parameter range.

5. Discussion and conclusion

Selective in vivo measurements of metabolites with overlap-
ping signals require spectral editing techniques, such as multiple
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Fig. 10. Direct comparison of RF profiles for alanine co-editing. The curves
represent cross-sections of the efficiency profiles in Fig. 9. Gaussian pulses result
in co-editing of almost 50% of the maximal possible alanine signal. With the OC-
version of the sequence, the co-edited signal stays below 1.0%.

quantum filters. However the performance of these sequences is
far from optimal in the presence of experimental imperfections
such as B;- or By-inhomogeneities. For in vivo measurements and
especially in high field MRI, B;-inhomogeneity is one of the most
challenging problems [33]. For small and overlapping signals this
may impede their measurement. As a result, important informa-
tion about the metabolism of the tissue or pathological situations
is lost.

In this study, we used an optimal control approach to improve a
multiple quantum filter sequence for spectral editing with the
SSel-MQC [9] sequence for lactate editing in a single scan. The opti-
mal control pulses were calculated with a Krotov-based algorithm
described in [30]. In addition, we incorporated multiple optimiza-
tion conditions: The pulses were optimized not only with respect
to robust excitation of the targeted metabolite (lactate), but also
to suppress unwanted molecules (in our example alanine). The
pulses were designed to be robust over a range of RF amplitudes
of £20% and frequency offsets of 7 Hz. For practical applications,
the parameter range over which the sequence must be robust de-
pends on the field strength and the RF coil system. Higher field MRI
scanners may exhibit higher RF inhomogeneity and would require
different pulses. A wider parameter range typically requires longer
pulses with higher SAR values. A comparison between the relative
SAR values of the optimized pulse P; and an adiabatic inversion
pulse shows that in general the relative SAR values of the opti-
mized pulses should be around 20-60% lower than values for the
adiabatic pulses.
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Fig. 9. (a) Alanine-CHj3 co-editing of the SSel-MQC sequence with four Gaussian pulses as a function of the RF field strength and frequency shift A corresponding to static field
inhomogeneity. Each Gaussian pulse has a length of 5 ms. (b) Alanine-CH; co-editing after SSel-MQC sequence with optimized pulses.
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The convergence of the optimization was largely independent
of the initial guess for the pulse in accordance with previous work
with this algorithm. In addition, we observed good convergence for
state-to-state optimizations. However in the case of universal rota-
tion pulses, we faced problems with numerical instabilities of the
algorithm especially problems with convergence and loss of mono-
tonicity. We found that for certain cases the convergence is better
and were able to optimize the desired pulses with slight modifica-
tions as described in Section 2.3. Maybe these problems can be
overcome by switching to the more general formulation of the
algorithm described in [34,31] where additional parameters of the
algorithm can be used to adjust the performance of the algorithm.

The performance of the optimized pulses was investigated by
simulations and experiments. We applied the optimized editing se-
quence to a mixture of the metabolites lactate and alanine and
added lipid to the sample to simulate in vivo conditions in which
the lactate methyl signal overlaps with a broad lipid peak. We
chose the metabolite alanine as an example for unwanted signals
that should be suppressed but are co-edited by the standard edit-
ing sequences. The pulse performance was first tested with single
pulses. Then the multiple quantum filter with optimized pulses
was compared to the sequence with Gaussian pulses. The results
show clearly that robust lactate excitation is possible over a rele-
vant range of experimental parameters. Lipid suppression by the
selection gradients works very well and the optimized version of
the sequence achieves very robust alanine suppression. The
suppression factors are 450 for the lipid signals and 1200 for the
alanine signals.

In conclusion we were able to increase the measurable amount
of lactate signal. This method works for signals losses due to B;-
and Bp-inhomogeneities. It has no influence on effects that cause
line broadenings.

Another possible unwanted signal contribution to lactate edited
images is threonine, which also has a resonance in the 1.3 ppm re-
gion of the spectrum and may be co-excited by a lactate MQ-filter.
The principle of the method presented here can equally be applied
to threonine.

The results of the NMR measurements in this work show that
optimized spectral editing sequences allow one to reach an opti-
mized editing performance in MRS measurements in inhomoge-
neous B;- and By-fields. This permits the detection of lactate also
in tissues with low lactate concentration for which standard meth-
ods are not sufficiently selective. Editing sequences with optimized
pulses can also solve problems with overlapping and co-edited
metabolite signals because undesired coherences can be sup-
pressed. The reduced sensitivity of the targeted metabolite signal
to RF inhomogeneity results in a more precise and unambiguous
quantification of the chosen metabolite. The translation and appli-
cation of the presented method to in vivo investigations is ongoing
work and will be published in the future. This approach could also
be extended to chemical shift selective imaging where signals of
metabolites that have very similar chemical shifts cannot be sepa-
rated by standard techniques because only one data point is re-
corded for each voxel. The presented principle was shown here
for the example metabolites lactate and alanine but can equally
be applied to mixtures of other metabolites.
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