Numerical Design of Double Quantum Coherence Filter

for the Detection of Myo-Inositol In vivo
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Purpose : A numerical method of designing a multiple quantum filter (MQF] is
presented for the optimum detection of myo-inositol (ml}, an important brain
metabolite, by using in vivo proton nuclear magnetic resonance spectroscopy (‘H-
MRS].

Materials and Methods : Starting from the characterization of the metabolite, the filter
design includes the optimization of the sequence parameters such as the two echo
times (TEs), the mixing time (TM]), and the flip angle and offset frequency of the 3rd
90" pulse which converts multiple quantum coherences (MQCs) back into single
quantum coherences (SQCs). The optimized filter was then tested both in phantom
and in human brains.

Results : The results demonstrate that the proposed MQF can improve the signal-to-
background ratio of the target metabolite by a factor of more than three by
effectively suppressing the signal from the background metabolites.

Conclusion : By incorporating a numerical method into the design of MQFs in 'H-
MRS the spectral integrity of a target metabolite, in particular, with a complicated
spin system can be substantially enhanced.

Index words : Magnetic resonance spectroscopy (MRS)
Multiple quantum filter (MQF)
Myo-inositol

Introduction

The cerebral level of myo-Inositol (ml) is known to
vary with the progression of various diseases and
disorders such as Alzheimer's disease (1-4), diabetes
mellitus (5}, Hepatic encephalophacy (6-9), depression
(10) and bipolar (manic-depressive) disorder {11-14).

Therefore, the precise quantification of the metabolite
using in vivo nuclear magnetic resonance (NMR)
technique may help diagnose and monitor patients
with such diseases and disorders.

Point resolved spectroscopy (PRESS} and stimulated
echo acquisition mode (STEAM) are the two most
commonly used single voxel localization pulse
sequences in in vivo proton magnetic resonance
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spectroscopy ('H-MRS}. STEAM has been more popular
for the measurement of the metabolite as a result of the
shorter echo times (TEs) attainable (2, 4, 5-8, 15-17).
The use of short TEs, however, enhances not only the
ml resonance at ~ 3.6 ppm, which is most widely used
as a target peak of the metabolite for its dominant
signal intensity over the other satellite peaks belonging
to the molecule, but it also enhances those of
background resonances such as the A multiplet of
AMNPQ spin system of glutamate (Glu) and glutamine
(Gln) (collectively referred to as Glx} at ~ 3.78 ppm,
and taurine (Tau) at ~ 3.45 ppm. An enhancement of
other source of unwanted background signal such as
macromolecules ({18-20) is an additional disadvantage
of using short sequence timings. Therefore, a better
signal yield of the target peak by shortening the
sequences tends to be compensated with less precise
outcome.

It is possible to establish optimum long sequence
timings for both PRESS and STEAM for the effective
suppression of those background resonances, while
retaining an observable amount signal of ml (21). The
suppression of macromolecule resonances is an
additional benefit of using such long TEs as their T,
values are known to be significantly shorter {18, 20}. In
the case of weakly-coupled spin systems or strongly-
coupled ones with a restricted number of spins, the
prediction of such optimum long pulse sequence
timings can be achieved by referring to the product
operator formalism {22} with an acceptable precision,
but as ml consists of strongly-coupled 6-spins, an
analytical method is impractical. By numerical solution
of the density matrix (23), the establishment of such
optimum long sequence timings can be achieved.
Nonetheless, the problem of uncoupled glycine |Gly)
overlapping with the target peak of ml cannot be
resolved upon the use of these conventional pulse
sequences. Although found in brain at a very low
concentration with respect to that of mI {ml: Gly ~ 5:
1 (24)), the presence of the Gly singlet exacerbates the
precise quantification of the metabolite in vivo.

A difference spectra method (25, 26) might be an
alternative for the removal of uncoupled spin
resonances such as Gly. Although difference spectra
methods can potentially retrieve a greater signal yield
in the target peak, they have an intrinsic problem of
sensitivity to the subject motion during acquisitions,

which causes cancellation errors (27, 28). Furthermore,
in the case of ml, the complicated evolution of the spin
system facilitated by strong coupling Hamiltonian
results in a rapid change in the lineshape and signal
amplitude as a function of sequence timings. As a
result, the use of difference spectra methods appears to
be impractical in this case.

