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Abstract

Triple quantum filtered sodium MRI techniques have been recently demonstrated in vivo. These techniques have been previously
advocated as a means to separate the sodium NMR signal from different physiological compartments based on the differences
between their relaxation rates. Among the different triple quantum coherence transfer filters, the three-pulse coherence transfer filter
has been demonstrated to be better suited for human imaging than the traditional four-pulse implementation. While the three-pulse
structure has distinct advantages in terms of RF efficiency, the lack of a refocusing pulse in the filter introduces an increased depen-
dence on the main magnetic field inhomogeneities, which can sometimes lead to significant signal loss. In this paper, we characterize
these dependencies and introduce a method for their compensation through the acquisition of a B0 map and the use of a modified
phase cycling scheme.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Multiple quantum filtered (MQF) techniques have
been used extensively in NMR to separate the NMR sig-
nal from environments where non-negligible, second-
order, contributions to the Zeeman Hamiltonian allow
for non-trivial nuclear transitions. In the case of sodium,
a very important ion in cell physiology, these techniques
have been further explored for the separation of the
NMR signal between the intra- and extra-cellular com-
partments in the context of animal models of disease
[1]. Triple quantum sodium NMR techniques, in partic-
ular, have been used for the observation of sodium ion
shifts during ischemia [2] and for the identification of
neoplastic changes in human and/or animal tissues
[1,3]. While well known in the NMR literature, the con-
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ventional implementation of TQ sodium NMR relies on
the use of a four RF pulse coherence transfer filter. In
this four pulse structure, the first pulse creates coherences
that evolve freely and are refocused by the second RF
pulse before being converted into triple quantum coher-
ences and observable magnetization by the third and
four pulses, respectively. As shown by Hancu et al. [4],
the four pulse structure, while being well suited for
NMR experiments over small samples, introduces a
strong dependence on the RF field leading to strong,
and difficult to compensate, signal modulation across
the field of view when imaging applications are consid-
ered. By eliminating the second RF pulse from this struc-
ture, the signal dependence on the RF field becomes less
severe [4,5] and, moreover, this dependence factors out
from that of all other experimental parameters. This fea-
ture of the three-pulse coherence transfer filter makes it
better suited for imaging experiments because the afore-
mentioned factorization allows for compensation of the
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signal modulation using an estimate of the B1 field across
the field of view [4,5].

The three-pulse implementation of TQ sodium MRI
has been demonstrated on human subjects and has been
used for the observation of neoplastic changes in the hu-
man brain. This implementation, because of the lack of
a refocusing pulse during the preparation period, intro-
duces a signal dependence on the main magnetic field
inhomogeneities. This dependence on the field inhomo-
geneities can sometimes lead to unwanted signal loss
and, therefore, constitutes an issue that needs to be ad-
dressed in the context of the quantification of the signal.
In this paper, we demonstrate that this signal loss is
associated with differences in phase evolution for the dif-
ferent coherence pathways that contribute to the triple
quantum signal. When the TQ signal is acquired as a
simple summation over coherence pathways, destructive
interference between the individual coherences might en-
sue leading to signal loss in the images. We further dem-
onstrate that by using a modified phase cycling scheme,
the individual coherences can be obtained separately
and then re-combined with the aid of a B0 map to avoid
the aforementioned signal loss. The effectiveness of this
approach is demonstrated with NMR as well as imaging
experiments.
2. Theory

As shown by Hancu et al. [4,5], for imaging applica-
tions the three-pulse triple quantum coherence transfer
filter exhibits a more benign dependence on B1 inhomo-
geneities than its four-pulse counterpart. This fact, to-
gether with the 40% decrease in the RF power, makes
the three-pulse filter a more suitable choice for human
studies.

This three-pulse coherence transfer filter is schemati-
cally depicted in the Fig. 1. It consists of a sequence of
three pulses characterized by the same flip angle, h,
and phases u1, u2, u3. The delays s1 and s2 following
the first and second pulses allow the creation of third-or-
der coherences, and their propagation, respectively.
Those coherences are converted into measurable, trans-
versal magnetization by the last pulse. The presence of
the B0 inhomogeneities is described in terms of the
parameter d, defined as the deviation of the Larmor fre-
quency, x0, from the frequency of applied RF, x

d ¼ cB0 � x: ð1Þ
Fig. 1. The schematic representation of the three-pulse sequence.
Without loss of generality, we will assume for the
remainder of this paper that the inhomogeneity param-
eter is constant across the sample volume (when this is
not the case a B0 map can be used to obtain the value
of this parameter at every voxel on the imaged volume).

