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Triple-quantum (TQ) filtered sodium MR imaging has been proposed for separation of sodium signal aris-
ing from different physiological compartments. In a three-pulse sequence without refocussing pulse, the
TQ signal is strongly sensitive to inhomogeneities of the B, field. We examine the dependence of the TQ
signal intensity on the sequence parameters and propose a modified phase-cycling scheme to improve
image quality. A new method for correction of B, inhomogeneity artefacts in TQ filtered sodium imaging
is presented which requires only two acquisitions to obtain a correction as far as the B, inhomogeneity
and the pulse widths are not too large. The method was verified in phantom experiments.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Sodium (**Na) plays a key role in many physiological processes
and is thus a worthwile target of MRI, particularly since it yields
the second strongest in vivo NMR signal [1-4]. Transmembrane
sodium-potassium pumps generate a permanent gradient be-
tween the extracellular (Nag,) and intracellular (Naj,) sodium
concentration. A breakdown of this gradient indicates severe func-
tional disorder in living tissue. An MR technique for selective imag-
ing of intracellular sodium is therefore desirable.

Three methods for this purpose have been proposed so far. The
first approach employs chemical-shift reagents that do not perme-
ate the cell membranes to modify the resonance frequency of
extracellular sodium [5,6]. These reagents are toxic, however, and
cannot be applied to studies with humans. A second, non-invasive
approach utilizes differences of relaxation rates in different physi-
ological compartments for selective signal suppression via inver-
sion recovery [7,8]. In this case, only one type of environment
with one specific decay rate of the >Na transversal magnetization
can be suppressed at once and regions with similar decay rates
might be unintentionally suppressed.

The third and likewise non-invasive approach is to use a triple-
quantum (TQ) filter selective for sodium ions that are restricted in
their mobility. This restriction will occur because of interaction
with macromolecular structures within the intracellular compart-
ment [9-11]. Employing shift reagents, it has been shown in a
rat liver study that most of the TQ filtered 2>Na signal originates
from the intracellular compartment [12]. The problems arising

* Corresponding author.
E-mail address: c.matthies@dkfz.de (C. Matthies).

1090-7807/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2009.11.004

with this method are low signal-to-noise ratio (SNR), strong
dependence of the TQ signal intensity on the flip angle 0 (with
sin’ ) and a pronounced sensitivity to B, inhomogeneities espe-
cially if a 180° refocussing pulse is omitted [13].

Hancu et al. showed that, compared to a four-pulse sequence
including a 180° refocussing pulse, a three-pulse sequence has
advantages for TQ filtered sodium imaging in humans due to less
SAR and a B; dependence more amenable to subsequent correc-
tions [11]. Yet, the lack of a refocussing pulse introduces a signal
dependence on the B, inhomogeneity, since in that case relative
phase shifts between the four coherence pathways contributing
to the TQ signal are generated. Destructive interference then leads
to a further loss of the already small signal.

Tanase and Boada suggested an algorithm to correct the TQ sig-
nal for By inhomogeneities by acquiring four images and a By map
and solving a linear equation system for the four unknown signal
components [13]. In the following, this method will be denoted
by method A. Since the measurement of four images is time-con-
suming, we examined an alternative method (method B), which re-
quires only two acquisitions to obtain a correction as far as the By
inhomogeneity and the pulse widths are not too large. First, the
dependence of the TQ signal intensity on sequence parameters,
particularly on the phase cycling angles, is studied, which, to our
knowledge, has not been done so far. In a second step, from this
information, the proposed method for By inhomogeneity correction
is deduced.

2. Theory

We consider a standard TQ coherence filtering sequence (Fig. 1).
It consists of three radio frequency (RF) pulses with flip angle 0,
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Fig. 1. Sequence employed for *Na TQ filtering experiments: three RF pulses with
flip angle 0, phases q),?k](i: 1,2,3) and width Tp. Delay times between pulses:
preparation time t; and evolution time t,, typically 7, < 7;. Signal acquisition
(duration: t) starts after echo time TE with receiver (ADC) phase set to .

phases (pg">,q0(2k),qo(3k> (where k specifies the choice of the pulse
phases in the k-th cycle) and delay times 7, and 1, for preparation
and evolution of TQ coherences, respectively. * is the relative
phase of the receiver.