A double quantum filter (DQF) (23, 27, 28, 30-37) has
been more useful than the difference spectra methods
for the purpose of background suppression for the
following reasons. First, combined (most commonly)
with the PRESS sequence for the purpose of spatial
localization, DQF becomes a single-shot method for
data acquisition with less susceptibility to subject
motion. Secondly, it provides a unique way of
suppressing uncoupled metabolites by taking advantage
of the fact that uncoupled spin systems cannot evolve
into multiple quantum states. However, due to the
inherent problem of poor signal yield with the
sequence, the design of DQF requires more
sophistication in the optimization procedure for a
variety of sequence parameters (23) such as TEs,
mixing time (TM), and the tip angle, the frequency
offset and the duration of the third 90° pulse, which
converts multiple quantum coherences {MQCs) during
the TM period back into anti-phase coherences (APCs).
Combined with the complexity of the ml spin system,
the optimal design of DQF for ml is not a trivial task.
Lei et al. {29} achieved the optimization of DQF for
Tau, which is strongly-coupled A,B, spin system, by
extrapolating equations of spin evolution based on the
previously published analytic solutions for the AB
system of citrate in terms of product operators {38).
However, to the best of our knowledge, such an
analytic basis for the prediction of the response of ml to
DQF is not available to date.

In this report, we tackle the problem of optimizing
DQF for the complicated spin system of ml by using
the numerical method (23). Of special importance in
the optimization procedure are the effective removal of
uncoupled Gly and neighboring metabolites with
coupled spins such as Glx and Tau, while still retaining
an observable amount of filtered ml signal.
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Materials and Methods

Spectral Characteristics of ml and Its Background
Metabolites

The mI molecule has a chair conformation with a
symmetry about the axis that connects A spin (H{2))
and P spin (H(5)) (11, 39). The mlI spin system can be
termed as AM,N,P at 3T, based on the ratio of the
coupling constant to the difference in chemical shift in
Hz (J/0) between coupled spins, e.g., [[/0]ay ~ 0.04
(weak-coupling), [J[/8]y ~ 0.97 (strong-coupling) and [J/
Olxp ~ 0.21 (strong-coupling). The chemical shifts and
the coupling constants of the ml spin system (40} were
summarized in Table 1.

The resonances of ml are grouped into three
multiplets. Among them, the ml triplet at ~ 3.3 ppm,
which is contributed by P spin, is almost completely
overlapped with resonances from Tau and choline
{Cho). Therefore, the possibility of using it as a target
peak is excluded in conjunction with its low signal
amplitude with respect to the central multiplet at ~ 3.6
ppm. Similarly, the A spin resonance at ~ 4.1 ppm
overlaps with Cr and a small amount of lactate (Lac).

Table 1. Spectral Characteristics of Myo-Inositol Spin System

Proton No. Hi2)  H{IH3 H4HeE Hp)
Spin Species A MM, NN, P
Chemi 5

emical Shift ) ¢ 3.54 3.62 3.28
{ppm)

_ IMia = Jamz = 2.7

J-Coupling Jvong = 9.9
Constant Jminz = 98

N =Jenz =92

Table 2. Number of Single Quantum Anti-phase Coherences
(APCs) Converted by the Third 90° Pulse. Three different
excitation schemes are shown. Only those APC terms with
transverse M or N magnetization were counted, which
ultimately contribute to the target peak of mI at ~ 3.6 ppm
(DQC,eq: real term of double quantum coherence, DOC

imag*
imaginary term of double quantum coherence)
Spin species DQC {imag.) DQC (real)
excited by il i Total APCs
3rd 90° pulse APC APC
P 4 4 8
MN,P 16 0 16
A MNP 20 0 20

This peak is usually unobservable in vivo with unedited
pulse sequences such as PRESS and STEAM due to its
spectral proximity to the strong water signal. The
quartet-like, central multiplet at ~ 3.6 ppm (M;N, spin
resonances) is assigned to be the target peak for its
dominance in amplitude over the two other multiplets,
although it does have overlaps with Glx and Tau as
well as with Gly. Due to low concentrations relative to
ml in normal human brain, some of the background
metabolites whose resonances lie between the A and
the P multiplets are not considered in this study. They
are alanine (~ 3.78 ppm), glucose (~ 3.75 ppm and 3.4
ppm) and syllo-Inositol (~ 3.35 ppm).

