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Abstract
Novel low-power adiabatic sequences are demonstrated for in-vivo localized two-dimensional
(2D) correlated MR spectroscopy, such as COSY (Correlated Spectroscopy) and TOCSY (Total
Correlated Spectroscopy). The design is based on three new elements for in-vivo 2D MRS: the use
of gradient modulated constant adiabaticity GOIA-W(16,4) pulses for i) localization (COSY and
TOCSY) and ii) mixing (TOCSY), and iii) the use of longitudinal mixing (z-filter) for
magnetization transfer during TOCSY. GOIA-W(16,4) provides accurate signal localization, and
more importantly, lowers the SAR for both TOCSY mixing and localization. Longitudinal mixing
improves considerably (five-folds) the efficiency of TOCSY transfer. These are markedly different
from previous 1D editing TOCSY sequences using spatially non-selective pulses and transverse
mixing. Fully adiabatic (adiabatic mixing with adiabatic localization) and semi-adiabatic
(adiabatic mixing with non-adiabatic localization) methods for 2D TOCSY are compared. Results
are presented for simulations, phantoms, and in-vivo 2D spectra from healthy volunteers and
patients with brain tumors obtained on 3T clinical platforms equipped with standard hardware. To
the best of our knowledge this is the first demonstration of in-vivo adiabatic 2D TOCSY and fully
adiabatic 2D COSY. It is expected that these methodological developments will advance the in-
vivo applicability of multi(spectrally)dimensional MRS to reliably identify metabolic biomarkers.
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1. INTRODUCTION
While two-dimensional (2D) or even higher dimensional (3D, 4D) NMR spectroscopy
comprise a large panoply of well established methods in chemistry (1) and structural biology
(2), where they provide a wealth of structural information, the development of in-vivo
multidimensional (2D) MR spectroscopy lags behind (by multidimensional MRS we mean
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MRS with multiple spectral dimensions, as opposed to MRS with multiple spatial
dimensions, known as MR spectroscopic imaging (MRSI)). For the in-vitro applications,
especially in the case of crowded biomolecular systems such as proteins (3–5) or brain
biopsies (6), these methods are crucial for disentangling overlapped signals and obtaining
unambiguous assignments and structural constraints. A similar situation exists in-vivo, with
many metabolites overlapping in a reduced chemical shift range. Although there are
considerably less visible in-vivo metabolites (approximately twenty are described for brain
(7,8)) than aminoacids in a protein (several hundreds or more), the overlapping may be as
severe in-vivo due to reduced chemical shift dispersion (lower B0 fields) and lower spectral
resolution. Hence, complex fitting routines (9,10) have been developed to extract the
metabolic information from one dimensional in-vivo spectra. 2D in-vivo MR spectroscopy
could help in reliable assignment, quantification, and perhaps, identification of new
metabolites (more than 60 brain metabolites are reported (11–13) by multidimensional NMR
spectroscopy from tissues and cell cultures, which can be used for advanced molecular
typing of brain tumors (14) or other diseases). To date, despite early interest, mainly two of
the 2D NMR experiments, 2D COSY (15,16) and 2D J-resolved (17), have been adapted and
mostly used for in-vivo 2D MR spectroscopy (exchange NOESY spectroscopy (18) has been
shown in-vivo (19) but less applied). Each of the in-vivo 2D sequences comes in several
different versions such as 2D J-PRESS (20,21), S-PRESS (22), CT-PRESS (23), and L-
COSY (20,24,25), including the possibility of multiple-quantum (20) filtering (for recent
reviews see Refs. (26–28)). This is largely due to the challenges of in-vivo MRS, such as
lower RF power deposition (SAR), reduced SNR, shorter acquisition time, and the hardware
of the clinical scanners. However, continuous improvements in pulse design and clinical
hardware allow currently more advanced approaches.

In this work we demonstrate, for the first time in-vivo, the localized 2D TOCSY (Total
Correlation Spectroscopy) experiment. Although, 1D editing versions of in-vivo TOCSY
with adiabatic (29,30) and non-adiabatic (31) mixing have been reported before, a 2D
version has not been communicated yet. TOCSY performed in a 2D mode retains all the
metabolites compared to the 1D editing which filters out most of the metabolites in order to
detect a specific metabolite. Besides extending the number of dimensions, in our adiabatic
2D approach we make considerable changes from previous adiabatic 1D editing sequences
(29,30), that enable us to improve the efficiency of magnetization transfer and allow us to
run the 2D experiment in a similar amount of time as the 1D edited. Specifically, we
introduce three new elements in the design of the in-vivo fully adiabatic TOCSY pulse
sequence: i) gradient modulated constant adiabaticity GOIA-W(16,4) pulses (32) for
LASER (Localized Adiabatic Selective Refocusing (33)) localization, ii) GOIA-W(16,4)
pulses for TOCSY mixing, and iii) the use of a z-filter (34,35) to enable longitudinal
TOCSY mixing and magnetization transfer between coupled spins. GOIA-W(16,4) pulses
require lower B1 field amplitude which reduces the power deposition (specific absorption
rate, SAR) during LASER localization, but more importantly during the TOCSY mixing,
hence allowing shorter TR times. TOCSY mixing on longitudinal magnetization is five
times more efficient than mixing on transverse magnetization. Adiabatic pulses are
particularly useful for in-vivo MRS because they have been shown (33,36,37) to provide
sharp and uniform excitation slices with virtually no chemical shift displacement error
(CSDE) or flip angle dependence on the B1 field. In addition, adiabatic pulses are able to
enhance the efficiency of TOCSY mixing by better averaging-out the chemical shift
interaction (6,38,39).

Compared to other methods such as 2D COSY or 2D J-resolved, the 2D TOCSY (40–42) is
one of the most powerful experiments because it reveals the full connectivity of a spin
network. For example, 2D COSY contains information only about the direct scalar coupled
spins, while 2D TOCSY provides correlations for both direct and indirect coupled spins (via
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relayed transfer). This is useful, as in some cases metabolites might have pairs of
neighboring spins with similar chemical shifts. In the case of 2D J-resolved spectroscopy the
indirect (F1) dimension measuring the scalar couplings has very limited range (up to 20 Hz
for protons) compared to the range of chemical shift (several hundreds Hz up to kHz)
available in the F1 dimension of 2D TOCSY or 2D COSY experiments. Moreover, the
scalar couplings do not change with increasing magnetic B0 field, while the chemical shifts
increase linearly with the B0 field, so the benefit of high field can not be fully realized in 2D
J-resolved spectroscopy. The potential of TOCSY has not been fully exploited in-vivo due
to the more intense SAR associated with the requirement of a sustained train of RF pulses
during TOCSY mixing.

Several sequence design strategies are proposed and compared in our paper. A fully
adiabatic 2D TOCSY which uses LASER localization, and two semi-adiabatic 2D TOCSY
sequences that use either PRESS (Point Resolved Spectroscopy (43)) or STEAM
(Stimulated Echo (44)) localization are presented. In all sequences the TOCSY is performed
using an adiabatic MLEV-16 scheme (45) and a gradient-enhanced z-filter (46,47) which
enables mixing of longitudinal magnetization, hence we name our sequences Z-TOCSY-
LASER, Z-TOCSY-PRESS and Z-TOCSY-STEAM, respectively. In addition, a sequence
that performs simultaneously localization and transverse TOCSY mixing (named LT-
TOCSY) is proposed. In all our 2D sequences we implemented the possibility to obtain
phase-sensitive spectra with an echo-antiecho acquisition. This enables the full potential of
2D spectra, by obtaining the maximum possible sensitivity and spectral resolution.