We are interested in the effect of static B, inhomogeneities on
the signal intensity of this experiment. To quantify the inhomoge-
neity in a particular voxel, we use the frequency offset ¢ of the ap-
plied RF frequency w from the Larmor frequency w, = By in this

voxel:
d=w—wo=7(B-By). 1)

The signal S&'”, obtained from that voxel, is a superposition of the
partial signals from different coherence pathways passed through
in the course of the sequence:

Z Sml mz

my=—1 my=-3

S9(t) = (2)

The first pulse creates coherences of the order m; = -1 and
m; = +1 (besides possibly remaining longitudinal magnetization
of order 0), which the second pulse converts into coherences be-
tween orders m, = —3 and up to m, = +3. The third pulse is applied
to transform TQ coherence into detectable transverse magnetiza-
tion. The altogether 21 possible coherence pathways are uniquely
determined by m; and m,, and each signal component

Sy (&)= ATTH My (t )(pnﬁl my Ay m, 3)

my,my
is the product of an amplitude A, ., depending on the flip angle
and the delay times, a phase factor

k (k) (k) I( k)
O (01, 01 0 ) = elmer’s

depending on the pulse phases and the receiver phase, and a second
phase factor

+my =)+ (1-ma) o+ ) (4)

Am1-,mz (t; T1,T2, 5) _ ei(m1r1+m212+t)a‘ (5)

originating from the B, inhomogeneity. Here, we took into account
that for a given phase ¢ a coherence of order m accumulates an
overall phase m¢. Each of the three pulses with phases (p}") transfers
magnetization between coherence orders m; and m; which gener-
ates an additional phase of (m; —m;)¢\".

The common TQ filter is realized by addition of the signals of N

acquisitions

Sy (t) = (6)

with appropriate choice of pulse and receiver phases for each signal.
A phase-cycling scheme frequently used [11,13] is

n n
oV = +k=, oY = ks, PP =0

k=0,1,2,3,...

(7)
y® =k,

The two starting phases o; and o, of the cycle determine essentially
the signal yield. If the number N of acquired signals is a multiple of

6, only signal components that result from TQ coherence add up
constructively while all other signal components cancel. As a conse-

quence, only four components (m; = +1, m, = £3) survive in the
measured TQ signal:

T Tl T TQ T
S*=1S"% 5 +5 5 +SF 3 +5T 5] (8)

Each of these components of the TQ filtered signal

oy (8) = Amy iy (O) Py sy Ay, (M

my,my

1=+1,my ==£3) 9)

looks similar to Eq. (3), except for the pulse phase factor (denoted
by &), which now merely depends on the starting phases of the
cycle:

5m] my = Geilmion+(ma—my)oa) (10)

The amplitudes Ay, m, for m; = +1 and m; = £3

Aml.mz (t) = F(t7 Thfz)Dm],mz (9) (11)
are composed (up to a normalization factor) of a factor
F(t;T1,72) = f31 (10)f35(T2)f5(6) (12)

that accounts for relaxation during preparation and evolution of the
TQ coherences and that is independent of the pathway character-
ized by m; and m,. The relaxation of a spin-3/2 nucleus is biexpo-
nential, i.e.

fi(t) ceTs —e7t/Tand  f2(t) oc €7/, (13)

in the case of sufficiently long correlation times (7. > 1/wy) of the
ion tumbling motion [9]. The other factor in Eq. (11)
1 3 1

Diny my (0) = iy, 0(0) g, (0)11, (6) (14)
depends on the flip angle 0. The transfer of magnetization between
coherence orders m; and my for each pulse is weighted by Wigner
d-matrix elements d;, m; (0), where r is the rank of the magnetization
tensor at the time of the particular pulse. For the signal components
passing the TQ filter we finally obtain

D_1_3(0) cos(0/2) sin?(0/2)

Doiis(0) | _ s cosz(0/2)51 n’(0/2) 15
D.1-5(0) o) —sin*(0/2) . 1>
D.1.43(0) —cos*(0/2)

Further analysis of multiple quantum coherence for spin-3/2 nuclei
can be found in [13-15].