In a voxel characterized by a given value of the B0

inhomogeneity parameter, d, the recorded NMR signal
at the time t, denoted Sd (t), can be represented as a
sum over coherence pathways, where the contribution
of each coherence is a complex signal [6]. Because a
pathway is completely characterized by the intermediate
magnetic quantum numbers m1, m2, the total signal is gi-
ven by a sum of 21 complex signals, with time-depen-
dent amplitudes Amn(t) and time independent phases
Wmn [6]

SdðtÞ ¼
X1

m1¼�1

X3

m2¼�3

expð�iWm1m2
ÞAm1m2

e�idt: ð2Þ

Apart of their dependence on the acquisition time, the
amplitudes Amn, are functions of the flip angles and time
delays, while the phases Wmn are functions of time de-
lays, pulses phases, receiver phase, and main magnetic
field inhomogeneity

Amn � Amnðt; s1; s2; hÞ;
Wmn � Wmnðs1; s2;u1;u2;u3;w; dÞ:

ð3Þ

In the case of three identical RF pulses (i.e., same RF
width and amplitude, but different phases), the four rel-
evant amplitudes contributing to the triple quantum sig-
nal are given below (up to a normalization factor)

A�1;�3ðtÞ
A�1;3ðtÞ
A1;�3ðtÞ
A1;3ðtÞ

0
BBB@

1
CCCA

¼ u131ðs1Þu333ðs2Þu131ðtÞsin
5h

�cos2ðh=2Þsin2ðh=2Þ
�cos2ðh=2Þsin2ðh=2Þ

cos4ðh=2Þ
sin4ðh=2Þ

0
BBB@

1
CCCA:

ð4Þ
For ions experiencing a biexponential relaxation behav-
ior, in which the short and long T2 relaxation times are
TS respectively TL, the relaxation functions ukmnðtÞ are gi-
ven by

u131ðtÞ ¼ ðe�t=T S � e�t=TLÞ and u333ðtÞ ¼ e�t=TL : ð5Þ
The phases associated with a given coherence pathway
can be further decomposed as the sum of two terms,

Wm1m2
ðs1; s2;u1;u2;u3;w; dÞ

¼ Um1m2
ðu1;u2;u3;wÞ þ Dm1m2

ðs1; s2; dÞ: ð6Þ

The first term, Umn, is defined by the receiver phase w
and the pulse phases ui,
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Um1m2
ðu1;u2;u3;wÞ ¼ �wþ ðm1u1 þ ðm2 � m1Þu2

þ ð1� m2Þu3Þ; ð7Þ

while the second term describes the phase accumulation
during the off-resonance propagation along the given
coherence pathway, and is defined by the off-resonance
parameter d,

Dm1m2
ðs1; s2; dÞ ¼ ðm1s1 þ m2s2Þd: ð8Þ

It should be noted that in the case of long RF pulses (as
often is the case in MRI), the dephasing during the
application of the RF could not be neglected. In this sit-
uation, the propagation times have to be modified
according to the rules

s1 ! s1 þ T eff

s2 ! s2 þ T eff ;
ð9Þ

where Teff is the effective length of the RF pulse, given in
terms of the pulse length, T, and the flip angle, h

T eff ¼
T
h
tan

h
2

� �
: ð10Þ

The proof of this relation, together with its limits of
applicability is offered in Appendix B. Making use of
this substitution, the propagation times are understood
as the corrected expressions from Eq. (9), whenever they
multiply the inhomogeneity parameter.

The phase cycling [4] is performed by adding the sig-
nals from N repetitions with different RF and receiver
phases. The resulting signal, when acquired on-the-fly
(i.e., automatically accumulated over each phase cycle
by the scanner), can be written at any acquisition mo-
ment of time t as the sum

STQ
d ðtÞ ¼

X
u1;u2;u3;w

SdðtÞ; ð11Þ

where the summation is performed over all combina-
tions of RF phases ui and receiver phases w. By chang-
ing the order of summation in the last equation, an
expression similar to Eq. (2) can be obtained, namely

STQ
d ðtÞ ¼

X1

m1¼�1

X3

m2¼�3

e�idtAm1m2
ðtÞe�iDm1m2 fm1m2

: ð12Þ

In this last expression, the extra-coefficients fmn are sums
over the RF phases

fm1m2
¼

X
u1;u2;u3;w

e�iUm1m2 : ð13Þ

If the sign of the amplitudes Amn(t) are time
independent, a phase cycling scheme can be designed
such that

fm1m2
¼

0 if jm2j 6¼ 3 orm1 ¼ 0;

NsignðAm1m2
Þ if jm2j ¼ 3 andm1 6¼ 0;

�
ð14Þ

which brings the filtered signal in the form
STQ
d ðtÞ ¼ N

X
m1¼�1;m2¼�3

jAm1m2
ðtÞje�idte�iDm1m2 ; ð15Þ

effectively filtering out the contributions from unwanted
coherence pathways. The requirement of a time indepen-
dent sign of amplitudes is satisfied for the system consid-
ered here, i.e., ions in isotropic slow fluctuating
environment, as it can be easily seen from Eq. (5).