Our sequences can be run also in the 1D editing mode, and this was used in the tune-up
process. The efficiency of magnetization transfer was compared in the 1D edited mode for
Z-TOCSY-LASER and the TOCSY-LASER that uses transverse mixing (as originally
proposed in Ref. (29)).

A fully adiabatic 2D COSY that uses the same LASER localization like the Z-TOCSY-
LASER sequence is also shown. A fully adiabatic in-vivo 2D COSY has not been
demonstrated yet, although a semi-adiabatic approach has been recently communicated (48).
The 2D COSY-LASER was compared also with the 2D L-COSY method (24) that uses non-
adiabatic pulses.

Theoretical analysis and simulations that form the basis of our TOCSY sequence design are
included. We present results from phantoms, healthy volunteers and patients with brain
tumors (glioblastoma, GBM) obtained on 3T clinical scanners equipped with standard
hardware.

2. THEORY
Editing pulses for the purpose of in-vivo MRS (28) are generally spatially non-selective and
they are applied on the entire imaged object. Similarly, in previous examples (29,30) of the
1D edited TOCSY experiments the mixing is performed spatially non-selective. In our
approach of 2D TOCSY we take advantage of the ability of gradient modulation to reduce
the B1 amplitude and shorten the duration of adiabatic pulses for increased bandwidths
(32,36). Although spatial localization is not necessary for editing or mixing, there is not any
reason why mixing and localization can not be done simultaneously, using gradients and RF
pulses together, when this can be turned in advantage. This can be the concept of a more
general principle and utility in sequence design (49). The theoretical framework relevant to
the simulations and sequence development is shortly presented.
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The efficiency of a particular TOCSY mixing scheme can be understood through the buildup
curves of magnetization transfer between scalar coupled spins which for a simple two spin
system are governed by the Hamiltonian

[1]

assuming a mixing train of Np gradient modulated adiabatic pulses with the B1,k (t)
amplitude modulation, φk (t) phase modulation, Gk (t) gradient modulation, and Ωn (n = 1,2)
and J represent the chemical shifts and the scalar coupling, respectively (in frequency units),
Îα,n (α = x,y,z; n = 1,2) denote the individual spin operators, and F̂α (α = x,y,z) the total spin
system operators (F̂α = Îα,1 + Îα,2). In the case of most mobile metabolites we neglect the
influence of anisotropic interactions such as chemical shielding anisotropy and dipolar
couplings on the coherent evolution of the spin system (however, these interactions are
important for relaxation mechanisms as discussed later).

RF pulses with a constant adiabatic factor Q can be obtained if the modulation functions
fulfill the condition (32,36)

[2]

, where ωc is the center sweep frequency and φk (0) represents the initial phase of the pulse,
which in our case follows the MLEV-16 scheme (i.e. φk (0) = 0 or π). In particular, we
employ the GOIA-W(16,4) pulses defined in (32), that use the WURST-16 function (50) for
B1(t) modulation and inverse WURST-4 function for G(t) modulation.

The buildup curves for magnetization transfer can be calculated through density matrix
formalism, assuming that initially only one of the spins has magnetization (i.e. initial density
matrix σ̂(0) = Îz,1 for longitudinal mixing, or σ̂(0) = Îx,1 for transverse mixing) and detecting
the magnetization transferred on the second spin (Îz,2 or Îx,2) for increasing mixing times. In
practice numerical integration offers an easier approach than analytical tools, such as
Average Hamiltonian Theory (51) or Floquet Theory (52) for time dependent Hamiltonians.

The incoherent spin evolution (relaxation) during GOIA-W(16,4) pulses occurs in the

rotating frame of the effective field , where B1(t)
and G(t) are modulated according to WURST-16 and (inverse) WURST-4 functions (50),
respectively, and frequency modulation is obtained from

. In the case of protons the homonuclear dipolar
interaction is the dominant relaxation mechanism, and considering the main pool of the free
low-molecular-weight metabolites the dynamics is in the fast regime with regard to the
effective field (ωeffτc << 1, τc is the correlation time in the range of 1 ps - 1 ns, and ωeff is in
the range of 1–20 kHz for all RF pulses that are practically attainable in-vivo). Under these
conditions, the time- and position-dependent (instantaneous) rotating frame relaxation rates
(53) for longitudinal mixing (R1ρ,dd) and transverse mixing (R2ρ,dd) can be approximated as:
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[3]

, and

[4]

where α (t, z) = arctan [γB1 (t)/(Δ ω(t)−γ zG(t))] is the polar angle of the effective field in the
laboratory frame, and D = ℏμ0 γ2/4πr3 is the dipolar coupling constant (ℏ is Planck’s
constant, μ0 is the magnetic permeability, γ is the gyromagnetic ratio, r is the intra-
molecular distance between the two spins, z is the molecule position along the slice director,
and ω0 = γ B0 is the Larmor frequency,).

From Eq.[3] and Eq.[4] it can be easily checked that at any time R2ρ,dd (t, z) > R1ρ,dd (t, z),
hence during the entire MLEV-16 train of GOIA-W(16,4) pulses the rotating frame
relaxation for longitudinal mixing (assuming GOIA-W(16,4) pulses of duration Tp and slice
thickness Δz)

[5]

is more favorable (smaller relaxation rate) than rotating frame relaxation for transverse
mixing

[6]

3. METHODS
3.1. Numerical Simulations

Quantum mechanical simulations were performed in GAMMA (54) for the buildup curves
of magnetization transfer under TOCSY mixing. We assumed a simple two spin system at
3T having the chemical shifts and scalar coupling of lactate (Ω 1 = 1.3 ppm, Ω2 = 4.1 ppm, J
= 6.93 Hz from Ref. (55)) which is subjected to the MLEV-16 scheme using GOIA-W(16,4)
pulses. We investigated several conditions to find low-power GOIA-W(16,4) pulses that
provide magnetization transfer. For all pulses we assumed the same (minimum) adiabatic
factor or time-bandwidth product (R = 20): i) duration Tp = 2 ms, bandwidth BW = 10 kHz,
maximum RF amplitude γB1,max = 0.76 kHz, ii) Tp = 1.5 ms, BW = 13.34 kHz, γB1,max =
1.02 kHz, and iii) Tp = 1.25 ms, BW = 16 kHz, γB1,max = 1.22 kHz. A summary of the
relevant parameters for the adiabatic pulses used in simulations and experiments are given in
Table 1.

In all simulations the spin evolution was calculated using a piece-wise constant Hamiltonian.
A minimum time step of 20 μs was found to be sufficient in simulations that produce the
same results for shorter time steps (i.e. the number of points in the pulse shapes were, 100
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for 2 ms, 75 for 1.5 ms, and 62 for 1.25 ms, which in all cases exceeded several times the
minimum number of points to accurately reproduce the adiabatic pulse (36)). The amplitude,
gradient, and phase modulation for GOIA-W(16,4) pulses was obtained as previously
described (32). Due to the use of gradient modulation which implies slice-selective
properties of the GOIA-W(16,4) pulses, we assumed a one-dimensional object divided into a
large number of infinitesimal sections. The offset (γzG) induced by the gradient was
considered to be constant across an infinitesimal section and the spin evolution was
calculated independently for each section. The final buildup signal was obtained by
averaging across all sections. We considered both longitudinal and transverse mixing. In the
case of transverse mixing we calculated also the slice profile of an MLEV-16 train of GOIA-
W(16,4) pulses that acts also as a refocusing element. Symmetry of the pulse shapes and
periodicity in the spin evolution were exploited to speed-up calculations.