3. Material and methods

Experiments were carried out on a clinical 3-T whole-body MR
tomograph (Magnetom Trio; Siemens Medical Solutions, Erlangen,
Germany). Excitation and signal detection were performed with a
double-resonant (32.6 MHz/123.2 MHz) birdcage coil (Rapid
Biomed GmbH, Wiirzburg, Germany). For MRI the TQ filtering se-
quence (Fig. 1) was combined with a density-adapted 3D radial
acquisition scheme [16]. Image reconstruction was performed off-
line with Matlab (Mathworks, Natick, MA, USA). A Kaiser-Bessel
gridding kernel with an oversampling ratio of two and additional
Hanning filtering were applied.

We used a phantom consisting of a 500 ml plastic bottle filled
with 2.5% agarose gel and 1 mol/l sodium chloride. Agarose gel
was employed to constrain the tumbling motion of the sodium ions
which is a prerequisite for creation of TQ coherences. Before mea-
surement, the standard shim procedure provided by the manufac-
turer was applied.
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Two single-quantum sodium images with different echo times
TE; and TE, were acquired yielding phase maps @; and @, from
which the inhomogeneity parameter

D, — D4

0= TE, — TE,

(16)
was calculated for each voxel within the phantom [13].

TQ filtered sodium images were acquired with echo time
TE =8 ms, preparation time 7; =8 ms and evolution time
T, = 50 ps. The repetition time (TR = 85 ms) and the pulse width
(Tp = 0.5 ms) were chosen to obey the SAR limits. 2000 projections
and 6 mm isotropic resolution yielded a field of view of 150 mm.
The acquisition time was 15 min. For B, inhomogeneity correction
with method A, starting phases o4 /o, were set to 30°/120°, 120°/
120°, 45°/90°, and 60°/75° [13], N = 6 averages were taken. For
method B, starting phases o4 /0, were chosen as 30°/120° and
120°/120°, and again N =6 averages were taken. In addition,
images with o /o; = 30°/150° and 120°/150° were acquired.

To compare method A with method B, also images with
o1/0 = 30°/120° and 120°/120° and N = 12 averages were ob-
tained, so that the same acquisition time could be employed for
both methods. SNR calculations were performed afterwards by
estimating the noise from difference images [17].

4. Results

In the following, we take 0 = 90° and calculate from Eq. (8),
using Eqgs. (9)-(11),
S (t; 00, 002, T1, T2) = 24F(£; 71, T2)| sin(oy — 03 + 0T4)

x €0S(30, + 3012)], 17)

where the global phase factor e was omitted. Eq. (17) yields the
symmetry relations
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Syt o0 + (p+1/3)T, 05+ 17/3, 71, To)

=St 00,0, 1, Ta), (18)

where n,p =0,4+1,+2,.... Consequently, the combination o« /o, =
0°/0°, employed in [13], is equivalent to o /o, = 120°/120°.

Taking relaxation into account, the preparation time 7, must be
chosen close to

_ TZL TZS n TZL

Ty —Tas  Tas

to maximize f}, (71) [9], while 7, must be kept as short as possible to
maximize f3;(t2) (Egs. (12) and (13)). Usually, these requirements
yield the condition

lopH (19)

T L T1. (20)

Accordingly, in ng (Eq. (17)) we have one §-dependent sine factor
rapidly oscillating (with 7;) which is modulated at a much lower
frequency (with ;) given by the cosine factor. We will call the for-
mer oscillation factor and the latter modulation factor.

Fig. 2 shows plots of SI? as a function of the B, inhomogeneity &
for different combinations of o;/a, and 7;/7,. Extinctions in TQ
signal intensity due to destructive interference of the four signal
components for particular combinations of the measurement
parameters are clearly visible.

The parameters for maximal signal intensity can be determined
via the TQ signal dependence on o4, o3, T1, T2, and é (Eq. (17)). Tak-
ing relaxation into account, t; and 7, should be chosen as dis-
cussed in the context of Eq. (19). The parameter § is mainly fixed
by the quality of the shim, hence, only the adjustment of oy and
o, is usable for optimization of the TQ signal intensity.