Such a phase cycling design is attractive since it has
the property of producing the maximum on-resonance
(i.e., when d = 0) signal

STQ
d¼0ðtÞ ¼ jA1�3ðtÞj þ jA13ðtÞj þ jA�1�3ðtÞj þ jA�13ðtÞj:

ð16Þ

One particular implementation of this approach is the
six-phase scheme used frequently in the literature [4].
This scheme corresponds to the following choices for
the receiver (w) and RF (ui) phases

u1 ¼ a1 þ
p
3
k; u2 ¼ a2 þ

p
3
k; u3 ¼ 0;

w ¼ kp; k ¼ 0; . . . ; 5: ð17Þ

Using the filtering from Eq. (17), the corresponding
coefficients f evaluate to expressions depending only
on the starting phases of the cycle (a1,a2),

fm1m2
ða1;a2Þ ¼

6e�iðm1a1þðm2�m1Þa2Þ if jm1j ¼ 1; jm2j ¼ 3;

0 otherwise:

(

ð18Þ

Finally, by choosing a1 ¼ p
6
, a2 ¼ 2p

3
, the scheme fulfills

the requirements of Eq. (14).
It has to be noted that this filtering scheme allows a

residual signal, due to longitudinal recovery magnetiza-
tion during the delay s1, to pass through the filter. In
most imaging applications, the residual component is
negligible because s1 is small compared with the longitu-
dinal relaxation time T1. Whenever this signal cannot be
ignored (for example, in those 2D NMR experiments in
which variable delays are used), the supplementation of
the cycle with another six phases

u1 ¼ a1 þ pþ p
3
k; u2 ¼ a2 þ

p
3
k; u3 ¼ 0;

w ¼ pþ kp; k ¼ 0; . . . ; 5; ð19Þ

cancels the T1 contributions. For the sake of simplicity,
we will assume these contributions negligible for the re-
minder of this paper (i.e., it is assumed that s1 is much
smaller than T1).

In the off-resonance case, the presence of Dmn phases
in Eq. (15) leads to destructive interference between
components associated with different coherence path-
ways. By combining the equations Eqs. (18) and (12)
an analytic result is obtained for an arbitrary flip angles
and inhomogeneity parameter
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STQðh; d; s1; s2; tÞ ¼ e�idtSTQ
idealðs1; s2; tÞF ðs1; s2; h; dÞ;

STQ
idealðs1; s2; tÞ ¼ u131ðs1Þu333ðs2Þu131ðtÞ;
F ðs1; s2; h; dÞ ¼ sin5h� fcos ds1 cos 3ds2

� cos h sin ds1 sin 3ds2
� i cos hðcos ds1 sin 3ds2
þ cos h sin ds1 cos 3ds2Þg:

ð20Þ

From this expression, it is apparent that a reduction of
the TQ signal from its maximum value to zero occurs
for the offset parameter in the range |d| � p/(2s1) (in
MRI applications s2 is much smaller than s1). For typi-
cal in vivo applications, the delay s1 is set to values max-
imizing the u131ðs1Þ functions, which usually leads to
values around 5.0 ms. Therefore, variations in B0 of
the order of 50 Hz could destroy the TQ signal. Unfor-
tunately, those variations are common during MRI in
vivo applications, due to variations in tissue susceptibil-
ity that lead to B0 inhomogeneities, which are difficult to
compensate through shim optimization in a reliable and
timely fashion.

A simple approach to correct for the signal variations
described by Eq. (20) would be to experimentally deter-
mine h and d (which for MRI applications imply the
acquisition of a B1 map and a B0 map) and use their val-
ues to compute the ideal signal. When the signal mea-
surements are corrupted by noise (denoted g), Eq. (20)
reads

STQðh; d; s1; s2; tÞ ¼ e�idtSTQ
idealðs1; s2; tÞF ðs1; s2; h; dÞ þ gðtÞ;

ð21Þ
and the corrected signal, STQ

estimate would take the two
term form

STQ
estimateðd; s1; s2; tÞ ¼ e�idtSTQ

idealðh; d; s1; s2; tÞ

þ 1

F ðs1; s2; h; dÞ
gðtÞ: ð22Þ

Because the correction factor is less than one,
|F(s1,s2;h,d)| 6 1, this signal correction approach is
not desirable since it decreases the signal-to-noise ratio
(SNR) and also, in extreme cases when total signal can-
cellation occurs, F signal vanishes and no correction can
be performed.