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

Pulse and gradient modulations were implemented in the IDEA environment (VB17A) using
arbitrary classes and calculated inside the sequence preparation block. Pulse shapes had the
same number of points as used in simulations. The gradient hardware needs a raster time of
10 μs which is faster than the RF raster time of 20 μs. To match the time steps an initial
gradient shape is calculated with the same number of points as the RF shape (20 μs raster)
and than expanded to a double number of points (10 μs raster) 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 as detailed
in (32).

For TOCSY mixing the individual GOIA-W(16,4) pulses were concatenated into larger
shapes containing all 16 pulses according to the MLEV-16 scheme (45) in order to eliminate
the gaps imposed by hardware for setting the frequency and phase of the RF, and the ramp-
up/down of the gradients. The number of MLEV-16 supercycles (Nmix) can be repeated for
the desired mixing time. Based on the results obtained from simulations and in order to
reduce the SAR we used GOIA-W(16,4) pulses of 2 ms duration and 10 kHz bandwidth
which require 0.76 kHz B1 maximum amplitude. The preferred slice orientation during
TOCSY mixing is transverse due to slightly better performance of the Z gradient coil. At the
beginning and the end of the MLEV-16 gradient shape the ramp-up and ramp-down were
200 μs long.

The voxel of interest can be localized using LASER for fully adiabatic sequences, or PRESS
and STEAM in the case of semi-adiabatic sequences. For the LASER localization we used
the method detailed in Ref. (32) (i.e. GOIA-W(16,4) pulses of duration Tp = 3.5 ms,
bandwidth BW = 20 kHz, maximum B1 amplitude γB1,max = 0.82 kHz, echo time TE = 45
ms), while for PRESS (TE = 30 ms) and STEAM (TE = 20 ms) localization we used the
standard sequences of Siemens. In particular, STEAM localization lends itself naturally for
longitudinal TOCY mixing by inserting MLEV-16 between the last two 90° pulses. In the
case of LASER or PRESS localization, a gradient enhanced z-filter (46,47) was introduced
for longitudinal mixing by bracketing the TOCSY block with two non-selective 90° BIR-4
(56) adiabatic pulses (4 ms duration, 10 kHz bandwidth) and spoiler gradients (trapezoidal
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shape, 3 ms total duration, 500 μs ramp-up/down times, and 11.5 mT/m amplitude) for
removing unwanted transverse magnetization. For STEAM the last two 90° pulses can act
also as a z-filter, and only the spoiler gradients surrounding the MLEV-16 block need to be
added. Selection of the coherence transfer pathway (CTP) is performed with sine-bell
shaped gradients of 1 ms duration and 11.5 mT/m amplitude placed before and after the z-
filter. For transverse mixing the z-filter is removed. Importantly, for longitudinal mixing the
TOCSY block does not contribute to the echo time such as in the case of transverse mixing.
Virtually, in the former case the total echo time is given by the echo time of the localization
block (LASER, STEAM, PRESS).

For 2D acquisition, the time between the first 90° excitation pulse and the TOCSY block is
incremented in repeated experiments to introduce the t1 evolution. An increment time of 0.8
ms, corresponding to 10 ppm spectral width at 3T for the F1 (indirect) dimension, was used.

While all the sequences are single shot and can be run as such in 1D mode, for the 2D
experiment a phase cycle with a minimum two steps for the first 90° excitation pulse
improves the spectra quality by removing axial peaks and t1 noise coming from the water
signal that starts to recover during the t1 evolution (due to the need of averaging for SNR a
minimum phase cycle is not a problem). Enhanced sensitivity (47) can be obtained if both
coherence pathways during t1 evolution are retained through echo-antiecho acquisition of
phase-sensitive spectra. For this, the phase (eae) of the first 90° BIR-4 pulse of the z-filter
bracketing the longitudinal TOCSY mixing is alternated between x and −x simultaneously
with alternating the polarity of the CTP gradient following the TOCSY from positive to
negative (47). Each t1 increment is stored once with the echo data (x phase and positive
polarity) and once with anti-echo data (−x phase and negative polarity) and data are
processed accordingly. The 2D spectrum is obtained upon Fourier transformation in both
time dimensions.

If needed, a larger slice thickness can be used for the GOIA-W(16,4) pulse employed during
TOCSY compared to the size of the voxel selected by the localization schemes (LASER,
PRESS, STEAM), in order to decrease eddy currents during the long mixing time.

The fully adiabatic 2D COSY is a simple extension of the LASER sequence, and we name it
2D COSY-LASER. A second non-selective 90° adiabatic BIR-4 pulse is inserted in the
LASER sequence before the three pairs of refocusing GOIA-W(16,4) pulses. We note that
the 2D COSY-LASER sequence represents the adiabatic version of the 2D COSY using the
VSR (volume selective refocusing) localization block proposed in Ref. (25). The last BIR-4
pulse of the 2D COSY-LASER is surrounded by CTP gradients having the same
characteristics mentioned above. The duration between the two 90° BIR-4 pulses is
incremented in a similar fashion as described for 2D TOCSY. While the technique is
essentially single shot, the same principles for phase cycle and echo-antiecho can be applied.
The 2D L-COSY method using non adiabatic pulses and the minimum echo time of 30 ms,
as previously described in (24), was used for comparison purposes.

Both Z-TOCSY-LASER and COSY-LASER sequences can be run also in a 1D editing
mode by replacing the first non-selective 90° BIR-4 adiabatic pulse with a Gaussian
selective pulse. We used a selective Gaussian pulse with 20 Hz bandwidth in the tune-up
phase of the TOCSY sequence and we compared the efficiency of different TOCSY and
COSY transfers in phantoms.

The diagrams of the 2D pulse sequences are presented in Fig. 1 for the fully adiabatic 2D Z-
TOCSY-LASER and 2D COSY-LASER, in Fig. 2 for the semi-adiabatic 2D Z-TOCSY-
STEAM and 2D Z-TOCSY-PRESS, and in Fig. 3 for the fully adiabatic 2D LT-TOCSY. In
the 2D LT-TOCSY sequence that performs simultaneously localization and transverse
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mixing, the 16 pulses of the MLEV-16 can be used also for 3D volume localization by
distributing them in three groups: 1) the first group of 4 pulses has the gradient applied on
the y axis, 2) the second group of 4 pulses has the gradient applied on the x axis, and 3) the
third group of 8 pulses applies the gradient on the z axis. No following LASER block is
necessary for 3D localization. This design has the merit that can reduce considerably the
SAR compared to the other TOCSY versions. In all sequences the water suppression is
performed with a WET (57) scheme, preceding the first excitation pulse (the water
suppression block is omitted from all figures).

3.2.2. Phantom experiments—Magnetization transfer efficiency in the 1D editing mode
and the quality of 2D spectra were tested in a uniform phantom containing a mixture of
Lactate and GABA (50 mM each). Signal localization was further tested in a double layer
phantom that contains an outer shell of oil and an inner core with a mixture of brain
metabolites at physiological concentrations. The 2D acquisition parameters used for
phantoms were: a voxel size of 3×3×3 cm3, a repetition time TR = 1.8 s, echo times specific
to each localization (45 ms LASER, 30 ms PRESS, 20 ms STEAM, and 30 ms L-COSY),
TOCSY mixing times of 64 ms (Nmix = 2), 64 t1 increments with 0.8 ms (10 ppm spectral
width), each t1 increment with 8 averages (two steps phase cycle), 4 dummies scans for the
first t1 increment, total acquisition time of 15:20 (min:s). Spectral width in the direct (t2)
detected dimension was 10 ppm, and 1k points were acquired. Localizer images were used
to position the MRS voxel.