We obtain intensity minima from the oscillation factor if §
equals

nm— (o — 0y)
T

(21)
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Fig. 2. TQ signal intensity S;¢ as a function of ¢ for different values of 7,/7, and different combinations of o, /a,, setting F(t;T1,7,) = 1/24 for normalization. (a)
o1 /0 = 30°/120°, T2 =400 ps; (b) oy /o, = 120°/120°, T2 = 400 ps; (c) o /o, = 30°/120°, T3 = 8 ms; (d) oy /o = 120°/120°, 71 = 8 ms.
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and intensity minima from the modulation factor if § equals

5&?{‘:‘1) - w7 (22)

T2
where n =0,+1,£2,.... For 7, <« 1/4 the é-dependence introduced
by the modulation factor can be neglected and intensity minima
only arise due to the oscillation factor. For larger values of 7, the
influence of the modulation factor on the overall dependence of
the TQ signal intensity on the B, inhomogeneity increases and addi-
tional intensity minima due to the modulation factor arise (Fig. 2¢c
and d for 7, = 1 ms). If we neglect the j-dependence of the TQ sig-
nal due to the modulation factor, which is justified, regarding Eq.
(20), for oy /o, =30°/120°, Eq. (21) reduces to dmin = =5 for the
first minima of the signal intensity adjacent to the central maxi-
mum. With typical values for 7; in the range of 4-8 ms this results
in signal intensity minima at frequency offsets of around 200-
400 Hz (Fig. 2a). But even if the frequency offsets are lower, there
may still be strong TQ signal reduction. Taking into account that
1 ppm — a typical order of By inhomogeneity — corresponds to
33.8Hz (By =3T) and 78.9 Hz (B, = 7T), respectively, extinction
artefacts due to B, inhomogeneity are an issue to be considered
especially for field strengths beyond 3 T.

Obviously, the combination o;/0; =30°/120° — commonly
employed — is a good choice if the field is highly homogeneous
or if at least the preparation time 7; can be chosen sufficiently
small (Fig. 2a).

The combination o4 /o; = 120°/120° (Fig. 2b), which is comple-
mentary to 30°/120° (see below), is unfavorable if the B, field is
exceptionally homogeneous or if 7; can be chosen small. However,
in other cases, especially for frequency offsets in the range of 100-
300 Hz (depending on 7;) this combination would be preferable
compared to 30°/120° (Fig. 2b).

Eq. (21) suggests two possible methods to control (via 4, or o4
and o) the position of the signal intensity minima and maxima to
obtain favorable measuring conditions with respect to given By
inhomogeneity in the MR system. Smaller 7, are preferable, be-
cause the maxima become broader (Fig. 2a/b), hence the signal
dependence on ¢ is weaker. However, the decrease of 7 is limited
by the condition to maximize F(t; t1,72) (Eq. (13)). Therefore, the
better approach is to select appropriate values for o; and o, which
can be done without restriction.

Optimization of the TQ signal for a given B, inhomogeneity can
be performed as follows: First, the modulation factor has to be con-
sidered as it determines the expected maximum signal intensity.
Maxima occur for values of o, of

nm
OC(zf)lvt) _ 3~
If the evolution time 7, is short enough compared to 1/5, which
should normally be the case, this reduces to oc<2°pt> =nmn/3. Only if
the B, inhomogeneity is too large (in comparison to 1/7,), different
values for o, might be optimal for different regions of the measured
object. In the next step, variation of o; enables fine-tuning of the
position of the maximum signal intensity with respect to the given
inhomogeneity 6.

So far, the problem caused by the destructive influence of By
inhomogeneities on the TQ signal intensity is tackled indirectly.
Eq. (17) suggests a method to remove the effect directly: First, a
complementary TQ signal ST¢ with

0Ty, n=0,+£1,+2,... (23)

ST = S3%0n + (2n+ 1)7/2,00,T1,T2)
= 24F(t; 71, T2)| cos(oq — oz + T1) cos(3ox + 307T3),
(n=0,+£1,42,...) (24)

is acquired, leading to a phase shift of the oscillation factor by 7/2.
In the corrected signal
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Fig. 3. Signal intensities of the corrected signals S'2 ., (Eq. (25), solid lines) and S’

corrl corr2
(Eq. (27), dashed lines) as a function of B, inhomogeneity ¢ for different values of

T,(T; = 8 ms, o, = 120°) and setting F(t; 71, T2) = 1/24 for normalization.

2 ~, 2
Stgr =/ (S1) + (51°)" = 24F(t: 11, 72) | cos (300 + 30T,) (25)

the oscillation factor has disappeared. The residual §-dependence is
much weaker (Fig. 3) and vanishes for 7, < 1/(39).

