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a b s t r a c t

The purpose of this work was to design and implement constant adiabaticity gradient modulated pulses
that have improved slice profiles and reduced artifacts for spectroscopic imaging on 3 T clinical scanners
equipped with standard hardware. The newly proposed pulses were designed using the gradient offset
independent adiabaticity (GOIA, Tannus and Garwood [13]) method using WURST modulation for RF
and gradient waveforms. The GOIA-WURST pulses were compared with GOIA-HSn (GOIA based on
nth-order hyperbolic secant) and FOCI (frequency offset corrected inversion) pulses of the same band-
width and duration. Numerical simulations and experimental measurements in phantoms and healthy
volunteers are presented. GOIA-WURST pulses provide improved slice profile that have less slice smear-
ing for off-resonance frequencies compared to GOIA-HSn pulses. The peak RF amplitude of GOIA-WURST
is much lower (40% less) than FOCI but slightly higher (14.9% more) to GOIA-HSn. The quality of spectra
as shown by the analysis of lineshapes, eddy currents artifacts, subcutaneous lipid contamination and
SNR is improved for GOIA-WURST. GOIA-WURST pulse tested in this work shows that reliable spectro-
scopic imaging could be obtained in routine clinical setup and might facilitate the use of clinical
spectroscopy.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Metabolite levels measured by MR spectroscopy are highly cor-
related with healthy or pathological status of a tissue. Mapping
spatial distribution of metabolites with MR spectroscopic imaging
(MRSI, also known as chemical shift imaging or CSI) [1,2] can in-
crease specificity of MRI, especially in clinical conditions (i.e., brain
tumors [3], stroke [4], psychiatric disorders [5]) where access for
invasive (biopsies) or serial investigations is difficult.

MRSI performed at high field benefits from increased spectral
resolution which allows better separation and identification of
metabolites. However, obtaining reliable MRSI information at high
field is limited by a number of challenges such as (i) chemical shift
displacement error (CSDE), (ii) spatial non-uniformity of RF excita-
tion, and (iii) contamination with large lipid signal from tissues
outside the region of interest (i.e., subcutaneous fat). Signal locali-
zation using slice selective pulses and gradients in spectroscopy
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cannot distinguish between a change in frequency due to chemical
shift or due to gradients, resulting in a spatial shift (CSDE) of the
excited slice for each metabolite. RF inhomogeneity becomes more
problematic at high fields as RF wavelength becomes comparable
with object dimensions. Contamination (‘‘voxel bleeding”) with
lipid signal in MRSI can create large artifacts when CSDE and
imperfect slice profiles combine unfavorably with poor point
spread function (PSF) due to limited phase encoding. Improvement
of CSDE and slice profiles can reduce greatly the source of lipid
‘‘voxel bleeding”.

Adiabatic pulses are known for a long time in NMR spectros-
copy [6,7] as a method to compensate for RF inhomogeneity and
achieve wide inversion bandwidths (BW) with limited RF field
amplitude. Hence they are natural candidates for MRSI, where a
large BW is necessary to reduce CSDE. However, their direct use
in MRSI is complicated by long pulse durations when wide BW
are sought and the fact that a pair of two adiabatic pulses is neces-
sary to produce a refocusing echo [8], resulting in long echo times
and increased specific absorption rate (SAR). In many instances of
in vivo applications [9] conventional adiabatic pulses need 5 ms to
achieve 5 kHz bandwidth due to RF power limitations. An effective
method to reduce RF amplitude is to apply VERSE (Variable rate
selective excitation) method [10,11]. VERSE uses gradient
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modulation to decrease peak RF amplitude, and adiabatic pulses
with very large BW (20 kHz) and short duration (3.5 ms) have been
designed [12,13] for localized MRS. FOCI (frequency offset cor-
rected inversion) pulse appears to have been used more in human
studies [12,14,15] compared to GOIA (gradient offset independent
adiabaticity) pulses [13,16]. However, these demonstrations have
been performed mainly on research scanners and despite their
benefits, these pulses are not widespread for MRSI on clinical
systems.

A remarkable property of GOIA pulses is the constant adiabatic
factor over the entire spectral BW, while for FOCI and conventional
adiabatic pulses the adiabatic factor degrades away from the cen-
tral frequency. Another important advantage is that GOIA pulses
require less RF power than FOCI pulse for the same BW and pulse
duration. In contrast to previous investigators [13] who designed
GOIA based on n th-order hyperbolic secant (HSn) functions, we
propose [17] new type of GOIA pulses starting from WURST [18]
modulation for both RF field and gradient. As shown later, more
favorable slew rates can be found for WURST gradient waveforms.
A specific aim was to find robust pulses that need less than 1 kHz
(23.4 lT) peak RF amplitude for a BW of 20 kHz and duration of
3.5 ms. For example the FOCI pulse with the same specifications
would need 1.46 kHz for optimal operation. This is important espe-
cially on clinical 3 T scanners where pulses delivered by the trans-
mit body coil are generally limited to 1 kHz peak amplitude in vivo.
Additionally, decreasing the RF power enables shorter repetition
times (TR = 1.5 s or shorter) to be used with adiabatic pulses MRSI
in clinical conditions where acquisition time is limited (sequences
with conventional adiabatic pulses might require TR of 3 s or long-
er to compensate for specific absorption rate (SAR)). Although im-
proved RF homogeneity with reduced RF power deposition at high
field can be achieved using parallel transmit arrays [19,20], this is
still an area of active research and parallel transmit systems are not
yet largely available and affordable.