The effects of signal cancellation can be better com-
pensated for by noting that the vanishing of the TQ sig-
nal under conditions of non-zero d is not related to the
intrinsic physics of the problem, but rather to the use of
an inappropriate approach for the measurement of the
TQ coherences. In other words, rather than correcting
the effects at a data processing stage, a better approach
would be to acquire the TQ signal under conditions that
avoid the destructive interference between the coherence
pathways. This new approach is presented in the text
below.
From Eqs. (2) and (6), it is clear that, once the off-
resonance parameter is fixed, for any choice of the RF
and receiver phases, the measured signal is a linear
combination of twelve complex quantities, Bm1m2

ðtÞ ¼
expð�iDm1m2

ÞAm1m2
e�idt, with time independent coeffi-

cients, i.e.,

SdðtÞ ¼
X1

m1¼�1

X3

m2¼�3

expð�iUm1m2
ÞBm1m2

ðtÞ: ð23Þ

If several measurements are performed using different
settings for the receiver and RF phases, and these signals
are stored independently (i.e., not added in real time by
the scanner), Eq. (23) generates a linear system in the
unknowns Bmn. By solving this linear system, the ideal
TQ signal, as defined by Eq. (16), can then be obtained
using the expression

STQ � eidtðeiD�1;�3B�1;�3 þ eiD1;�3B1;�3 þ eiD�1;3B�1;3

þ eiD1;3B1;3Þ: ð24Þ

Because the number of unknown complex quantities in
Eq. (23) is 12, 24 different acquisitions have to be per-
formed to for determining all of the complex amplitudes
Bnm. Under these conditions, use of an optimal acquisi-
tion scheme involves the proper choice of 24 sets of
phases (u1,u2,u3,w) such that the associated linear sys-
tem can be solved for the complex amplitudes Bmn.

One possible choice of phase cycling that allows the
solution of the system mentioned above would be to re-
peat the phase cycles from Eq. (17) four times, each time
with different starting phases ðaj1; a

j
2Þ, j = 1,2,3,4. By

using this acquisition, four signals Sj are obtained that
are linear combinations of TQ components only

SjðtÞ ¼
X

m1¼�1;1

X
m1¼�3;3

fm1m2
ðaj1; a

j
2ÞBm1m2

ðtÞ; j ¼ 1; 2; 3; 4:

ð25Þ
This reduces the dimensionality of the problem from 24
to 4 while also reducing the number of phases from 96 to
8. The starting phases chosen in this paper, together
with the corresponding collected signals are displayed
in Eq. (26)

ða11; a12Þ ¼ ð30�; 120�Þ
ða21; a22Þ ¼ ð0�; 0�Þ
ða31; a32Þ ¼ ð60�; 75�Þ
ða41; a42Þ ¼ ð45�; 90�Þ

8>>><
>>>:

)

S1

S2

S3

S4

0
BBB@

1
CCCA

¼ 6

1 1 1 1

�1 1 �1 1

i �i i �i
ð1þiÞffiffi

2
p ð1�iÞffiffi

2
p ð�1þiÞffiffi

2
p �ð1þiÞffiffi

2
p

0
BBBB@

1
CCCCA

B�1;�3

B�1;þ3

Bþ1;�3

Bþ1;þ3

0
BBB@

1
CCCA: ð26Þ

By solving the above system, the modified individual
amplitudes Bmn are retrieved in the form of simple linear
combinations of the measured signals,
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B�1;�3

B�1;þ3

Bþ1;�3

Bþ1;þ3

0
BBB@

1
CCCA

¼ 1

8

1� i 3þ i 2ð1þ iÞ
ffiffiffi
2

p
ð1� iÞ

�1 1 �1 1

i �i i �iffiffiffi
2

p
ð1� iÞ

ffiffiffi
2

p
ð1� iÞ

ffiffiffi
2

p
ð1� iÞ

ffiffiffi
2

p
ð1� iÞ

0
BBB@

1
CCCA

�

S1

S2

S3

S4

0
BBB@

1
CCCA: ð27Þ

From this system, the corrected TQ signal is then ob-
tained using

STQ � eidtðeiD�1;�3B�1;�3 þ eiD1;�3B1;�3 þ eiD�1;3B�1;3

þ eiD1;3B1;3Þ; ð28Þ

where the quantities Dmn contain the information about
the off-resonance parameter. This is the approach pro-
posed in this paper. Note that for imaging experiments,
the method above is easily generalized through the use
of spatial maps for the field inhomogeneity (i.e., by con-
structing the solution of the linear system above in a pix-
el-by-pixel fashion). The effectiveness of this approach is
experimentally demonstrated in the sections below.
3. Experimental results