Using a whole-body MR scanner, due to hardware and SAR lim-
its, the pulse width T, cannot be made arbitrarily short. The conse-
quence is dephasing during application of the RF pulses which can
be taken into account by addition of an effective time T = 2T,/n
(for 0 =90°) to the preparation and evolution time [13]. For
Tp = 500 ps, T amounts to 318 ps. This has a small influence
on the preparation time 7, but a strong effect on the evolution
time 7, (which might be even shorter than T®) and thus also
on the dependence of the corrected signal on § (Eq. (25)).

For a complete removal of the TQ signal dependence on 4, it is
necessary to get also rid of the modulation factor in Eq. (25). This
is achieved by the acquisition of two additional signals

Sy =1%oy, 00 + (20 + 1)7/6, T4, T2),

ST — ST, + (2p + 1)7/2, 0 + (20 + 1)7/6, T4, T2),
(n,p=0,+1,+2,..) (26)

which define a second corrected signal
2 ~ 2
()" ()

= 24F(t; 71, 7T2)| sin(30; + 3077)]. (27)

s

corr2 —

Combining Egs. (25) and (27) gives,

2 2
2 (512) + (12— 24Fcimr. ), 28)

which is independent of 6 and thus of the inhomogeneities in the By
field. Fig. 3 shows plots of the expected signal intensities of the cor-
rected signals ST, (Eq. (25)) and S, (Eq. (27)) as a function of &
for different values of 7,. Compared to the non-corrected TQ signals
(Fig. 2), their dependence on § is significantly reduced.

Fig. 4 shows results from measurements of the phantom. We
chose a slice in which the effect of B, inhomogeneity was evident.
Signal extinctions in the TQ filtered images (Fig. 4a, b, f, and g) are
clearly visible. According to the corresponding phase map (Fig. 4k),
the frequency offset in the central regions of the phantom amounts
to up to 140 Hz, and the TQ signal with a4 /o, = 30°/120° — as pre-
dicted by theory (Fig. 2a, T, = 8 ms) — is diminished there (Fig. 4a).
The complementary TQ experiment with o4/0; = 120°/120°
(Fig. 2b, T, = 8 ms) provides the signal missing in the first image
(Fig. 4b) such that the combination of both TQ filtered images (Figs.
4a and b) calculated according to Eq. (25) yields a good correction
for the signal extinctions due to B, inhomogeneity (Fig. 4c).
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Fig. 4. Experimentally acquired TQ filtered sodium MR images from a selected slice of the phantom, 1D profiles in the upper part of the plots are along the dashed line.
Grayscale colormap in images (a)-(j) is black for zero signal and white for signal magnitude 1. Images (e), (h) and (j) were normalized to 1, images (a)-(d) and (f)-(g) were
normalized to image (e). (a, b, f, and g) TQ magnitude images acquired with starting phases o4 /o, as indicated, (c) corrected TQ magnitude image calculated with data from (a)
and (b) and use of Eq. (25), (d) corrected TQ magnitude image calculated with use of Eq. (27), (e) corrected TQ magnitude image calculated with data from (c) and (d) and Eq.
(28), (h) TQ magnitude image corrected according to method A with data from (a)/(b)/(f)/(g), (j) TQ magnitude image corrected according to method A’ with data from (a) and

(b) and two zero images, (k) B, map calculated using Eq. (16).

This is confirmed by comparison with Fig. 4d which shows the
second corrected signal ST2 , calculated from images with starting
phases oy /0; =30°/150° and 120°/150° and use of Eq. (27). It
yields almost no further contribution to the fully corrected signal
S'Q . (Fig. 4e, calculated with Eq. (28) and data from Fig. 4c and
d) so that the difference between the correction from two acquired
images (Fig. 4c) and the correction from four acquired images
(Fig. 4e) is negligibly small for the given inhomogeneity. This
agrees well with the results in Fig. 3.

The result of the B, inhomogeneity correction performed with
method A is displayed in Fig. 4h. The four TQ source images ob-
tained with starting phases according to [13] are shown in
Fig. 4a, b, f, and g. With the given inhomogeneity in the partic-
ular slice, two of the images (Fig. 4f and g) yield almost no con-
tribution to the corrected image since here the value of ¢, is not
optimal regarding Eq. (23). In fact, it is possible to perform meth-
od A with only two acquired images and two zero images (de-
noted as method A') but the acquired images must be
complementary in the sense discussed in the context of Eq.
(24). An example is shown in Fig. 4j with data from Fig. 4a
and b.