3.2.3. Experiments on human subjects—2D Z-TOCSY-LASER spectra with
longitudinal mixing were collected on healthy volunteers (4 subjects) and patients with brain
tumor (GBM, 2 subjects). 2D L-COSY spectra were also acquired on the healthy volunteers
for comparison purposes. The studies with human subjects were approved by the IRB of our
institution.

In the case of volunteers a voxel size of 4×4×3 cm3 (AP-RL-FH) was placed in the visual
cortex. The repetition time TR varied between a minimum of 2 s and a maximum of 2.65 s
due to SAR limitations (subjects with bigger heads and more subcutaneous fat required
higher voltage on the transmit body coil). The echo time was 45 ms for LASER, and a
mixing time of 64 ms (Nmix = 2) was used for TOCSY. The 2D L-COSY used a minimum
echo time of 30 ms, and the same TR as for TOCSY. For all experiments: 64 t1 increments
with a 0.8 ms time step (10 ppm F1), 8 averages per t1 increment (two steps phase cycle), 4
dummies scans for the first t1 increment, total acquisition times between 17:12 (min:s) and
22:47 (min:s) according to the TR used.

In the case of the two patients slightly bigger voxels of 5×3×4 cm3 (AP-RL-FH) and 4×4×4
cm3 were used, respectively, in order to include most of the tumor visible on the FLAIR
images. The other parameters were a repetition time TR = 2.65 s, echo time TE = 45 ms for
LASER, 64 ms (Nmix = 2) TOCSY mixing time, 50 t1 increments with 0.8 ms (10 ppm F1),
8 averages per t1 increment (two steps phase cycle), 4 dummies scans for the first t1
increment, total acquisition times of 17:50 (min:s). Spectral width in the direct (t2) detected
dimension was 10 ppm, and 1k points were acquired. FAST(EST)MAP (58) was used to
shim the B0 field over the MRS voxel to a water linewidth of 10–12 Hz.

Images used to position the MRS voxel were acquired with: i) MEMPRAGE for volunteers
(TR = 2.53 s, TE1/TE2/TE2/TE3/TE4 = 1.64/3.5/5.36/7.22 ms, TI = 1.2 s, FA=7°, 1 mm
isotropic resolution, Ref. (59)), and ii) FLAIR for tumor patients (TR = 10000 ms, TE = 70
ms, 23 slices, 5 mm slice thickness (1 mm gap), and 0.6×0.45 mm2 in-plane resolution).
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3.2.4. Data analysis—Raw 2D data were transferred to Matlab (The MathWorks, Inc.,
Natick, MA, USA) for signal combination from multiple elements followed by row
concatenation into a 2D matrix. Commercial 2D spectral processing software (Felix-2007,
Accelrys, San Diego, CA, USA) was used for spectral processing and analysis. The
processing parameters used were: for F2 dimension – skewed sine-squared window, 2048
points, magnitude, and for F1 dimension – sine-squared window, linear prediction to 96
points, zero-filling to 512 points, magnitude. The 2D spectra were further analyzed and
assigned in SPARKY 3.0 software (T. D. Goddard and D. G. Kneller, SPARKY 3, UCSF).

4. RESULTS
GAMMA (54) simulations were performed prior to experiments in order to check the
efficiency of magnetization transfer of the TOCY mixing using GOIA-W(16,4) pulses and
search for the low power conditions. The minimum time-bandwidth product of R = 20 for
which pulses still behave adiabatically was used. In particular, three conditions were
investigated: i) low power – Tp = 2 ms, BW = 10 kHz, γB1,max = 0.76 kHz, ii) medium
power – Tp = 1.5 ms, BW = 13.34 kHz, γB1,max = 1.02 kHz, and iii) high power – Tp = 1.25
ms, BW = 16 kHz, γB1,max = 1.22 kHz. Typically a maximum γB1,max = 1.0 kHz is imposed
on clinical scanners, hence we searched for values that are within 25% below and above this
value (lower values render the transfer too inefficient, higher values would produce an SAR
that is not feasible in-vivo).

In Fig. 4A the buildup curves for longitudinal mixing are shown. Compared to the ideal
magnetization transfer in the absence of chemical shifts (black curve, only the J-coupling in
the case of high power RF condition), the buildup curves in the presence of the chemical
shifts become progressively slower for decreasing B1,max fields. The first maximum of the
buildup that corresponds to 72 ms (1/2J) in the ideal curve, shifts to 87 ms for γB1,max =
1.22 kHz (red curve), 96 ms for γB1,max = 1.02 kHz (green curve), and 139 ms for γB1,max =
0.76 kHz (blue curve). In practice limitations in SAR impose an upper limit of the mixing
time. On our hardware 64 ms mixing is still possible within the limits of brain’s SAR for
reasonable values of the TR in the range of 2–3 s (for other organs which have a lower SAR
threshold longer mixing is possible). For 64 ms mixing the predicted transfer (in the absence
of relaxation) amounts to 82% for γB1,max = 1.22 kHz, 73% for γB1,max = 1.02 kHz, and
44% for γB1,max = 0.76 kHz from the ideal case (black curve). Thus, under the most
favorable conditions (γB1,max = 1.0 kHz) a transfer efficiency of 73% is possible on clinical
scanners. Compared to the γB1,max = 1.0 kHz, the low power condition of γB1,max = 0.76
kHz achieves 60% transfer efficiency.

In Fig. 4B the case of transverse mixing is considered for the same situations: the ideal case
with no chemical shifts (black curve, only the J-coupling in the case of high power RF
condition), and including the chemical shifts for high- (γB1,max = 1.22 kHz, red curve),
medium- (γB1,max = 1.02 kHz, green curve), and low-power (γB1,max = 0.76 kHz, blue
curve) mixing. The transverse mixing buildup curves show two important differences
compared to longitudinal mixing: i) faster oscillations that superimpose on the
magnetization transfer curve driven by the slower scalar coupling, and ii) the maximum
possible transfer is five times lower than in the case of longitudinal mixing. The faster
oscillations are due to the fact that transverse magnetization is not aligned with the direction
of the effective field (along z) at the beginning of the adiabatic pulse, hence the
magnetization starts to precess around the effective field during mixing. The oscillations
becomes faster as γB1,max and the effective field increase. By comparison the longitudinal
magnetization is aligned with the effective field at the beginning of the adiabatic pulse and
becomes spin locked during mixing. In addition to this, the transverse magnetization is also
subjected to the faster R2ρ relaxation. Measurements of R2ρ and R1ρ relaxation rates at 4T in
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the case of HS4 and HS1 pulses (53) indicate that R2ρ can be more than four times faster
than R1ρ. Simulations or measurements have not been attempted for R2ρ and R1ρ relaxation
under GOIA-W(16,4) pulses, however similar results are expected (the difference seems
even to increase for pulses with larger BW as indicated in Ref. (53)). The combination of
faster oscillations around the effective field and damping of the transfer due R2ρ relaxation
may result experimentally in an earlier maximum of an apparent faster buildup curve for
transverse magnetization than would be expected from the scalar coupling (maximum at
1/2J) as observed previously in Ref. (29). The net result of all these factors is a reduced
efficiency of the transverse mixing as shown also experimentally in Fig. 5B.