3.1. Phantom NMR experiments

All phantom NMR experiments were performed on a
vertical bore, 7Tesla Bruker DMX300 spectrometer
(Bruker AG, Germany). The samples consisted of agar
gels containing sodium, as it is known that for sodium
ions in such gels, third-order coherences form during
relaxation [7]. For NMR experiments, a thorough shim-
ming procedure was followed. To obtain a strong deute-
rium lock signal, the gel was prepared using D2O instead
of water. All chemicals used (10 cm3 D2O, 0.2 g NaCl,
and 2 g agar powder) were acquired from Sigma–
Aldrich (St. Louis, MO). The samples were prepared
by bringing the mixture close to the boiling point while
continuously mixing the NaCl and agar using a magnetic
stirring plate and an uncovered Erlenmeyer flask. After
mixing-in and dissolving the chemicals, the mixture was
allowed to cool before being placed in 10 mmNMRtubes.

The NMR experiments presented here are aimed at
emulating the signal originating from a single voxel in
a MRI experiment. Because the off-resonance is one of
the main experimental parameters, in order for those
experiments to be meaningful, a high homogeneity of
the B0 field is required (the B1 homogeneity is a less
stringent requirement). In the light of those consider-
ations, the sample was chosen as cylindrical in shape
with a 10 mm diameter and a height of 4 cm (longer
than the RF coil). For the purposes of shimming and
calibration of the 90� pulse, one-pulse experiments (con-
sisting of a RF pulse, 128 ls delay and acquisition with a
sampling rate dw = 8 ls) were used.

Shimming, a necessary step to mimic the single voxel
signal, was performed in two stages. First, the deuterium
lock signal was maximized by modifying the shim gradi-
ents. Second, a semi-automated procedure was used to
optimize the shim gradients further, namely, a modifica-
tion of the utility �paropt� (the original being part of
XWIN-NMR software suite) was used to maximize
the amplitude of the sodium spectral peak, directly.
The sensitivity of this approach is better than the one
based exclusively on the lock signal, albeit at the expense
of a 2-h increase in the total experimental time.

The calibration of the 90� pulse was performed using
a constant-amplitude RF pulse experiment in which the
length of the 90� pulse was varied while an array of one-
pulse spectra was collected. For this procedure the pulse
length was incremented from zero to 64 ls and the 90�
pulse was found to correspond to a pulse length of
15.7 ls. The homogeneity of B1 field, as estimated from
the shape of spectra array, was found to be satisfactory.

The triple quantum experiments are performed with
the pulse sequence depicted in Fig. 1. Relevant data
acquisition parameters are s1 = 5 ms, s2 = 64 ls and
the number of FID�s accumulated N = 150. The data
are accumulated at a rate dw = 16 ls, with an original
delay de = 32 ls. The s1 = 5.ms value is close to the opti-
mal value for the sample used; the maximum TQ signal
should be obtained for the setting

soptim ¼ T LT S

T L � T S

log
T L

T S

: ð29Þ

In Fig. 2, the plot marked (A) presents the measured
conventional TQ FID data (dots) and its biexponential
non-linear fit (solid line) to the formula

sðtÞ ¼ Aðe�t=TL � e�t=T SÞ þ B: ð30Þ
Prior to fitting, the FID was scaled to its maximum va-
lue and phase corrected to zero and first-order. This
procedure rotates the entire signal onto the real chan-
nel thereby improving the SNR (only noise is left on
the imaginary component, as seen in the plot (B) of
Fig. 2). The baseline returned by the fit, B = 0.003, is
much smaller than the amplitude A, A = 1.6, proving
that the signal is a good approximation to an ideal
TQ signal (i.e., negligible bias in the fit).

The effectiveness of the coherence pathway decompo-
sition is demonstrated in plot (C) of Fig. 2. The four
individual contributions, associated with the different
coherence pathways (the phase cycles required for their



Fig. 3. The acquired classical TQ FID magnitudes are displayed as a
function of acquisition time and the off-resonance parameter. The
vanishing of the TQ signal is expected around d=±50 Hz lines and it is
well demonstrated by the plot.