Altogether, we observed that (with the employed parameters)
method B yielded the same SNR compared to method A’, but 10-
40% more SNR compared to method A, depending on the By
inhomogeneity.

5. Discussion

Multiple-quantum filtered sodium MRI without application of a
refocussing pulse is sensitive to inhomogeneities in the B field due
to destructive interference between the partial signals from differ-
ent coherence pathways. A simple solution would be to filter out
only one of the four coherence pathways leading to TQ coherence,
however, this would strongly reduce SNR. Otherwise, depending
on the extent of By inhomogeneity, the interference between the
partial signals has to be taken into account.

Method A [13] requires the acquisition of four TQ images
together with a By map to obtain the inhomogeneity parameter §
for each voxel. The accuracy of the reconstructed image crucially
depends on the exact knowledge of §. Not all four required TQ
images can be obtained with the same starting phase o, at the
same time. In this case, the four signal equations would no longer
be linearly independent so that the equation system could not be
solved anymore. As a consequence, in the case of small By inhomo-
geneity (compared to 1/1,) where all regions of interest exhibit al-
most the same o<<2°p‘) (Eq. (23)), images with suboptimal signal
intensity are acquired. In the worst case, only two of the four TQ
images significantly contribute to the corrected image and the
acquisition of the other two images can be abandoned (method A’).

In contrast, method B, usually requires only two TQ images. This
advantage has to be traded off for the fact that the corrected signal
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in this method represents an estimate for the theoretically achiev-
able signal. The goodness of the estimate, considering Eqs. (25) and
(28), can be quantified by

1= St [Siehs = 0530 + 30T5)], (29)

which reduces to y = | cos(35715)| in the case of «; = 120°. The smal-
ler the B, inhomogeneity ¢ and evolution time 7, are the better the
reconstruction of the theoretically achievable signal is. Fig. 3 shows
that in our case (Tp = 0.5 ms, %" = 0.4 ms, & up to 140 Hz), ST, is
a very good estimate for S3.(x = 0.998). Only if the condition
(31;5“) < 1/3 cannot be fulfilled, the acquisition of four TQ images
will be necessary for the correction of B, inhomogeneities. This
can occur if the inhomogeneity is large or if the pulse width Tp can-
not be made short enough such that T « 1/(36) is satisfied. Un-
der these circumstances method B loses the advantage of a shorter
overall acquisition time compared to method A. Otherwise, the two-
fold number of averages can be achieved within the same acquisi-
tion time and higher SNR is obtained. With method B, both images
can be acquired with the optimal value for the starting phase o,.
No prior knowledge about the By inhomogeneity in the system is re-
quired. Reversely, it is a kind of B, map that is obtained in this case.
In contrast to method A', method B provides an estimate for the accu-
racy of the correction (Eq. (29)).

We attribute the small intensity variations still present after
correction for B, inhomogeneities mainly to Gibbs ringing arte-
facts, but intravoxel dephasing might also play a role.

In this work we put the focus on TQ filtered sodium imaging to
selectively detect sodium ions restricted in motion. Yet, the sug-
gested method for correction of B, inhomogeneities should per-
form equally well in investigations with double-quantum-filtered
sodium imaging for detection of long-range order in biological sys-
tems. Regarding in vivo applications, lower sodium concentration
requires larger voxel sizes or longer acquisition times, neverthe-
less, this should not have an effect on the applicability of the pro-
posed method.

Presently, sodium MRI advances to high-field studies (By > 3T).
Then, the influence of B, inhomogeneities is even more critical and
the proposed method for correction of such inhomogeneities could
be particularly useful.

In conclusion, the quantitative dependence of the signal inten-
sity in TQ filtered >Na MR imaging on measurement parameters

as the starting phases o; and o, of the phase cycle and the B, inho-
mogeneity ¢ has been given. Techniques have been proposed to
optimize the starting phases for maximum signal intensity before
measurement thus reducing effects of B, inhomogeneity. The es-
sence of a proposed method for correction of By inhomogeneity
artefacts is the reduction of the strong TQ signal dependence on
& with 7; and 7, to a much weaker §-dependence with only 7, by
acquiring a second, complementary TQ filtered image.
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