In particular, we find that the GOIA pulse combination of
WURST-16 for RF field and WURST-4 for the gradient modulations,
which we name GOIA-W(16,4), provides improved spectra quality
with regard to SNR, coupled spins spectra, eddy current artifacts
and lipid contamination compared to results obtained with GOIA
based on HSn and FOCI pulses. Performance of all the pulses is
tested extensively in numerical simulations and experiments on
phantoms and volunteers. Results are also compared to the more
widely used PRESS [22] localization employing Mao [23] refocus-
ing pulses. Further tests and results obtained on clinical patients
with brain tumors or stroke will be communicated separately.
2. Theory

Chemical shift displacement error of a particular metabolite in-
creases linearly with the size of the main magnetic field and is in-
versely proportional with the bandwidth of the slice selective
pulse:

CSDEðdÞ ¼ ðDdÞB0

BW
ð1Þ

where Dd is the difference (in ppm) between the chemical shift (d)
of the metabolite and the carrier frequency of the RF field, B0 the
main magnetic field (in frequency units) and BW is the bandwidth
of RF pulse. Hence, increasing pulse BW is highly desirable to reduce
CSDE.

It can be noticed that the same linear dependency that im-
proves spectral resolution by increasing the B0 field also worsens
the CSDE in Eq. (1). Considering a minimum of 3.5 ppm for the
spectral range (4.3–0.8 ppm) of 1H MRSI, the frequency difference
over the entire spectrum at 3 T is approximately 450 Hz
(1.05 kHz at 7 T). Under these conditions, GOIA or FOCI pulses
(BW = 20 kHz) will have a minimal �2% displacement, while con-
ventional adiabatic pulses (BW = 5 kHz) will give �10% CSDE. By
comparison, Mao pulses with BW of 1.2 kHz used in PRESS have
a large CSDE of 38%. This can be especially detrimental for coupled
spins like lactate with large chemical shift difference (4.09 and
1.31 ppm) where signal loss results due to combination of flip an-
gles distribution (leading to polarization transfer and multiple
quantum coherences) and CSDE [24].

Most generally, the adiabatic condition in the case of a gradient
modulated adiabatic pulse is given by [13]:

QðX; tÞ ¼ ½ðB1ðtÞÞ2 þ ðxðtÞ � czGðtÞ �XÞ2�3=2

jðxðtÞ � czGðtÞ �XÞ _B1ðtÞ � B1ðtÞð _xðtÞ � cz _GðtÞÞj
>> 1

ð2Þ

where B1(t) is the modulation of the RF amplitude, x(t) is the mod-
ulation of the carrier frequency, X is the chemical shift offset, G(t) is
the modulation of the gradient, z is the position and c is the gyro-
magnetic ratio (B1(t), x(t) and X are specified in frequency units).

GOIA can be defined [13] by imposing that the adiabatic factor
Q(X, t) is constant for all chemical shifts (X), obtaining:

Q _xðtÞ �xðtÞ
GðtÞ

_GðtÞ
� �

¼ B2
1ðtÞ ð3Þ

Due to hardware requirements that need well behaved RF and
gradient waveforms, Eq. (3) is used to find the frequency modula-
tion x(t) after choosing B1(t) and G(t) functions:

xðtÞ ¼ 1
Q

GðsÞ
Z t

0

B2
1ðsÞ

GðsÞ ds�xc ð4Þ

where xc is the center frequency specified by the condition
x(Tp/2) = 0. In practice, the phase modulation is used to sweep
the frequency:

uðtÞ ¼ 2p 1
Q

Z t

0
GðsÞ

Z s

0

B2
1ðs’Þ

Gðs’Þ ds’�xc

 !
dsþuð0Þ ð5Þ

Eqs. (4) and (5) can be numerically integrated for the most gen-
eral B1(t) and G(t) functions. In order to excite a slice at an arbitrary
position (off-isocenter) the RF carrier frequency has to follow the
gradient modulation. This can be achieved by calculating an addi-
tional phase modulation

uzðtÞ ¼ 2p
Z t

0
czGðsÞds ð6Þ

which is superimposed on the phase obtained from Eq. (5) leading
to the final phase modulation

ufinalðtÞ ¼ uðtÞ þuzðtÞ ð7Þ

Using Eq. (5), we constructed two types of GOIA pulses [17]
starting from the n-order hyperbolic secant (HSn) [25] functions:

B1;HSnðtÞ ¼ B1;max sech b 2t
Tp
� 1

� �n� �
GHSmðtÞ ¼ Gmax 1� f sech b 2t

Tp
� 1

� �m� �� �
8><
>: ð8Þ

and WURST (Wn) [18] functions:

B1;WnðtÞ ¼ B1;maxð1� j sinðp2 ð2t
Tp
� 1ÞÞjnÞ

GWmðtÞ ¼ Gmaxðð1� f Þ þ f j sinðp2 ð2t
Tp
� 1ÞÞjmÞ

(
ð9Þ

where Tp is the pulse duration (0 6 t 6 Tp), B1,max the maximum RF
amplitude (b = 5.33 defines the cut-off value for HS pulse), Gmax the
maximum gradient and f [0, 1] is the gradient modulation factor.
The larger the f factor the more gradient drops in the middle of
the pulse and less B1,max is required. A value of f = 0.9 is typically
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chosen (gradient in the middle of the pulse is 10% from the maxi-
mum value) and we have used it for both GOIA and FOCI pulses.
Generally, the n and m orders for B1 and G modulations are chosen
to be different (m < n) and we adopt the following naming conven-
Fig. 1. Adiabatic pulses. (A) Modulations of RF amplitude (B1(t)), gradient (G(t)), carrier fr
line) and FOCI (dashed line). RF amplitude and slew rate requirements are maximum i
adiabatic passage spin echo, spoiler, prephase and readout gradients are shown in grey. (C
shown in grey, phase encoding gradients are superimposed on the last spoiler for MRSI
tion: GOIA-X(n,m) with X specifying the base modulation function
(HS or W), n the order of B1 modulation, and m the order of gradient
modulation (the shapes of GOIA-W(16,4) and GOIA-HS(8,4) can be
seen in Fig. 1A).
equency (x(t)) and phase (u(t)) for GOIA-W(16,4) (solid line), GOIA-HS(8,4) (dotted
n the case of FOCI pulse. (B) Pulse sequence to measure slice profiles with double
) LASER sequence with GOIA pulses for localized spectroscopy, spoiler gradients are
applications.
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The design of GOIA pulses can be improved by predicting their
slice profiles and spectra. Slice profiles and spectra of isolated spins
can be readily obtained through classical Bloch equations, how-
ever, to compute spectra of coupled spins the full quantum
mechanics formalism [26] is needed. Considering a J-coupled spin
system, their Hamiltonian in the rotating frame is given by:

ĤðtÞ ¼ �
X

p

XpÎz;p þ
X
p<q

JpqÎpÎq

þ
X

p

B1ðtÞ Îx;p cosðuðtÞÞ þ Îy;p sinðuðtÞÞ
h i

þ
X

p

czGðtÞ̂Iz;p ð10Þ

where Xp and Jpq are the chemical shift offset and the scalar cou-
pling, respectively (in frequency units), Îa,p (a = x, y, z) and Îp denote
the spins operators, and B1(t), G(t) and u(t) are defined as above.
Only the most mobile metabolites are considered, neglecting the
anisotropic interactions such as chemical shielding anisotropy and
dipolar couplings.

The spin evolution under the time dependent Hamiltonian of
Eq. (10) is given by the solution of Liouville–von-Neumann equa-
tion of motion (neglecting relaxation):

d
dt

r̂ðtÞ ¼ � i
�h

ĤðtÞ; r̂ðtÞ
h i

ð11Þ

that can be calculated through the means of average Hamiltonian
theory (AHT) in the case of a periodic perturbation or using Floquet
theory for a more general case [27]. An analytical solution for Eq.
(11) including the numerically calculated phase modulation of Eq.
(5) would provide little insight. Instead we use numerical simula-
tions, detailed in the next section, to visualize the performance of
GOIA pulses under various conditions.

3. Methods

3.1. Numerical simulations

Quantum mechanical simulations were performed in GAMMA
[28] to predict slice profiles and spectra of coupled spins with GOIA
or FOCI pulses of 3.5 ms duration and 20 kHz bandwidth. Slice pro-
files are calculated considering a double refocusing spin echo [8]
obtained with a pair of adiabatic pulses. Simulations of localized
spectra are done for a symmetric LASER sequence [21] and using
published metabolite chemical shifts and scalar couplings [29].
The adiabatic pulses and the pulse sequences for slice profile and
LASER spectroscopic measurements are shown in Fig. 1.

In all simulations spin evolution was calculated using a piece-
wise constant Hamiltonian. A minimum time step of 20 ls was
found to be sufficient in simulations that produce the same results
for shorter time steps. GOIA and FOCI pulses were defined with the
same number of support points (175 points for 3.5 ms) which were
identical in simulations and experiments. The minimum number of
samples necessary to accurately reproduce the waveform is 70, gi-
ven by the time-bandwidth (R factor, [13]) product (Nyquist condi-
tion). The phase modulation was calculated by trapeze numerical
integration according to Eq. (5) but using B1(t) and G(t) functions
with finer resolution (for each integration step one point was ob-
tained by summing 10 underlying points). To select off-isocenter
slices the final phase modulation is obtained by the phase combi-
nation from Eq. (7).

For slice profiles simulations, a one-dimensional object of
length L was divided into a large number N of infinitesimal sec-
tions. The offset (czG) induced by the gradient was considered to
be constant across an infinitesimal section and the spin evolution
was calculated independently for each section. To obtain the slice
profile, the magnetization for each group of 20 adjacent sections
was summed (20 was found to be a good compromise between
the minimum number of directions for the phase cancellation of
transverse magnetization in sections outside the slice and the spa-
tial resolution required to define the slice profile). For spectra sim-
ulations the FID of each section was calculated and a combined FID
was obtained by averaging across all sections before FFT.

Symmetry in the pulse shapes and periodicity in the spin evolu-
tion under double spin echo for slice profile or six spin echo
(LASER) for spectra were exploited to speed-up calculations. The
same echo times (TE) used to simulate slice profiles or spectra
were employed in experiments.