Sequence Optimization

A generic DQF sequence is shown in Fig. 1, in which
PRESS was incorporated into the sequence for the
purpose of spatial localization. It is comprised of three
90° r.f pulses and two 180° pulses. The optimization of
each radio-frequency (r.f.) pulse in the sequence was
achieved by using MATPULSE software (41) written in
MATLAB™ {Mathworks Inc., Nadick, USA). The first
90° pulse is an optimized sinc pulse which is ~ 3 ms in
duration and ~ 4000 Hz in bandwidth. For the second
90° pulse that generates MQCs, a rectangular hard
pulse was chosen with its duration as short as 250 s to
minimize additional intra-pulse evolution of
coherences, namely, the mixing of coherences (23, 42,

PN 180" 90" 90,° (B:") 180,

RF w/b >
M T,
S

TH TN
Ge N\
("7 \\\\\: e N

: Retocusing Gradient Ezmmm o Shice Selection Gradient

¥
& © Filter Gradient

. : Spotler Gradient

Fig. 1. A generic DOF sequence. It consists of three 90°
and two 180° r. f. pulses. The filtering of a specific order
of coherence is achieved by the second and the third 90°
pulse in conjunction with a pair of filter gradients. The
area of the second filter gradient is adjusted with respect
to the first one, according to the level of coherence to be
filtered out.
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43). The optimization of the third 90° read pulse, a
numerically optimized sinc-Gaussian pulse, includes
consideration of the frequency offset, duration and tip-
angle, which will be discussed below in detail. As for
the two 180° pulses, an optimized sinc pulse was used
for both slice selection and chemical shift refocusing
with a duration of 3.5 ms and a bandwidth of ~ 1200
Hz. The length and amplitude of each slice selection
gradient was calculated according to the size of a voxel.
The duration of spoiler gradients for each 180°
refocusing pulses was 2 ms with the maximal
amplitude of 20 mTm™. The filter gradients were
applied in all three directions with the length of G; = 3
ms and G, = 2X G, for double quantum selection, and
the maximal amplitude of 20 mTm™ for both G; and
G,. The net gradient vector, therefore, was oriented at
the magic angle to facilitate the suppression of residual
water signal resulting from the demagnetizing dipole-
dipole interaction between water molecules in
conjunction with a 16 step phase-cycling {23).

The determination of the optimum values for the
offset frequency and bandwidth (or duration} of the
third 90° read pulse preceded the optimization of TEs

0 10 20 30 40 50 60 70 80 90 100
TE:z (ms)

Fig. 2. The contour plot of the calculated signal intensity of
the target peak of myo-Inositol in response to a DQF
sequence for the determination of semi-optimum TE,; and
TE,. Initially, TM was set to 5 ms. Also, the flip angle and
the duration of the frequency selective r.f. pulse was set to
90° and 5 ms, respectively. No relaxation loss was
assumed in the calculation. All indices were normalized to
the maximum signal found at both TE; and TE, ~ 100
ms. A step size of 2 ms was used in the calculation for
both TE,; and TE,,

and TM. To determine the most appropriate excitation
scheme by the read pulse an analysis was made by
using the product operator formalism (22) where the
optimization criterion was to produce the largest
number of single quantum APCs (SQ-APCs) with at
least one transverse M or N term that ultimately
contributes to the target peak. The result is summarized
in Table 2. The additional double-order terms that are
produced during the TM period by involving more
than one passive spin with the level of coherence
unchanged e.g., A,M,N, , were not included in the
analysis for their negligible contribution to the final
signal yield (see the source of variability section for
detailed discussion). Since each DQC has two terms,
namely a real and an imaginary term, the notation such
as DQC(AM,),y and DQC(AM )., Was used in the
analysis to distinguish one from the other. Since the
creation of the DQCs that involve two spins with no
direct J-coupling between them but have a common
coupling partner (e.g., DQC(AN)) is also possible in the
case of strongly-coupled spin systems {42-44), such
terms were also considered in the analysis. According
to Table 2, exciting all spin species yields the largest
number of SQ-APCs with at least one transverse M or
N term. Therefore, the third 90° frequency selective
pulse was tuned to excite all spin species of ml, while

pa T T Sy

07 o8
1‘9_?§~" 065 ’

Duration (ms)

Flip Angle (degree)

Fig. 3. The variation of the calculated signal intensity of
the target peak of myo-Inositol as a function of the
duration and the flip angle of the third 90° frequency
selective pulse. No relaxation loss was assumed in the
calculation. Also, the indices were normalized to the
maximum signal found at the duration of 1 ms and the flip
angle of ~ 65°.
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leaving water resonance intact.