Simultaneous localization and transverse mixing can be performed when using GOIA-
W(16,4) pulses according to the LT-TOCSY pulse sequence of Fig. 3. Simulations are
performed for the slice profile of a refocusing MLEV-16 train using GOIA-W(16,4) pulses
of 2 ms duration, 10 kHz bandwidth, and 0.76 kHz maximum RF amplitude. Figure 4C
shows the comparison between the MLEV-16 slice profile (red curve) and the slice profile
obtained with a double adiabatic spin echo sequence (60) (black curve) using the same
pulses. Accurate localization is obtained in both cases. The advantage of the 2D LT-TOCSY
sequence is the considerable reduction of SAR by eliminating the LASER block. However,
the behavior of transverse mixing shown in Fig 4B, the faster R2ρ relaxation, and the need to
introduce small gaps (200–400 μs) in the MLEV-16 train after each group of 4 or 8 pulses
for the ramp-up/down of the gradients make this sequence less efficient for magnetization
transfer.

Before attempting the 2D experiments, efficiency of our TOCSY mixing was verified by 1D
edited selective magnetization transfer in a phantom containing an equimolar (50 mM)
mixture of Lactate and GABA. Figures 5A and 5B show the results of the 1D editing
selective TOCSY with longitudinal mixing and transverse mixing, respectively.
Magnetization is transferred from the methyl group of Lactate, initially excited by a
selective Gaussian pulse, to the methine group using a 64 ms mixing time for TOCSY with
GOIA-W(16,4) pulses of 2 ms duration, 10 kHz bandwidth, and 0.76 kHz maximum
amplitude. The results show that approximately five times more transfer is obtained with
longitudinal mixing (1.45 maximum signal, Fig 5A) compared to transverse mixing (0.3
maximum signal, Fig 5B). Similar results are obtained for shorter mixing times of 32 ms.
Indicative of the transfer is also the relative ratio of the CH to CH3 signal that can be seen in
the insets shown in the upper right corners of Fig. 5A and 5B (0.21 ratio for longitudinal
mixing and 0.06 for transverse mixing). The sequences employed are based on the diagram
shown in Fig. 1 (Z-TOCSY-LASER), for which we replaced the first 90° BIR-4 pulse with a
90° selective Gaussian pulse (BW = 20 Hz), and in the case of transverse mixing the z-filter
was removed according to the design proposed in Ref. (29). The same LASER localization
(GOIA-W(16,4) pulses of 3.5 ms duration, 20 kHz bandwidth, and 0.82 kHz maximum
amplitude, other acquisition parameters were identical TR = 1.8 s, NA = 8, 0 ms t1
evolution) was used for both transverse and longitudinal mixing. Comparison with COSY
transfer is made employing the COSY-LASER sequence from Fig 1 which has the first 90°
BIR-4 pulse replaced with 90° selective Gaussian pulse (BW = 20 Hz) for selective
excitation of the Lactate methyl group (the same LASER localization and acquisition
parameters as in the case of TOCSY are employed). In Fig. 5C the COSY transfer to the
methine group obtained for 64 ms (t1 was set to 64 ms) is shown, which indicates that 50%
more signal can be obtained compared to the longitudinal TOCSY mixing. However, an
important aspect can be noticed for COSY: a much wider multiplet structure with a wider
baseline is obtained due to the transfer of both in-phase and anti-phase magnetization
components. TOCSY transfers in-phase magnetization, giving rise to narrower peaks (this is
true for the longitudinal mixing from Fig. 1, the transverse mixing needs special purge
pulses (61) to remove the anti-phase magnetization). Phase distorted multiplets can result in
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lower resolution of the 2D COSY compared to 2D TOCSY spectra, and this is important
given the low resolution of in-vivo spectra. The increased resolution and the fact that long
range (relayed) correlations can be obtained in TOCSY might represent an attractive
counterbalance for less sensitivity compared to COSY. Examples that support this will be
shown from both phantom and in-vivo data.

Accuracy of localization has been checked for all the sequences in a double layer phantom
that contains and outer shell of oil and an inner core of brain metabolites. A voxel was
placed inside the inner core close to the boundary with the oil shell, and only the first t1
increment (0 ms t1 evolution, 1D spectra) was acquired. In Fig. 6 results are shown for 1D
Z-TOCSY-LASER (Fig. 6A), 1D Z-TOCSY-STEAM (Fig. 6B), 1D Z-TOCSY-PRESS (Fig.
6C), 1D COSY-LASER (Fig 6D), and 1D L-COSY (Fig 6E), for the voxel positioned
according to Fig 6F. The fully adiabatic sequences Z-TOCSY-LASER and COSY-LASER
show excellent localization and no signs of lipid contamination (the lactate peak from the
inner core can be easily seen), while both semi-adiabatic sequences Z-TOCSY-STEAM and
Z-TOCSY-PRESS show a large lipid signal (obscuring lactate), which is larger for the
PRESS localization. The largest lipid contamination is shown by the L-COSY experiment.
The lipid contamination in the non-adiabatic sequences is due to CSDE and wider slice
profiles for localization pulses. In reality, a bigger voxel than the one prescribed is selected
by these sequences. For the 3×3×3 cm3 voxel shown in Fig 6F, the selected voxel is
approximately 5 mm larger in each direction, yielding a real voxel size of 4×4×4 cm3

(double volume of the voxel). For the LASER localization a much sharper excitation selects
a voxel of the same size as the one prescribed. The difference in the size of the real voxel
selected by the localization schemes explains also the SNR difference observed (vide infra)
between the 2D spectra obtained with adiabatic and non-adiabatic localization. In principle,
saturation bands can be placed around the voxel to reduce the lipid contamination for non-
adiabatic localization. However, the typical saturation bands existing on our clinical scanner
are not optimized to have very sharp edges, hence they do not suppress completely the lipids
outside the voxel and in addition they might suppress slightly some of the metabolite signal
inside the voxel (this can be checked in a homogeneous phantom with and without
saturation bands). Optimized saturation bands (62) and their automatic placement (63) can
eliminate errors and make this approach more robust.

2D spectra have been acquired with all the sequences on the phantom containing lactate and
GABA. GABA is in particular an important metabolite which is hard to observe in 1D
spectra, and represents a good test case to show that long range cross-peaks can be obtained
in 2D TOCSY. In Fig. 7 results are compared for the localized 2D TOCSY obtained with the
fully adiabatic 2D Z-TOCSY-LASER (Fig. 7A), and the semi-adiabatic 2D Z-TOCSY-
PRESS (Fig. 7B) and 2D Z-TOCSY-STEAM (Fig. 7C) sequences. As can be seen in all
spectra the entire correlation network is obtained for each spin system. The intensity of the
crosspeaks is greatest in 2D Z-TOCSY-STEAM, less in 2D Z-TOCSY-LASER and the
lowest in 2D Z-TOCSY-PRESS (the same contour levels are chosen, the minimum contour
level is 10 times the noise level, the crosspeaks for each metabolite are labeled according to
the protons involved). However, the line-width in both dimensions is larger for the semi-
adiabatic sequences compared to the fully adiabatic sequence. These can be explained by the
larger selected voxel experiencing a greater B0 inhomogeneity, and by the fact that line
shape modulation of coupled spins during the echo time is more pronounced for non-
adiabatic localization (PRESS and STEAM).