3.2. Experiments

All the measurements were done on 3 T Magnetom Tim Trio
systems (Siemens, Erlangen). The RF body coil was used for trans-
mit and the 12-channel head matrix or the 32-channel head
phased array were used for receive. The maximum amplitude of
B1 field delivered by the transmit body coil is limited to 1 kHz
(23.4 lT) for in vivo applications. The whole-body gradient system
(TQ-engine) specifications include a maximum nominal amplitude
of 26 mT/m and a maximum slew rate of 170 mT/(m ms).

RF pulse and gradient modulations where implemented in the
IDEA environment (VB15A) using arbitrary classes and calculated
inside the sequence preparation block. The gradient hardware
needs a raster time of 10 ls which is faster than the RF raster time
of 20 ls. To match the time steps an initial gradient shape is calcu-
lated with 175 points (20 ls raster) which is expanded to 350
points in the final shape by duplicating each point with itself. For
selecting off-isocenter slices the shift in carrier frequency was
implemented by calculating the corresponding phase modulation
(Eq. (6)) which was added to the phase modulation of Eq. (5).
The same approach was used in numerical simulations.

Slice profiles were obtained using the spin echo from a pair of
adiabatic pulses according to Fig. 1B. Gradient spoilers are 8 mT/m
and 1.9 ms (700 ls ramp-up/down times) around first pulse, and
10 mT/m and the same duration around the second pulse. The slice
profile was read with a small gradient (2 mT/m) applied along the
slice selection direction which was preceded by the corresponding
pre-phasing gradient (2 ms total duration). A spectral window of
40 kHz and 1 k points were used for acquisition. A minimum echo
time of 75 ms was used and a repetition time of 1.5 s.

Spectra were obtained with the symmetric LASER sequence of
Fig. 1C, employing GOIA or FOCI pulses. Gradient spoilers of 10
and 8 mT/m are used with 1.9 ms total duration (700 ls ramp-
up/down times, 500 ls flat top) on all gradient channels. For MRSI
the phase encoding gradients are superimposed on the last spoiler
gradients. A minimum echo time TE of 45 ms and a repetition time
TR of 1.5 s were used. A spectral window of 1.25 kHz (�10 ppm)
and 1 k points were used during acquisition.

In all adiabatic sequences the signal is excited initially with a
non-selective adiabatic half passage (AHP) pulse based on offset
independent adiabaticity HS8 [25] modulation with 4 ms duration
and a BW of 5 kHz (maximum RF amplitude 0.623 kHz).

Slice profiles and excitation uniformity in MRSI were measured
in a uniform phantom that contains relevant brain metabolites at
physiological concentrations. Signal localization and spectra qual-
ity were further tested in a multi-compartment phantom that con-
tains oil and different brain metabolites. The measurements are
performed also with the standard PRESS [22] sequence provided
by Siemens, that uses Mao refocusing pulses [23] of 5.2 ms, BW
of 1.17 kHz (R = 6) and peak RF amplitude of 1 kHz.

Pulses and sequences were last compared for in vivo perfor-
mance. MRSI brain spectra were collected on healthy volunteers
(five subjects). The studies with human subjects were approved



Table 1
Parameters for RF pulses used in simulations and experiments.

RF pulse B1 modulation G modulationa Tp (ms) BW (kHz) B1,max (kHz)

GOIA-W(16,4) WURST-16 WURST-4 3.5 20 0.817
GOIA-HS(8,4) HS8 HS4 3.5 20 0.711
FOCI HS1 C-shape 3.5 20 1.463b

Mao Numerically optimized Sinc4 – 5.2 1.17 1

a A gradient factor f = 0.9 was used for all pulses.
b For in vivo MRSI measurements the maximum possible RF amplitude for FOCI was 1 kHz.
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by the IRB of our institution. Total acquisition times were 5.02 min
for 2D MRSI with 20 � 16 elliptical phase encoding matrix and one
average (NA = 1). The in-plane FOV was 20 � 16 cm2 (AP � RL),
slice thickness of 1.5 cm, and the data matrix were interpolated
to a 32 � 32 grid (a Hamming filter of width 50 was applied during
reconstruction). Data were further analyzed using syngo VB15A or
jMRUI3.0 software [30].

In the case of PRESS eight outer volume saturation (OVS) bands
[31] were placed around the skull for lipid suppression. OVS was
not used for LASER sequences. Water suppression was realized
with a WET scheme [32]. A summary of parameters used in exper-
iments and simulations are given in Table 1.

Images used to position MRSI in the case of volunteers were
acquired with multi-echo MPRAGE (MEMPRAGE, TR = 2.53 s,
TE1/TE2/TE2/TE3/TE4 = 1.64/3.5/5.36/7.22 ms, TI = 1.2 s, 1 mm isotro-
pic resolution, Ref. [33]).

4. Results

4.1. Slice profiles

Slice profiles have been simulated and measured experimen-
tally at 3 T for on-resonance (0 ppm chemical shift) and off-reso-
nance (±1.75 ppm chemical shift) conditions. The performance
was analyzed with regard to (i) flatness of the slices’ top, (ii) sharp-
ness of the slices’ edges, (iii) CSDE in the presence of chemical shift,
and (iv) smearing artifacts for off-resonance slices. A slice of 2.5 cm
thickness was assumed in both simulations and experiments.