As the next step in the design of a DQF for ml
editing, the optimization of TE; and TE, followed. With
an initial value of 5 ms for TM, and 90° and 5 ms for
the flip angle and duration of the read pulse,
respectively, a contour plot of the signal intensity of the
target peak of ml was produced (23} as shown in Fig. 2.
It visualizes the variation in the signal intensity of the
targeted peak as a function of TE, (vertical axis) and
TE, (horizontal axis) in ms ({TE;, TE,}). No transverse
relaxation was assumed in the calculation and all
indices were normalized to the maximum appearing ~
{100,100} region in the Figure. Based on this
preliminary contour plot and initial TM of 5 ms, the
optimization of the tip angle and the duration of the
third 90° read pulse was achieved by producing
another contour plot as a function of those two
sequence parameters as illustrated in Fig. 3. According
to Fig. 3, the optimal flip angle is found to be ~ 65°,
and the shorter the duration of the pulse is, the better
the signal yield is. However, in consideration of the
bandwidth issue of the pulse as described above, the
initial duration of 5 ms was retained. Figure 4 was also
used for the optimization of TM, which illustrates the
dependence of the signal yield of the filter on the
choice of TM. In practice, TM of 7 ms was used to
accommodate the filter gradient during the mixing
period.

Amplitade (Normalized Unit)

0.2

4 6 8 10 12 14
TM (ms)

Fig. 4. The variation of the calculated signal intensity of
the target peak of myo-Inositol as a function of TM. The
amplitude was normalized to the maximum value that
occurs at ~5.5 ms of TM. No relaxation loss was assumed
in the calculation.

As the final step, all the parameters thus obtained
were combined to produce another contour plot for the
reoptimization of TE, and TE, (23). The contour plots
for the A multiplets of Glx and for Tau were also
produced for effective suppression of those neighboring
metabolites.

Phantom and In Vivo Experiments

Two spherical phantoms (~ 5 cm in diameter ; pH =
~ 7) of aqueous solutions were made. One (phantom
#1) contains ml + Cr and the other {phantom #2) mI +
Glu + Gln + Tau + Cr + Gly at their relative
physiological concentration ratio of normal human
brain (1:1.3:0.6:0.5:1.1:0.2) (24, 45, 46). For both
phantoms the concentration of ml was maintained at
50 mM. The Phantom #1 also contains 10 mM Cr to be
used as a reference peak.

An 80-cm bore 3T magnet {Magnex Scientific PLC,
Abingdon, UK) was used for all tests with a home-built
28-cm diameter quadrature birdcage coil for both
transmission and reception. The spectrometer control
was provided by a SMIS console (Surrey Medical
Imaging Systems PCL, Guilford, UK). A total of 2048
data points were used for data acquisition. For
phantom experiments, a voxel of 2.5 X 2.5 X 2.5 cm’
was located at the isocenter of the phantom. For in vivo
experiments, a voxel of 3.5 X 3.5 X 3.5 cm® was
defined in the occipital region of the brain.

All post-data processing was conducted by using the
spectrum analysis software (Specana) provided by
SMIS. A linewidth broadening of ~ 7 Hz was applied
for all spectra and signal intensity was measured
thereafter. For the estimation of signal-to-background
ratios (S/B), the target spectral region was chosen
between 3.4 ppm and 3.75 ppm.

Results

Based on the contour plots obtained for M;N,
multiplet of mI, A multiplets of Glx and for Tau, the
optimized sequence parameters for the DOF were
determined to be ; TE; = 32 ms, TE, = 58 ms, TM = 7
ms, and the duration and the flip angle of the third 90°
being 5 ms and ~ 65°, respectively, with the frequency
offset of the pulse tuned to excites all spin species of
ml.