Fig. 4. Integral of the conventional TQ FID as a function of the off
resonance parameter (crosses). The theoretical function (solid line)
agrees well with experimental data. The modified TQ acquisition data
(boxes) shows less variation with the off-resonance parameter.

Fig. 2. The conventional TQ filtered FID. (A) The fit to a biexpo-
nential function (solid line) is presented together with the experimental
real (dots) data points. (B) The imaginary (thin line) data points. (C)
The four individual components (small dots) of the TQ signal are
indistinguishable, proving the B0 and B1 homogeneity within the
sample. The displayed data points are undersampled, to simplify the
graph.
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acquisition are given in Appendix A) are displayed using
small dots, and are practically undistinguishable from
each other. The fact that all the components have the
same amplitudes and shapes demonstrates good B1

homogeneity and B0 homogeneity. Their sum resembles
the classical TQ signal (plot A, Fig. 2) within the exper-
imental errors. Those facts are another justification for
considering the signal in Fig. 2 as an adequate approxi-
mation a single voxel signal.

For an MRI experiment, the off-resonance parameter
varies across the volume of interest. To verify the accu-
racy of the modified TQ acquisition scheme, four NMR
experiments were performed in a 2D fashion, for each of
the starting phases presented in Eq. (26). In each exper-
iment, the RF frequency was incremented from �120 to
120 Hz in 8 Hz steps. For every frequency setting, the
TQ FID was acquired using the same settings as in the
1D experiment. The number of FID�s averaged was re-
duced from 150 to 60, to shorten the total experiment
time. The dependence of conventional TQ signal (corre-
sponding to the first choice of phases) as a function of
the applied RF frequency is presented in Fig. 3. Since
a rough surface is harder to visualize, the surface was
smoothed with a running average algorithm.

The Bmn solution from Eq. (27) is then computed for
each frequency offset, followed by the demodulations
and summations described by Eq. (28). At every fre-
quency point, the calculated solutions reproduce well
the classical on resonance TQ signal. To compare the
efficiencies of the modified and classical schemes, in a
quantitatively manner, the integrals of the acquired
TQ signals are presented in Fig. 4, as a function of fre-
quency. The crosses correspond to the conventional
acquisition scheme. As expected, they follow the depen-
dency (cosds1 cosds2), which is displayed as a solid line
in the plot. The boxes correspond to the modified acqui-
sition scheme. Clearly, the more benign variation of the
TQ signal intensity as a function of the off-resonance
parameter in this modified acquisition scheme makes it
suitable for imaging applications.

3.2. MRI phantom experiments

The MR imaging experiments were performed on a
whole-body, 3 T, MRI scanner (GEHT) using a cus-
tom-built sodium RF coil and a twisted projection imag-
ing (TPI) sequence [8] (214 views). The repetition time
was set to 120 ms, leading to a total experimental time
of 26 s when one RF excitation is performed for each



Fig. 6. The conventional TQ profile (dashing) and modified TQ (thick
solid line), together with the SQ profile (thin solid line). The variation
in the reconstructed intensity observed in the corrected TQ image is
due to the presence of B1 inhomogeneity, ringing and intravoxel
dephasing. However, a significant source of variation has been
removed by using the modified TQ scheme.
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view. A cylindrical shaped (length L = 12 cm, diameter
B = 12 cm), homogenous phantom filled with 10% agar
gel, was used.

Two single quantum (SQ) data sets were obtained by
exciting the sample with hard pulses (pulse width
pw = 400 ls, Teff � 255 ls) and using echo times (the de-
lay from the end of the pulse to the beginning of acqui-
sition period) TE1 = 10 and TE2 = 11.5 ms. The
reconstructed images, obtained by using a regridding
algorithm, are 64 · 64 · 64 complex matrices of complex
values. Using the two SQ images, the off-resonance
parameter d, for each voxel, was obtained from the
phases of SQ images, to generate a phase map

d ¼ /2 � /1

T E2 � T E1

ð31Þ

with /1, /2 being the phases, in that voxel, of the recon-
structed images corresponding to the echo times TE1 and
TE2, respectively. Phase unwrapping was not necessary,
as the phase variation from one pixel to another were
typically small. To speed up the analysis, an image mask
(with a threshold set at 30% of the maximum SQ image
intensity) was generated from the SQ image so that the
solution of the linear system described above was not
performed in areas of zero signals.