Localized 2D TOCSY (Z-TOCSY-LASER) and 2D COSY (COSY-LASER and L-COSY)
spectra are compared on the lactate and GABA phantom in Fig. 8. It can be easily noticed
that the pair of crosspeaks corresponding to the long range correlations between Hα and Hγ
protons of GABA are not present in the 2D L-COSY spectra. However, one of the
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crosspeaks is present in the 2D COSY-LASER. The possible mechanism, which is verifiable
by simulations, can be given by the fact that the train of LASER pulses may act, to a limited
degree, also as mixing for magnetization transfer between strongly coupled spins with small
chemical shift offsets such as GABA (the carrier was placed in the middle of the GABA
spectrum, yielding offsets in the range of ±50 Hz, this effect of LASER is not seen for
lactate protons that have more chemical shift dispersion). The difference in relaxation for the
spins originating the magnetization could explain why only one of the crosspeaks is obtained
(water suppression is unlikely to play a role since lactate crosspeaks are symmetric and the
GABA crosspeaks are further away from water). Similar to Fig. 7, several observations can
be made: i) the crosspeaks have the highest intensity for L-COSY, lower for COSY-LASER
and the lowest for Z-TOCSY-LASER, and ii) the lines are sharper in the case of Z-TOCSY-
LASER. These can be explained by larger voxel selected by L-COSY and transfer of both
in-phase and anti-phase magnetization for L-COSY and COSY-LASER.

Representative in-vivo localized 2D TOCSY and COSY brain spectra are presented next. In
Fig. 9 the comparison is made between 2D Z-TOCSY-LASER (Fig. 9D) and 2D L-COSY
(Fig. 9E) obtained from a healthy volunteer (voxel position shown in Fig. 9F). The 1D
spectra corresponding to the first t1 increment (0 ms t1 evolution) are shown in Fig. 9A for
2D Z-TOCSY-LASER and in Fig. 9B for 2D L-COSY. It is immediately apparent that large
lipid contamination from subcutaneous fat is present in the L-COSY spectra due to a larger
real voxel size that explains also the intensity difference. The crosspeaks of several
metabolites can be easily identified in both 2D spectra (NAA, ASP-aspartate, Glx-
glutamate/glutamine, Cho-choline, Myo-myoinositol, and tentatively for GABA and Lys-
lysine). Some crosspeaks that seem to be present only in 2D Z-TOCSY-LASER have
chemical shifts suggestive of glycerophospocholine (GPC) and gluthatione (GSH) which
were found previously also in L-COSY (64) (albeit double the number of averages was
used). On the other hand, threonine (Thr) appears to be present only in the 2D L-COSY (Thr
was observed in 1D edited TOCSY (30), however in our low power implementation slower
buildup might reduce the crosspeak intensity, this could be recovered potentially for the
stronger mixing conditions). In addition, in the 2D L-COSY the crosspeaks corresponding to
the contaminating lipids (Lip) are also present. Overall the crosspeaks in the 2D L-COSY
spectrum are more intense, while the crosspeaks in the 2D Z-TOCSY-LASER are sharper.
As explained and shown in phantoms sharper crosspeaks are not simply a scaling effect of
the contour levels due lower intensity but the contribution of in-phase and anti-phase
magnetization transfer in 2D L-COSY, while in 2D Z-TOCSY-LASER only in-phase
magnetization transfer is ensured. In Fig. 9F an overlay between the 2D Z-TOCSY-LASER
spectrum (red) and the 2D L-COSY (blue) is shown. Long range crosspeaks (marked by the
black crosses) are present in the 2D Z-TOCSY-LASER for Glx and GABA. Crosspeaks that
seem to be observed only in the 2D Z-TOCSY-LASER are indicated by black arrowheads.

In Fig. 10 the 2D Z-TOCSY-LASER data obtained from a patient with glioblastoma is
shown. The voxel position and size is chosen to include most of the FLAIR abnormality
seen in Fig. 10A. In Fig. 10B the 1D spectrum corresponding to the first t1 increment (0 ms
t1 evolution) is shown. Reduced NAA, increased Choline and the presence of Lactate can be
noticed. Fig. 10C contains the 2D spectrum which shows crosspeaks for lactate (Lac),
glutamate/glutamine (Glx), choline (Cho), glycerophospocholine (GPC), ethanolamine (Etn)
and phosphoethanolamine (PE), and myoinositol (Myo). Notice that glutathione is absent,
while important additional metabolites (Etn, PE) involved in the phospholipids turnover are
present. Tentatively, some crosspeaks are assigned to the aminoacids proline (Pro) and
Isoleucine (Ile). Note, that more robust methods (65) for automatic assignment and fitting of
the 2D spectra could be employed. An added benefit (two for the price of one) of the 2D
MRS methods is that a conventional 1D spectrum corresponding to the first t1 increment (0
ms t1 evolution) is also obtained, which can be analyzed and fitted with advanced routines
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(9,10) developed so far for in-vivo 1D MRS. A summary of the main experimental results
obtained in-vivo and phantoms are given in Table 1.

5. DISCUSSIONS
In-vivo multidimensional MRS is a field that needs further development and validation.
Optimized pulse sequences represent a major part in this effort together with technical
developments that can improve SNR (such as 32-channel phased array head coil (66)) and
shorten the acquisition times. The benefits of multidimensional MRS in resolving
overlapped spectra and offering detailed metabolic information can motivate this effort.
Perhaps, a close analogy with the situation of the multidimensional MRS is the diffusion
tensor imaging (DTI), a field that is more known in the MR imaging community and faces a
similar situation. The minimum number of six gradient directions that are necessary to
calculate the diffusion tensor is not enough to resolve ambiguities in the direction of white
matter fiber tracts that cross each other in the same voxel, hence a larger number of
directions (40 or more in the case of High Angular Resolution Diffusion Imaging (HARDI))
is taken for this purpose, albeit to the cost of a much increased acquisition time (15 min or
more for HARDI).

In this work we presented several novel approaches for a low power adiabatic in-vivo 2D
TOCSY sequence, which to the best of our knowledge has not been demonstrated yet. The
fully adiabatic sequence combines longitudinal TOCSY mixing and LASER localization,
while the semi-adiabatic sequences use the same TOCSY mixing block and non-adiabatic
(STEAM or PRESS) localization. The use of longitudinal mixing provides much improved
(five times) transfer efficiency compared to previously proposed (29) transverse mixing of
1D editing sequences. The use of GOIA-W(16,4) pulses (32) reduces the SAR for both
TOCSY and LASER blocks, allowing repetition times in the range of 2–2.7 s (for brain at
3T using the body transmit coil) and total acquisition times of 15–20 min for 2D TOCSY
spectra. This acquisition times compare favorably with previously communicated times of
in-vivo 1D editing TOCSY sequences (29–31), with the advantage that the full information
is retained in the 2D spectra. For other organs (breast, liver, muscle, prostate), that have
lower SAR thresholds, faster repetition and acquisition times are possible, or conversely,
mixing with higher B1 fields that provide increased transfer. Also as an alternative to
reducing SAR for brain, semi-adiabatic 2D TOCSY sequences can be performed with
repetition times less than 2s. The 2D Z-TOCSY-STEAM provides less lipid contamination
and more SNR compared to 2D Z-TOCSY-PRESS, and fits naturally the purpose of
longitudinal mixing. Although compared to COSY the TOCSY seems to provide less SNR
(60% for the low power condition, however, the medium and high power conditions could
provide close to 100% transfer for mixing times in the 90 ms range), the higher resolution
and relay crosspeaks represent certain advantages of TOCSY. Increased sensitivity by a
factor of  and improved resolution of TOCSY can be further obtained in phase sensitive
spectra by acquisition of both coherence transfer pathways (47) with an echo-antiecho
method. Other more efficient mixing schemes such as DIPSI-2 (67) could be investigated,
although the need for arbitrary flip angles would make difficult the use of GOIA pulses
(BIR-4 pulses could be used at the expense of increased SAR). On the other hand, all three
TOCSY sequences can be easily run as exchange spectroscopy experiments (NOESY, Ref.
(18)) if the B1 field is set to zero during mixing time. If desired, our sequences can be run
also in the 1D edited mode as explained and demonstrated in our work.