The optimized filter for ml detection was tested first
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in phantom experiments. Fig. 5 shows the response of
the metabolites in (a} phantom #1 and in {b) phantom
#2 to PRESS. The filtered spectra of ml are also shown
(Fig. 5(d)) without, and (Fig. 5(e)) with, its background
metabolites along with the calculated response (Fig.
5(c}). In comparison of Figs. 5(d) and (e}, the A
multiplet of Glx and Tau are observed to be effectively
suppressed, while the MNPQ multiplets of Glx still
persist over the range of the spectrum from 2.0 through
2.5 ppm. The lineshape and the signal amplitude of the
ml target peak are all in accordance with one another,
demonstrating complete removal of the uncoupled Gly
from the target region. This is further supported by the
observation that the Cr resonances at ~ 3.0 and ~ 3.9
in PRESS experiment (Fig. 5(b)) were completely
eliminated in the filtered spectrum (Fig. 5(e)). The

ER
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Cr x 0.5

(@) PRESS

(Phantom: ml + Cr)

Cr Cr
x 0.5

mi+Gly Gix

(b) PRESS

T
{Phantom: mI+background) au

() DQF

(Calculated: ml only)

(4 DQF
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(e)  DQF
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4.0 3.5 30 25 2.0
Chemical Shift (ppm)

Fig. 5. The phantom response of myo-Inositol and its
background metabolites to a PRESS and the optimized
DOQF. The response of ml to a PRESS at {TE,=32 ms,
TE,=58 ms} is shown {a) without, and (b] with,
background metabolites. The filtered ml signal is also
shown (d) without, and (@) with, its background
metabolites. The calculated spectrum is also shown in (c).
The lineshape of the ml target multiplet matches close to
one another in all filtered spectra. For all spectra, the
linewidth was artificially broadened to ~7 Hz.

signal yield of ml in response to the optimized filter is
estimated to be ~ 15% of that obtainable in PRESS
experiment with the shortest timings of TE; = 18 and
TE, = 16 ms. The S/B between 3.4 ppm and 3.75 ppm
were ~ 4.8 for the optimized filter and ~ 1.5 for
PRESS, an improvement by a factor of more than three
in favor of the filter.

The performance of the optimized DQF was further
tested in vivo and the result is shown in Fig. 6(b},
which was taken from the occipital region of the
human brain (a healthy 30 year-old male volunteer ;
3.5 X 3.5 X 3.5 cm?® 512 averages). The lineshape of
ml at ~ 3.6 ppm well matches that in phantom
spectrum in Fig. 6 (a). In Fig. 6(b}, the MNPQ multiplet
of Glx at ~ 2.3 ppm (negative peak) is also well
identified as in the phantom spectrum in (a). As well,
no uncoupled peaks are observed such as water, Cr
and N-acetylaspartate (NAA; ~ 2.0 ppm). Therefore,
taking account of the relative abundance of those
singlet resonaces, no leakage from Gly can be assured
in the target region. Finally, since a total TE of 90 ms
was used, the contamination of the target region by
macromolecule resonances can be neglected (18, 20).

Discussion

The purpose of this study was to establish an optimal

ml
(a) Phantom
(ml+background) mi+Tau  Glx
(b) In vivo
4.5 3.5 25 1.5
Chemical Shift (ppm)

Fig. 6. The DQ-filtered spectra of the human brain. Shown
in {(d) is the phantom response of ml and its background
metabolites to the optimized filter. The spectrum in (b)
was taken from the occipital region of the brain of a 30
years old healthy male subject with a voxel size of 3.5 x
3.5 X 3.5 cm® and 512 averages {scan time ~ 27 min). In
(b), the MNPQ multiplets of Glx at ~ 2.3 ppm is also
identified.
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condition in the design of DQF sequence for the
detection of ml in vivo. The advantage of the filter
sequence lies in its capability to suppress any
uncoupled spin resonance, which is an important
aspect in that the contamination of the target peak by
uncoupled Gly was unavoidable in PRESS and STEAM
even after the optimization of these conventional
sequences. However, in addition to the intrinsic poor
signal yield of a DOF and a variety of sequence
parameters to be optimized, the difficulty in designing
the filter for mI detection is exacerbated by the
complexity of the ml spin system and its evolution, It
was emphasized that the difference spectra method is
not a practical alternative to DQF for the same reason,
i.e., the rapid change in the line shape of ml as a
function of sequence timings, which results from the
strongly-coupled nature of the metabolite. As such, the
prediction of the evolution of ml in response to a DQF
sequence cannot be achieved in the conventional way,
namely, the product-operator formalism. By using
numerical solution of the density matrix, a methodical
procedure for the design of a DQF sequence (23} was
adopted in this study.