Triple quantum (TQ) images are acquired with a
modification of TPI sequence, as presented in [4]. The
separations between pulses were s1 = 7.0 and
s2 = 0.5 ms. The echo time is TE = 10.0 ms. Those val-
ues correspond to the highest TQ signal for the phantom
used. Four different experiments, corresponding to the
four phase cycles from Eq. (26), were performed, the
duration of each TQ experiment being six times longer
than the SQ (there were six excitations per view in this
phase cycling scheme), i.e., 2 min 34 s. Image recon-
struction was performed using the same algorithm, with
the same parameter settings as used for the SQ images.

Figs. 5A and B present the middle slices from the
phase map and the SQ magnitude, respectively. The
presence of large inhomogeneities in the middle of the
Fig. 5. Selected partitions from the experimentally acquired 3D images of a cy
1D profiles (upper part of the plots) were drawn. (A) B0 map (B) SQ magnitu
(D) The TQ image acquired with the modified sequence, the low intensity re
phantom is clearly illustrated in the phase map. This
B0 map has the expected shape for a finite cylinder,
placed in a uniform magnetic field.

In Fig. 5C the conventional TQ image is presented.
As expected from the phase map, the TQ signal is dimin-
ished in the center of the phantom.

The Fig. 5D, which is the image obtained from mod-
ified TQ acquisition, illustrates the removal of the arti-
facts due to the B0 inhomogeneities. Finally, in Fig. 6
a 1D illustration of the differences between the conven-
tional and modified TQ results is given. The data were
sampled along the dotted lines presented in each picture.
4. Discussion

Quantitative sodium MRI requires the removal of
image artifacts due to B0 inhomogenities. These field
inhomogeneities, which arise primarily due to variations
in tissue susceptibility, lead to different effects in MRI.
lindrical phantom. The dotted line illustrates the direction along which
de (C) Classical TQ acquired image exhibiting the low intensity region
gion in the center of image is largely removed.
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T �
2 effects [9–11], and the distortion of k-space trajecto-

ries [12] are the major difficulties encountered in conven-
tional proton MRI. A different manifestation of B0

inhomogeneities artifacts that leads to signal loss in
MQF MRI has been analyzed in this paper. The signal
loss arises because of the way that various coherence
pathways add up to create the measured signal; namely,
the B0 inhomogeneity introduces phase differences be-
tween such coherence pathways, leading to signal can-
cellation. This phenomenon is akin to intra-voxel
dephasing in conventional gradient echo techniques, ex-
cept for the fact that it does not have an explicit voxel
size dependence (i.e., it is also present in the limit in
which the voxel size is infinitely small).

This phenomenon was demonstrated here for sodium
TQ experiments, but it can also manifest in other MQF
experiments provided that the following conditions are
met: the MQF signal has contributions from multiple
coherence pathways, non-identical dephasing occurs
along different pathways, and the on-resonance condi-
tions is not fulfilled.

One solution to this signal loss would be to design the
filtering scheme in such a way that only one coherence
path passes through the filter. This approach, however,
would necessarily lead to lower SNR. In an attempt to
preserve the SNR of the experiment, while avoiding
the aforementioned cancellation, a different acquisition
scheme is introduced. The main concept behind this ap-
proach is that concurrent acquisition of all coherence
pathways can be performed so long as an appropriate
encoding mechanism allows their separation in post-
processing.

This concept was implemented in this paper through
the use of four different TQ filtered acquisitions, which
could in principle require extending the imaging time.
However, as the relative contribution of each of these
TQ acquisitions can be predicted with the aid of a B0

map, it is possible to prospectively design the phase cy-
cling scheme so that the increase in imaging time can be
minimized. This approach, although not explicitly shown
in this paper, is well-supported by the experimental data
shown above and it would be developed in a future work.

Our MRI results illustrate the significance of the
destructive interference between coherence pathways
when the field inhomogeneity is not non-negligible.
The correction approach shown here was also found
to be effective at mitigating the ensuing signal loss and
it is one of many improvements that could be made to
maximize the SNR. Further extensions to this approach
are, in fact, possible. For example, including a B1 correc-
tion prior to the solution of the linear system presented
above might improve the recovery of the MQF signal.
Finally, another aspect that could be improved upon is
the removal of signal loss during RF excitation, i.e.,
by correcting the Dmn factors, signal dephasing during
the RF pulses can be minimized.
5. Conclusions