Potential limitations and consequences that result due to the longer acquisition times of 2D
MRS can be addressed with existing methods. First, the likelihood of motion that may
degrade resolution and SNR is considerable, however, real-time motion correction schemes
(68,69) can be incorporated in spectroscopy pulse sequences. Second, the brain coverage can
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be extended from a single voxel to multiple voxels within affordable acquisition time by
using fast acquisition methods such as spiral readout gradients (70) that acquire
simultaneously the k-space and the time-domain. Third, the acquisition time could be
reduced by sparse sampling methods (71) of the t1 evolution time (the ultrafast approach of
2D NMR spectroscopy in a single scan (72) is less likely to be directly applicable due to the
requirement of a homogenous sample, but it could be adopted with suitable modifications).
Further technical developments of RF coils such as highly parallel phased arrays (73), cryo-
probes (74), or dynamic nuclear polarization (75) could increase the SNR and allow to
harvest the full metabolic information obtainable from multidimensional MRS.

6. CONCLUSIONS
In this work we presented novel strategies for localized in-vivo low power adiabatic 2D
TOCSY and 2D COSY experiments. Our design shows improved magnetization transfer
efficiency, precise localization, and reduced SAR. Importantly, these sequences can be run
in a standard clinical environment with a feasible acquisition time. To the best of our
knowledge a 2D TOCSY has not been yet realized in-vivo. It is expected that the proposed
methods will contribute to the advancement of in-vivo multidimensional MRS and could
promote its applicability to clinical questions.
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Figure 1.
Fully adiabatic sequences for low-power in-vivo 2D TOCSY and 2D COSY experiments.
The 2D Z-TOCSY-LASER experiment combines longitudinal TOCSY mixing and LASER
localization, employing both the GOIA-W(16,4) pulses. A gradient enhanced z-filter,
composed of 90° adiabatic BIR-4 pulses and spoilers (trapeze shape) that removes unwanted
transverse magnetization, brackets the MLEV-16 block to perform transfer of longitudinal
magnetization. The MLEV-16 block concatenates the individual GOIA-W(16,4) pulse
shapes to eliminate gaps and can be repeated a number of times (Nmix) for the desired
mixing time. The relative phase of the GOIA-W(16,4) pulses changes according to the
MLEV-16 scheme (pulses which are grayed-out have an overall 180° phase shift compared
to non-grayed pulses). The preferred gradient direction during MLEV-16 is selected for the
gradient coil with the best performance. Sine-bell shaped gradients before and after the z-
filtered MLEV-16 block select the coherence transfer pathway (CTP) depicted underneath
the sequence. Echo-antiecho of 2D spectra can be performed if the phase (eae) of the first
90° pulse of the z-filter is alternated z to −x simultaneously with the change in polarity of
the CTP gradient following the spoiler (the echo and antiecho FIDs are stored interleaved).
The 2D COSY-LASER sequence is a simple extension of the LASER sequence with an
additional 90° BIR-4 pulse, and sine-bell gradients to select the CTP depicted underneath
the sequence (the polarity of CTP gradients can be alternated for interleaved echo-antiecho
acquisitions). The t1 evolution time is incremented in successive experiments and a
minimum two step phase cycle involving the first excitation pulse and the receiver phase can
be used to remove t1 noise and axial peaks in both 2D spectra. 1D edited sequences can be
simply obtained by replacing the first 90° BIR-4 pulse with a selective Gaussian pulse.
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Figure 2.
Semi-adiabatic 2D TOCSY sequences. The same adiabatic longitudinal mixing TOCSY
block from Fig 1 is used for magnetization transfer (grayed-out pulses have an overall 180°
phase shift compared to non grayed pulses). The localization is performed using STEAM or
PRESS methods. The same principles for phase cycle and echo-antiecho acquisition apply.
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Figure 3.
A fully adiabatic sequence named 2D LT-TOCSY is proposed to perform simultaneously
3D volume localization and transverse mixing. The 16 GOIA-W(16,4) pulses of the
MLEV-16 train are distributed in three groups: 1) the first group of four pulses for the y
(coronal) gradient direction, 2) the second group of four pulses for x (sagital) gradient
direction, and 3) the third group of eight pulses for z (axial) gradient direction. Grayed-out
pulses have an overall 180° phase shift compared to non grayed pulses. Two short gaps (200
μs) are necessary for gradient ramp-up/down between the groups 1–2 and 2–3. Phase cycle
and CTP gradients are similar with the previous sequences.
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Figure 4.
Simulations of magnetization transfer buildups curves for longitudinal TOCSY mixing
(panel A) and transverse TOCSY mixing (panel B). The lactate spin system is considered at
3T and the transfer is performed with MLEV-16 scheme employing GOIA-W(16,4) pulses.
Three GOIA-W(16,4) pulses are investigated: 1) Tp = 1.25 ms, BW = 16 kHz, B1,max = 1.22
kHz (red curve); 2) Tp = 1.5 ms, BW = 13.34 kHz, B1,max = 1.02 kHz (green curve); 3) Tp =
2 ms, BW = 10 kHz, B1,max = 0.76 kHz (blue curve). The ideal buildup curve in the absence
of chemical shifts is represented by the black curve (this was simulated considering only the
J-coupling and the B1 field (B1,max = 1.22 kHz) in Eq.[1]). In panel C slice profiles are
shown for the refocusing MLEV-16 train (red curve) and the doubly adiabatic spin echo
(black curve), both employing the GOIA-W(16,4) pulses of Tp = 2 ms, BW = 10 kHz,
B1,max = 0.76 kHz.
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Figure 5.
Selective magnetization transfer from the CH3 group to the CH group in the lactate spin
system measured experimentally at 3T on a phantom containing equimolar (50 mM) mixture
of Lactate and GABA using the 1D edited sequences: A) Z-TOCSY-LASER with
longitudinal mixing, B) TOCSY-LASER with transverse mixing, C) COSY-LASER. In all
three experiments the magnetization of the methyl group is excited selectively with
Gaussian pulse (BW = 20 Hz). For TOCSY transfers (A and B) the same mixing time of 64
ms is used, employing MLEV-16 with GOIA-W(16,4) pulses of Tp = 2 ms, BW = 10 kHz,
B1,max = 0.76 kHz. The same transfer time of 64 ms (t1 = 64 ms) is used in COSY-LASER.
In all three experiments the same LASER localization is used: GOIA-W(16,4) pulses of Tp
= 3.5 ms, BW = 20 kHz, B1,max = 0.82 kHz, and echo time of 45 ms. A voxel of 3×3×3 cm3,
1.8 s repetition time and 8 averages (4 dummy scans) are used. The signal transferred to the
CH group is shown zoomed, and in the insets the full spectrum is included. Note that the
GABA signal is not seen due to selective Lactate transfer, however, the GABA signal is
seen in the 2D spectra of Fig. 7 using 2D non-selective sequences and the same phantom.