GOIA (Eqs. (8) and (9)) and FOCI (according to Ref. [14])
pulses of 3.5 ms and BW of 20 kHz were considered. The opti-
mum RF amplitudes are (i) 0.711 kHz for GOIA-HS(8,4), (ii)
0.817 kHz GOIA-W(16,4), and (iii) 1.463 kHz for FOCI. The peak
amplitude of GOIA pulses is well below the 1 kHz upper limit
of the RF amplitude delivered by the transmit body coil. In order
to obtain the optimum 1.463 kHz RF amplitude for FOCI the
Fig. 2. Simulations and measurements of slice profiles for optimum RF amplitude at the
for pulses: GOIA-W(16,4) solid line, GOIA-HS(8,4) dotted line, and FOCI dashed line. (B)
dotted line, and FOCI dashed line. Optimum RF amplitudes are: 0.817 kHz for GOIA-W(1
safety monitor that limits maximum RF amplitude to 1 kHz had
to be by-passed. However, for in vivo measurements this is not
possible.

Fig. 2A shows simulations of slice profiles in the absence of
chemical shift and for optimal RF field. Flatness of the top is com-
parable for all three pulses in the center, however, GOIA-W(16,4)
(solid line) seems to be better towards the edges of the top com-
pared to GOIA-HS(8,4) (dotted line), but less than FOCI (dashed
line). The signal drop-out around half maximum is similar for
GOIA-W(16,4) and GOIA-HS(8,4), while FOCI have slightly sharper
defined edges, as it is apparent from the wider slice profile towards
the top. Fig. 2B shows the measured slice profiles under the same
conditions used in simulations. A good agreement with simula-
tions is found. It is more apparent that FOCI (dashed line) has a
slightly wider profile and sharper edges, than GOIA-W(16,4) (solid
line) and GOIA-HS(8,4) (dotted line).

Fig. 3 presents the simulations and measurements of slice pro-
files in the presence of chemical shift. We consider a minimum of
3.5 ppm range for 1H chemical shift and the center frequency of the
RF pulse set to the middle of this range. The slices for the right
(+1.75 ppm, dotted line) and left (�1.75 ppm, dashed line) most
shifted metabolites are compared with the on-resonance slice
(0 ppm, solid line). Simulations are shown in the upper row (A)
GOIA-W(16,4), (B) GOIA-HS(8,4), and (C) FOCI. The ‘‘smearing” of
the off-resonance (±1.75 ppm) slices caused by VERSE-ing the gra-
dient, as originally described [11], is greatest in the case of GOIA-
HS(8,4) (Fig. 3B). The slice smearing seems to be less for FOCI
(Fig. 3C) than GOIA-W(16,4) (Fig. 3A). Less smearing is expected
with FOCI since the gradient is modulated for a shorter period than
the pulse duration (gradient is kept constant for a short period at
the beginning and the end of pulse which makes it less susceptible
to slice smearing but this also increases considerably the RF ampli-
tude). The slices measured for the same offsets are in agreement
with simulations and are shown in the lower row of (D) GOIA-
W(16,4), (E) GOIA-HS(8,4), and (F) FOCI.
isocenter in the absence of chemical shift. (A) Simulations (overlaid) of slice profiles
Measured (overlaid) slice profile for pulses: GOIA-W(16,4) solid line, GOIA-HS(8,4)
6,4), 0.711 kHz for GOIA-HS(8,4), and 1.463 kHz for FOCI.



Fig. 3. Simulations and measurements of slice profiles in the presence of chemical shift. A range of 3.5 ppm at 3 T is considered. Slices for the extreme (�1.75/+1.75 ppm,
dotted/dashed line) and center (0 ppm, solid line) chemical shifts are shown. Simulations: A, GOIA-W(16,4); B, GOIA-HS(8,4); C, FOCI. Measurements: D, GOIA-W(16,4); E,
GOIA-HS(8,4); F, FOCI.
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In the case of the FOCI pulse the optimum RF amplitude cannot
be reached in vivo with the body coil, and Fig. 4 compares the slice
profiles measured for suboptimal RF amplitude for all three pulses
(GOIA-W(16,4) solid line, GOIA-HS(8,4) dotted line, FOCI dashed
line). In Fig. 4A the amplitude is considered to be 70% from the
optimal amplitude (1 kHz FOCI, 0.572 kHz GOIA-W(16,4),
0.497 kHz GOIA-HS(8,4)) and in Fig. 4B the amplitude is reduced
further to 50% from the optimum value (0.73 kHz FOCI,
0.408 kHz GOIA-W(16,4), 0.355 kHz GOIA-HS(8,4)). The intensity
scale is normalized to the signal obtained with optimal RF ampli-
tude. Two observations can be made (i) the FOCI pulse provides
more signal for suboptimal RF amplitude compared to GOIA pulses
and (ii) the slice profile changes qualitatively more for FOCI (the
Fig. 4. Measured slice profiles for suboptimal RF amplitude: (A) an RF amplitude of 70%
value is considered. In both (A) and (B): GOIA-W(16,4) solid line, GOIA-HS(8,4) dotted lin
optimal RF amplitude (Fig. 2B).
middle of the slice profile degrades more than the edges) while
GOIA pulses maintain a very similar aspect (especially GOIA-
W(16,4)) as in the case of optimal RF amplitude (the slice profile
at suboptimal RF amplitude is a scaled version of the one obtained
with optimal RF amplitude for GOIA-W(16,4) but not for FOCI). The
last aspect is explained by the fact that FOCI inverts earlier the
edges of the slice compared to the center compared to GOIA that
shows a more uniform response [13].