Among the sequence parameters to be optimized, the
frequency offset of the third 90° read pulse was
considered first in the optimization procedure, from
which it was determined that all of the spin species of
ml were to be excited by that pulse. However, it
should be noted that for strongly-coupled spin systems
the optimal spectral region to be excited by the third
90° pulse is also TE,-dependent due to the active
coherence transfer even during the inter-pulse delays
(21, 23). Therefore, the analysis given herein should be
used only as a guideline. Another excitation scheme
may be possible such as the excitation of A and P spins
by using a composite pulse (47, 48). But for the same
reason, it does not necessarily enhance signal yield.
Moreover, it may result in unwanted perturbation of
other spectral region such as the excitation of water
resonance. Therefore, the use of a composite pulse as
the third 90° read pulse was not considered in this
study.

The performance of the optimized filter was tested
both in phantom and in vivo. The filter yield of ml
target peak was estimated to be ~ 15 % with respect to
that obtainable with PRESS at the shortest sequence
timings. To overcome this relatively low signal yield of

the filter, a rather large voxel size of 3.5 X 3.5 X 3.5
cm® was used in the human study. According to the
product operator analysis with rectangular hard pulse
approximation (22) a theoretical DQF signal yield is ~
25% for weakly-coupled spin systems. However, there
are a variety of signal loss mechanisms in practical
MRS experiments. For instance, the use of shaped soft
pulses alone can give rise to a substantial amount of
signal loss and this signal reduction can be even worse
for strongly-coupled spin systems (21, 23). In addition,
the active coherence transfer throughout the filter
sequence should be one of the mechanisms responsible
for the lower filter yield of mlI, e.g., the coherence
transfer from the signal-contributing M or N spin
species to A and P spins under the strong coupling
Hamiltonian followed by unwanted proliferation of
coherences into non-observable terms such as
additional double order terms (21, 42, 43). As well, it
should also be noted that although those DQ-filtered
output reported in the literature range from ~ 25 to ~
45 % (23, 27, 28, 30-32, 34, 35), some of these values
(27, 28, 30, 35) were estimated with respect to that
obtained with PRESS or STEAM at the same sequence
timings used for DQF experiments instead of at the
shortest sequence timing as in this study. Therefore,
given that the J-modulation of coupled spin systems
over TEs can lead to a substantial loss of signal, those
relatively high filter yield in the previous studies should
be carefully interpreted.

The suppression efficiency of the filter for other
uncoupled resonances with relatively large signal
intensity such as water, Cr and NAA, guaranteed the
complete removal of the uncoupled Gly resonance
from the target spectral region. It was also shown both
in phantom and in vivo that the background metabolites
with coupled spins were effectively suppressed.
Therefore, despite the low signal yield, the numerically
optimized filter in this study can find important
applications in quantitative "H-MRS studies.

A new editing method was reported by Trabesinger
et al. (49), namely, the single quantum coherence
filtering. The sequence can simply be implemented by
one additional 90° pulse at the first echo location in the
conventional PRESS sequence. It filters out SOCs of
strongly-coupled spin systems only, while suppressing
those from weakly-coupled and the uncoupled spins.
Intuitively, the application of the single quantum filter
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(SOF) may be very suitable for the ml editing, since the
weakly-coupled A spin multiplets of Glx and the
uncoupled Gly singlet can effectively be removed by
the nature of the sequence. This additional degree of
freedom in the sequence optimization procedure may
potentially be valuable in the mI editing.

Finally, the results shown here are specific to a
magnetic field strength of 3T. Due to the changes in
chemical shift difference (in Hz, the evolutionary
picture of the ml spin system in response to the DQF
will need to be redefined in a different magnetic field
strength.

Conclusion

By incorporating a numerical method into the design
of MQFs in 1H-MRS the spectral integrity of a target
metabolite, in particular, with a complicated spin
system can be substantially enhanced.
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