A description of the effects of B0 inhomogeneities on
TQ filtered sodium MRI using a three-pulse coherence
transfer filter has been presented. We have demonstrated
that in the presence of large B0 inhomogeneities signifi-
cant signal loss arises due to destructive interference be-
tween the different coherence pathways. We have also
shown that this effect can be eliminated through the sep-
arate acquisition of the TQ coherences followed by their
addition after B0 correction with the aid of a B0 map.
Our results demonstrate that this approach is well suited
for TQ sodium MRI experiments using clinical MRI
scanners.
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Appendix A. Selection of individual components

The selection of individual components, i.e., corre-
sponding to each of the pathways contributing to TQ
signals, is accomplished by using cycling schemes with
10 phases

/1 ¼ a1kp=5; /2 ¼ a2kp=5; /3 ¼ a3kp=5; w ¼ kp

k ¼ 0; . . . ; 9 ðA:1Þ

with the coefficients for each component given in the
following table

(m1, m2) a1 a2 a3
(�1, �3)
 1
 0
 �2

(�1, +3)
 1
 2
 1

(+1, �3)
 1
 0
 1

(+1, +3)
 1
 4
 7
These phase cycles have been introduced and discussed
elsewhere [13].

Appendix B. Finite pulse width

Obviously, in the MRI case of long pulses, a signifi-
cant dephasing occurs during the application of RF
pulses. The main point in discussing the finite pulse
width is to replace the form of Dmn quantities in Eq.
(8) with expressions taking in account the propagation
of coherences during the RF pulses
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The origin of this substitution is briefly presented in this
paragraph, as the theory behind those manipulations
(the representations of rotation group and the reduced
Wigner functions) is well known. In slightly different
notations, in [14] it is shown that the off-resonance pulse
is equivalent to an on-resonance pulse followed and pre-
ceded by rotations around the B0 axis.

In our notations, the off-resonance pulse character-
ized by the RF frequency x (d = x0 � x), constant
amplitude B1 (x1 = cB1), duration T and phase u, is de-
scribed as the finite rotation with the angle—~h, around
an axis characterized by the latitude—g and by the azi-
muth u where

h ¼ x1T ; w ¼ dT ; ~h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ w2

q
; tan g ¼ �w=h:

ðB:2Þ
The description in terms of Euler angles is preferred due
to the simple form taken by the action of rotation
operators, when expressed in terms of the Euler angles
(aL,b,aR). The relationship is given, whenever h 2 [0,p]
and g 2 [�p/2,p/2], by the parametric expressions

aL ¼ a� uþ p
2

� �
; aR ¼ aþ uþ p

2

� �
;

b ¼ 2 arcsin cos g sin
h

2 cos g

� �
; ðB:3Þ

where as shown in [14]

a ¼ arctan sin g tan
h

2 cos g

� �� �
: ðB:4Þ

As a consequence, when acting on a linear space in
which the angular momentum components are repre-
sented by the operators (JX,JY,JZ), the off-resonance
pulse P (h,u,d), is represented in terms of the on-reso-
nance pulse P(h,u) by the operator

Pðh;u; dÞ ¼ expðidT h;dJZÞPðb;uÞ expðidT h;dJZÞ; ðB:5Þ
where the effective length of the pulse is introduced, and
it has the exact expression

T h;d ¼
cos g
h sin g

arctan sin g tan
h

2 cos g

� �� �
: ðB:6Þ

At this point we note that for flip angles around p/2 and
small inhomogeneities, the following approximations
could be used, cos g ffi 1, sin g ffi tan g ffi g ¼ �w=h, from
where

b¼2arcsin cosgsin h
2cosg

� �
ffih;

T h;d¼T cosg
hsing arctan singtan h

2cosg

� �� �
ffi T

h tan
h
2

� �
�T h:

8><
>:

ðB:7Þ
Through numerical comparisons with the exact expres-
sions, the approximations are can be shown to be accu-
rate (error less than 1%) whenever h 2 [60�, 120�] and
w 2 [�20�, 20�]. Those conditions are easily satisfied
for typical experiments; therefore, the off-resonance
pulse is described in terms of the on-resonance pulse
with the same flip angle, and an effective length Th

depending on the flip angle, only. In terms of associated
rotation, the approximation becomes

Pðh;u; dÞ ¼ expðidT hJZÞPðh;uÞ expðidT hJZÞ; ðB:8Þ
which can be interpreted as the fact that the off-reso-
nance pulse is equivalent with the on-resonance pulse
preceded and followed by Th free evolution periods.
When this expression is used for the coherence transfor-
mation, the replacement rule given in Eq. (B.1) is ob-
tained. In this paper, the flip angle is assumed to be
close to the ideal 90� pulse, therefore Th � T(2/p).
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