4.2. Phantom spectra

Spectroscopic measurements have been performed by single
voxel spectroscopy (SVS) and MRSI techniques with volume
from the optimal value is considered; (B) an RF amplitude of 50% from the optimal
e, and FOCI dashed line; the intensity scale is normalized to the signal obtained for
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pre-selection using LASER [21] sequence for adiabatic pulses or
PRESS [22] sequence for Mao [34] pulse.

Several aspects have been investigated by 2D MRSI in a uniform
phantom: (i) CSDE, (ii) excitation uniformity, (iii) SNR, and (iv)
eddy currents artifacts. The accuracy of signal localization was
checked with SVS in a multi-compartment phantom. Spectra of
coupled spins were simulated and compared to SVS measurements
in the case of Glutamate (Glu). Results are presented in Fig. 5 for
MRSI and Fig. 6 for SVS.

In Fig. 5 the VOI (10 � 10 cm2) selected by LASER or PRESS is
shown by the white square overlapped on phantom images. CSDE
is evaluated by measuring the unsuppressed signal of water with
pulses shifted �3.5 ppm from the water resonance. In the case of
PRESS a large part of the VOI is shifted outside the boundaries of
the VOI (the shift in the horizontal direction is smaller because it
is selected by the initial 90� pulse in the PRESS sequence with dif-
ferent BW than the refocussing Mao pulse that selects the vertical
Fig. 5. 2D MRSI measurements in a uniform brain phantom. A large VOI (white recta
employed for signal localization inside the VOI. CSDE over a chemical range of 3.5 ppm is
rectangle shows the CSDE in PRESS measurements. Spectral measurements are done w
W(16,4) and FOCI pulses (red rectangles in PRESS indicate the CSDE). Spectra selected from
W(16,4) and all the LASER spectra show considerable signal gain for coupled spins (Myo,
to eddy currents for GOIA-HS(8,4) and FOCI (red arrows). The same acquisition param
intensity scale is chosen to display the results.
direction, the red dashed rectangle indicate the size of VOI affected
by CSDE). The excitation is well confined inside the VOI for adia-
batic pulses, although the effects of slice smearing are visible for
GOIA-HS(8,4).

Water suppressed MRSI or SVS is used in the following. The cen-
ter frequency for VOI selection is set at 2.5 ppm in the middle of
4.3–0.8 ppm range. Uniformity of VOI excitation is shown in the
N-acetyl-aspartate (NAA) and Choline (Cho) metabolite maps.
GOIA-W(16,4) provides better uniformity for both chemical shifts.
GOIA-HS(8,4) shows more slice smearing to increasing chemical
shift offsets (NAA has �0.5 ppm offset from 2.5 ppm, Cho has
+0.7 ppm offset from 2.5 ppm). FOCI pulses provide similar uni-
form excitation as GOIA-W(16,4), though a steeper drop-out of
the signal towards the edges is apparent from the contour levels.
PRESS excitation shows the largest non-uniformity with a large
dip in the middle of VOI, especially along the horizontal (R–L)
direction which is selected by the initial 90� pulse. The effects of
ngle) is selected with LASER or PRESS sequences and elliptical phase encoding is
probed on the water signal in experiments without water suppression. Red dashed

ith water suppression. NAA and Cho maps have the highest uniformity for GOIA-
the regions with the highest signal in the NAA maps show increased SNR for GOIA-

Glu, Lac) compared to PRESS. Spectra shown in the bottom row present artifacts due
eters (TR = 1.5 s, TE = 45 ms, NA = 1) are used in all measurements and the same



Fig. 6. Simulations of coupled spins spectra and SVS measurements in a multi-compartment phantom using LASER and PRESS sequences: (A) simulations of glutamate
spectra; (B) single voxel spectra of glutamate, NAA and oil. The same TE (45 ms) and TR (1.5 s) are assumed throughout.
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CSDE are visible along the vertical (A–P) direction selected by the
Mao pulse and indicated by the dashed red rectangles. The inten-
sity is scaled the same in all the maps.

Examples of spectra from the same voxel chosen in a region of
the NAA maps where all the data showed highest intensity are
indicative of the SNR. There is a slight gain in SNR when using
GOIA-W(16,4), followed by FOCI, GOIA-HS(8,4) and PRESS. All the
LASER sequences show a significant SNR gain compared to PRESS
in the case of coupled spins such as Myo-inositol (Myo), Glutamate
(Glu) and Lactate (Lac). Few voxels in the center of VOI show signs
of eddy currents artifacts which are largest for FOCI pulses, smaller
for GOIA-HS(8,4), negligible for GOIA-W(16,4) and absent for
PRESS. This is due to the slew rate which is greatest for FOCI
(48.58 mT/m), smaller for GOIA-HS(8,4) (26.31 mT/m) and small-
est for GOIA-W(16,4) (24.32 mT/m). Slew rates smaller than
25 mT/m seem to be recommended for spectra free of eddy cur-
rents artifacts when using the body gradient coil (TQ-engine) as
the limit specified internally in the standard PRESS sequence from
Siemens.

In Fig. 6A simulated spectra of Glu are shown for LASER and
PRESS sequences. The exact pulse shapes and time modulation
from Fig. 1 were considered in all cases. The spectral region span
by Hb (3CH2) and Hc (4CH2) protons is shown enlarged. LASER spec-
tra (Fig. 6A, upper part) show very little lineshape modulation due
to J-coupling evolution at TE = 45 ms. An optimum SNR is predicted
for GOIA-W(16,4) pulses. The effect of J-coupling evolution is visi-
ble as line modulation in PRESS spectra (Fig. 6A, lower part) for the
same echo time.