Andronesi et al. Page 23

Magn Reson Med. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Accuracy of voxel localization at 3T for Z-TOCSY-LASER (A), Z-TOCSY-STEAM (B), Z-
TOCSY-PRESS (C), COSY-LASER (D), and L-COSY (E) sequences in a double layer
phantom containing an outer shell of oil and an inner core of brain metabolites at
physiologic concentrations (the voxel position is shown in F). A large lipid contamination
signal (Lip) originating from outside the voxel is observed for semi-adiabatic (B,C) and non-
adiabatic (E) sequences. Instead, in the case of fully adiabatic sequences (A,D) the lactate
signal (Lac) originating from inside the voxel can be detected. All TOCSY experiments used
the same mixing as detailed in Fig. 5. The LASER block used in A and D was the same as in
Fig. 5. STEAM and PRESS used echo times of 20 ms and 30 ms, respectively. The L-COSY
sequence used an echo time of 30 ms. The same repetition time (TR = 1.8 s) and number of
averages (NA = 8) were used in all experiments.
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Figure 7.
Example of localized 2D TOCSY spectra obtained at 3T with fully adiabatic and semi-
adiabatic sequences in a phantom containing an equimolar (50 mM) mixture of lactate and
GABA. The same TOCSY mixing as described in Fig 5 was used in all three experiments.
The parameters for localization blocks are the same as described in Fig 5 and Fig 6. A voxel
size of 3×3×3 cm3, 64 t1 increments, 0.8 ms (10 ppm) increment time, 8 averages for each
t1 experiment, 1k points acquired for t2 dimension, and repetition time of 1.8 s yielding a
total acquisition time of 15:20 (min:s). The data are zero-filled to 512×2048 (F1×F2) before
FT, linear prediction in F1 dimension, sine-squared appodization in both dimensions, and
displayed in magnitude mode with the same contour levels (the minimum contour level is 10
times above the noise level). The crosspeaks for both Lactate and GABA are labeled
according to the protons involved.
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Figure 8.
Example of localized 2D TOCSY and COSY spectra obtained at 3T in a phantom containing
an equimolar (50 mM) mixture of lactate and GABA using Z-TOCSY-LASER, COSY-
LASER, and L-COSY sequences. The same TOCSY, COSY and LASER blocks as
described in Figs 6 and 7 are used. The other acquisition and processing parameters are
according to Fig 7. Metabolite crosspeaks are labeled according to the protons involved.
Long range correlations between Hα and Hγ protons of GABA (labels highlighted by the
gray boxes) can be obtained in 2D Z-TOCSY-LASER but not in 2D L-COSY. Only one of
the Hα-Hγ crosspeaks is observed in 2D COSY-LASER. The crosspeaks’ intensity is
stronger in 2D COSY but the resolution is higher (sharper crosspeaks) in 2D TOCSY. The
same contour levels are displayed (the minimum contour level is 10 times above the noise
level).
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Figure 9.
In-vivo brain spectra obtained at 3T with the 2D Z-TOCSY-LASER (D) and 2D L-COSY
(E) sequences from a healthy volunteer (the voxel of 4×4×3 AP-RL-FH cm3 positioned in
the occipital lobe is shown in C). 1D spectra corresponding to the first t1 experiment (0 ms
t1 evolution) are shown in A for 2D Z-TOCSY-LASER, and in B for 2D L-COSY. A large
lipid contamination is visible in L-COSY data. The 2D spectra of D and E allow the
unambiguous identification of important metabolites: glutamate/glutamine (Glx), GABA,
NAA, aspartate (ASP), lysine (Lys), choline (Cho), myoinositol (Myo). Few metabolites are
seen only in 2D TOCSY such as glycerophosphocholine (GPC) and gluthatione (GSH), or
only on the COSY spectra such as threonine (Thr). The crosspeaks corresponding to the
contaminating lipid signal is present in the 2D COSY. Overlay between the 2D Z-TOCSY-
LASER (red) and 2D L-COSY (blue) spectra is shown in panel F: i) the long range range
TOCSY crosspeaks of Glx and GABA are marked by black crosses in the red spectrum, ii)
and the metabolites (GSH, GPC) present only in TOCSY are indicated by black arrowheads.
The crosspeaks are more intense in 2D L-COSY (explained also by a bigger size of the real
excited voxel), but sharper (higher resolution) in 2D Z-TOCSY-LASER. Mixing time of 64
ms was used for TOCSY with MLEV-16 employing GOIA-W(16,4) pulses of Tp = 2 ms,
BW = 10 kHz, B1,max = 0.76 kHz. LASER localization used GOIA-W(16,4) pulses of Tp =
3.5 ms, BW = 20 kHz, B1,max = 0.82 kHz, and echo time of 45 ms. The 2D L-COSY from
Ref. (24) with and echo time of 30 ms was used. 64 t1 increments, 8 ms (10 ppm) time
increment, 8 averages, TR = 2 s, total acquisition time of 17:04 (min:s). The same
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processing as described in Fig 7 was used, and the same contour levels were chosen (the
minimum contour level is 5 times above the noise level).
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Figure 10.
In-vivo 2D Z-TOCSY-LASER brain spectrum obtained at 3T from a patient with
glioblastoma. A voxel of 5×3×4 AP-RL-FH cm3 is positioned to include most of the FLAIR
abnormality (shown in A). The 1D spectrum corresponding to the first t1 experiment (0 ms
t1 evolution) is shown in panel B, decreased NAA, high choline, and the presence of lactate
can be observed. The 2D Z-TOCSY-LASER spectrum is shown in panel C. A number of
metabolites can be unambiguously identified: glutamate/glutamine (Glx), GABA, lactate
(Lac), myoinositol (Myo), choline (Cho), glycerophosphocholine (GPC), ethanolamine
(Etn), and phosphoethanolamine (PE). Several crosspeaks are tentatively assigned to
aminoacids proline (Pro) and isoluecine (Ile). The same acquisition and processing
parameters are used as in Fig. 9, except for TR = 2.65 s and 50 t1 increments, yielding a
total acquisition time of 17:40 (min:s). The minimum contour level is 5 times above the
noise level.
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Table 2

Summary of experimental performance.

Sequence Transfer efficiency (b) Localization accuracy SNR SAR (%) (d)

Z-TOCSY-LASER 60% ++++ +++ 100

Z-TOCSY-STEAM 60% − +++ (c) 72

Z-TOCSY-PRESS 60% − +++ (c) 72

TOCSY-LASER (a) 12% ++++ + 94

COSY-LASER 100% ++++ ++++ 28

L-COSY 100% − ++++ (c) 7

a)
The sequence design from Ref. (29) was used;

b)
The efficiency calculated as percentage for the same mixing time of 64 ms (close to 1/2J = 72 ms for lactate) and the low-power condition

γB1,max = 0.76 kHz in the case of TOCSY;

c)
when the signal is adjusted to the size of the real voxel selected by the localization;

d)
SAR calculated and measured at 3T (transmit body RF coil) by the watchdog monitor in percentage from the maximum of 3W/kg allowed for the

brain in a volunteer case when using the same TR = 2 s and 64 ms mixing time at the low power condition for TOCSY (for other organs with lower
SAR limits shorter TR < 2s is possible with the most intense Z-TOCSY-LASER sequence, the semi-adiabatic sequences Z-TOCSY-STEAM and
Z-TOCSY-PRESS can be run on brain with TR = 1.5 s). Plus (+) and minus (−) symbols are given as a qualitative measure for the performance
(for localization minus indicates poor localization as proven by the presence of contaminating signal from lipids).
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