Glutamate spectra are measured in a multi-compartment
phantom which was used to test spectra localization. Separate
compartments filled with Glu, NAA and oil, respectively, were
placed in close contact in a larger container filled with water to
reduce magnetic susceptibility anisotropy and help shimming. A
phantom image and spectra obtained with LASER (GOIA-
W(16,4)) and PRESS (Mao) are shown in Fig. 6B. LASER provides
in-phase absorption lineshapes for Glu, while an un-phasable
mixture of absorption/dispersion lineshapes are obtained for Glu
with PRESS at TE = 45 ms. In the case of NAA and oil spectra mea-
sured with PRESS a large contamination with external signal from
the neighboring compartments can be noticed due to less sharp
excitation profile.

4.3. MRSI of human brain

Representative data are shown from volunteers. 2D MRSI mea-
sured in a volunteer is shown in Fig. 7. A large VOI (100 � 90 mm2,
AP � RL, white rectangle) was positioned centrally in the brain
above the ventricles (centrum semiovale) and parallel with the
AC–PC (anterior-/posterior-comissure) line on the MEMPRAGE
anatomical image. Large lipid contamination from the skull is vis-
ible in the posterior part of the VOI selected with PRESS despite the
use of OVS bands (shown as hashed bands, top row). More poster-
ior contamination is consistent also with the direction of CSDE for
lipids. Spectra from a voxel situated in the lower right corner of
VOI close to the skull shows the least lipid contamination for
GOIA-W(16,4) pulse (bottom row). In the case of FOCI the intensity
of lipid contamination is comparable with metabolite signals.
Although the sharper slice profile of FOCI may provide more exci-
tation towards the edges of the VOI this comes at the cost of in-
creased excitation for subcutaneous lipids. Example of spectra
from a centrally located voxel indicate the highest SNR for GOIA-
W(16,4) (middle row). Results obtained so far in patients with
brain tumors (glioblastoma multiforme) and stroke will be in-
cluded in a separate manuscript.



Fig. 7. 2D MRSI of brain in a volunteer obtained using LASER and PRESS sequences (TE = 45 ms, TR = 1.5 s). VOI is shown as the white rectangle. Top row: the matrix of spectra
overlaid on the anatomical image (MEMPRAGE), for PRESS six OVS bands are used around the skull (shown as hashed bands). Middle row: example of spectra from a central
voxel illustrates the SNR increase with GOIA-W(16,4). Lower row: example of spectra from a voxel situated in the corner of VOI (lower right corner) indicates the degree of
lipid contamination, GOIA-W(16,4) shows the smallest lipid contamination.
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5. Discussions

Use of MRSI in routine clinical investigations has not grown to
its full potential. Partly this is due to the fact that in many cases
reliable data are not obtained and partly because traditionally
MRSI requires long scanning time. Signal excitation and localiza-
tion presents a series of challenges in MRSI. Data can be modified
by a large number of artifacts (CSDE, lipid contamination, RF inho-
mogeneity) that increase with the main magnetic field. On the
other hand, higher B0 fields are needed for increased spectral
dispersion.

Adiabatic pulses can reduce considerably these artifacts but of-
ten they are disregarded as being too long, too high SAR or too
many (double the number of pulses are needed for refocusing).
These imply increased echo times and long repetition times. VERSE
design can help decrease SAR for adiabatic pulses. However, this is
not enough in the case of FOCI pulses which still require impracti-
cable high RF peak amplitude on typical clinical scanner equipped
with only body transmit coil. Our work tries to address this prob-
lem by testing existing and new GOIA pulses that are more amena-
ble in terms of RF power. Also, most clinical scanners are equipped
only with whole-body gradient coils and eddy currents induced
when large slew rates are involved in FOCI gradient modulation
can influence spectral quality. This may explain why FOCI pulses
demonstrated on research scanners equipped with dedicated head
gradient inserts and transmit coils [14] are difficult to translate in
clinical setup. A simpler approach to decrease the TE and also the
SAR in the case of conventional adiabatic pulses has been to reduce
the number of adiabatic pulses from six to four in semi-LASER se-
quence [9] by performing the initial excitation with a slice selec-
tive 90� (Sinc) pulse. This may not be optimal for transversal
slices which are the most often used in brain MRSI, because it im-
plies that the order of VOI selection starts with the transverse
direction. It has been shown that it is optimum to start with the
direction most affected by B0 inhomogeneity, the highest spectral
quality for brain MRS being obtained for the sagital–coronal–trans-
versal order [35].

We have proposed and tested a constant adiabaticity gradient
modulated pulse (GOIA) starting from WURST waveforms that re-
quires considerably less RF amplitude (40%) and slew rates for the
same specifications like the FOCI pulse. Although, the slices se-
lected in the water phantom with FOCI have a better profile when
optimum RF amplitude can be delivered, the GOIA-W(16,4) repre-
sents a good choice in vivo leading to improved SNR, less lipid con-
tamination and eddy current artifacts in the spectra, for greatly
reduced B1 requirements. Reduced RF power enables shorter TR
of 1.5 s (or less) to be used and reduce scanning time which is cru-
cial in clinical conditions. Alternatively when TR is not limited, the
peak amplitude of GOIA-W(16,4) pulse can be increased up to the
maximum allowed by the clinical scanner in order to compensate
more for the RF inhomogeneity. On the other hand, for suboptimal
RF amplitude the slice profile of GOIA-W(16,4) is a scaled version



Table 2
Summary of experimental performance in MRSI and SVS 3T measurements (except of the RF pulses, the same acquisition parameters were used, in particular TE = 45 ms and
TR = 1.5 s).

RF pulse CSDE Uniformity of excitation Lipid contamination Eddy currents SNR SAR (%)a

GOIA-W(16,4)b +++ +++ � � ++++ 72
GOIA-HS(8,4)b +++ ++ + + +++ 55
FOCIb +++ +++ + ++ +++ 100d

Maoc � � ++++ � + 20

a Percentage from the maximum allowed of 3 W/kg, measured by the SAR watchdog monitor in the volunteer case.
b LASER sequence.
c PRESS sequence.
d SAR for 1 kHz FOCI pulse. In the case of the optimal 1.463 kHz RF amplitude for FOCI the SAR would be 214% (TR > 3 s would be necessary to reduce SAR below 100%). Plus

(+) and minus (�) symbols are given as a qualitative measure of the performance: (i) for CSDE, uniformity of excitation and SNR the number of +/� is related to better/worse
performance (i.e., reduced CSDE and increased uniformity, which are the desired features, are specified by the number of +); (ii) for lipid contamination and eddy currents the
number of +/� relates to worse/better performance (i.e., + means presence of lipids and eddy currents artifacts, which are not the desired features).
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of the profile obtained with optimum RF amplitude, making the
correction in post-processing easier than in the case of FOCI where
the middle of the slice changes more than the edges. However, at
3 T excitation with the transmit body coil provides adequate RF
homogeneity for brain imaging. Increase of RF amplitude cannot
be done for FOCI pulses which may require longer TR (6 s) due to
SAR limitations. We found that GOIA-W(16,4) pulse has less slice
smearing for off-resonance slices compared to GOIA pulses based
on hyperbolic secant modulations (GOIA-HS(8,4)). This has been
found to be true also when other GOIA-HS(m,n) were chosen. The
RF amplitude for GOIA-W(16,4) is slightly higher (14.9%) than for
GOIA-HS(8,4) but well within the limits of the transmit body coil.
An increase in SNR is noticed with GOIA-W(16,4) vs. GOIA-
W(8,4) or FOCI. The SNR gain is even more relevant compared to
PRESS considering that the real VOI selected by PRESS is larger than
the one excited with LASER (due to sharper slice profiles). As pre-
viously discussed [21], the relaxation under the LASER train of clo-
sely spaced adiabatic pulses is largely determined by T2q
mechanisms which are more favorable than T2 relaxation in the
PRESS sequence. Hence, there is less penalty for the longer mini-
mum TE (45 ms) required by LASER (a minimum TE of 30 ms is
possible in the standard PRESS sequence from Siemens). A signifi-
cant gain is observed for spectra of coupled spins where the train of
six adiabatic pulses acts also as a Carr–Purcell sequence that re-
moves the effect of the J-coupling evolution on the lineshapes
[21]. In-phase absorption lines of LASER can be better quantified
than strongly modulated PRESS lines. These results are relevant
for important metabolites involved in tumor (Myo), stroke (Lac)
or healthy (Glu) conditions. Although shorter TE (�10 ms) are pos-
sible with PRESS which could give spectra with less J-coupling
modulation [36,37], the TE can be shortened in LASER as well
(TE � 20 ms), for example by reducing to half the BW (10 kHz)
and pulse duration (1.5 ms) or skipping some gradient spoilers
(such a sequence would still have better CSDE and RF uniformity
than PRESS).

Improved signal localization with GOIA-W(16,4) translates into
less lipid contamination from the subcutaneous fat that can leak
into the VOI and dominate the metabolite spectra. This enables
positioning of the VOI closer to the skull which in many clinical
cases is required by the location of the lesion (tumor, stroke or
other). The lipid OVS bands can be omitted and this helps to short-
en the protocol setup time and regain (lower) some of the SAR.
Moreover, it is very likely that imperfect OVS bands will perturb
the magnetization inside VOI. Positioning of the OVS bands can
be very subjective based on the operator experience and eliminat-
ing them could improve reliability. Due to spectral overlap, lipid
contamination is most important in stroke where Lac can be an
early marker of hypoxia.

A summary of performances for GOIA-W(16,4), GOIA-HS(8,4),
FOCI, and Mao pulses in spectroscopic measurements is given in
Table 2.
6. Conclusions

We have designed a new adiabatic pulse based on GOIA and
WURST modulations. The new GOIA-W(16,4) pulse provides im-
proved performance in MRSI applications compared to GOIA pulses
based on hyperbolic secant functions (GOIA-HS(8,4)) or the FOCI
pulse. We proved in phantoms and volunteers that GOIA-W(16,4)
represents a good choice on standard 3 T clinical scanners
equipped with body transmit coil and body gradient coil due to a
favorable combination of peak RF amplitude and slew rate require-
ments. We suggest that our method can increase the robustness
and reliability of MRSI in clinical setup, and results that demon-
strate this on clinical patients will be communicated in a future
article. Improved MRSI is important especially in serial clinical
studies (such as novel anti-angiogenic therapies for brain tumors
[38]) where reliable data and reduced variability are required to
detect treatment effects.
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