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Residual quadrupole interaction in brain and
its effect on quantitative sodium imaging

Robert W. Stobbe* and Christian Beaulieu

Sodium MRI is particularly interesting given the key role that sodium ions play in cellular metabolism. To measure
concentration, images must be free from contrast unrelated to sodium density. However, spin 3/2 NMR is complicated
by more than rapid biexponential signal decay. Residual quadrupole interactions (described by frequency @q) can
reduce M,, development during RF excitation. Three experiments, each performed on the same four healthy
volunteers, demonstrate that residual quadrupole interactions are of concern in quantitative sodium imaging of
the brain. The first experiment shows a reliable increase in the rate of excitation ‘flipping’ (1%-6%), particularly
in white matter with tracts running superior-inferior (i.e. parallel to By). Increased flip-rates imply an associated
signal loss and are to be expected when @wq ~ ®;. The second experiment shows that a prescribed flip-angle
decrease from 90° to 20°, with concomitant decrease in Tg from 0.25ms to 0.10 ms and no T; weighting, results
in a 14%-26% saline calibration phantom normalized signal (Sy) increase in the white matter regions. The third
experiment shows that this (Sy) increase is primarily due to a residual quadrupole effect, with a small contribution
from T, weighting. There is an observed deviation from the spin 3/2 biexponential curve, also suggesting @q
dephasing. Using simulation to explain the results of all three experiments, a model of brain tissue is hypothe-
sized. It includes one pool (50%) with ®q = 0, and another (50%) in which wq has a Gaussian distribution with
a standard deviation of 625 Hz. Given the result of the second experiment, it is suggested that the use of reduced
flip-angles with large w,; will provide more accurate measures of sodium concentration than ‘standard’ methods
using 90°pulses. Alternatively, further study of sodium wq may provide a means to explore tissue structure and

organization. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Sodium (**Na) MRI of the brain is growing in interest with a rap-
idly increasing number of high field scanners with multinuclear
capability. The primary and driving hope is that sodium concen-
tration correlations with pathology will provide new insights into
disease mechanisms and facilitate improved diagnosis and
prediction of disease progression. Recent sodium MRI studies of
the brain include multiple sclerosis (1-3), Alzheimer's disease
(4), Huntington'’s disease (5), cancer (6,7) and stroke (8,9).

To accurately measure sodium concentration in the human
brain with MRI, the acquired signal must be free from NMR con-
trast unrelated to sodium concentration. Minimization of relaxa-
tion weighting with short echo time (Tg) sequences has been of
primary concern for more than 20 years, as the sodium nuclei in
brain tissue exhibit rapid biexponential T, relaxation with a mea-
sured fast component (60%) as short as 1.7 ms (10). However,
spin 3/2 NMR is complicated by more than rapid relaxation.
%Na spin dynamics are dominated by environmental electric
field gradient (EFG) induced orientation of the nuclear electric
quadrupole moment with respect to the B, field (11). If this
quadrupole interaction is static (as in a crystal), it will split the
2Na resonance into three frequencies: a central resonance
(40%) and two satellites (30%), each spaced from the central res-
onance by the interaction frequency wq. However, in biological
systems wq will fluctuate with time as the sodium ions tumble
through their environment. This dependence is given in

Equation [1], where eQ is the electric quadrupole moment of
the nucleus, eq is the principal EFG value and 0 is the polar angle
describing the orientation of eq with respect to the main mag-
netic field (11).

wo(t) = e():—;(t) (3cos20(t) — 1). ]

For quantitative sodium concentration imaging thus far, it has

effectively been assumed that the EFGs experienced by the
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tumbling >Na nuclei are isotopically distributed in 3D space, and
that this tumbling (and the resultant fluctuation of wq) is
sufficiently rapid to yield a time-averaged (or residual) wq = 0.
This is indeed the case in saline water, where isotropic EFGs
result from very rapid fluctuations of the hydration shell (with
correlation times much smaller than the Larmor period). In this
case there is no residual quadrupole interaction or splitting of
the 2>Na resonance. However, in biological environments the
presence of charged macromolecules (12) and lipid membranes
(13) may result in additional superimposed EFGs. A residual
quadrupole interaction will be produced if the correlation times
of the resultant EFGs experienced by the tumbling nuclei
become greater than wg™ (11). It has been demonstrated with
double-quantum magic-angle (DQMA) spectroscopy and imag-
ing that at least some sodium nuclei within the human brain
exist in environments that produce residual quadrupole inter-
actions (14,15).

When the magnitude of @q approaches w; =yB;, irrecoverable
signal loss begins to occur (16). This phenomenon would influ-
ence the measurement of absolute sodium concentration (in
mM) in the brain with MRI. However, we are aware of only one
published sodium MRI paper that considered this effect, a 1987
study that found no evidence of detrimental residual quadrupole
interaction in excised cat brain (17). To search for residual quad-
rupole interactions with @q approaching w; (and thus the pres-
ence of signal loss), this former study searched for a second
intriguing consequence of these large interactions, that is, an
increase in rate of magnetic moment flipping during the RF
pulse (16). If the RF bandwidth is sufficiently narrow with respect
to @q, only the central component of the split >>Na spectrum will
be excited. ‘In this case the magnetization behavior is approxi-
mately like that of a single “fictitious” spin %2 particle (18). This
fictitious particle, however, responds to the applied RF field with
an effective gyromagnetic ratio that is larger than that of the
sodium nucleus as a whole’ (quote from Reference 17). Inter-
ested readers are pointed to Reference 16 for an equation
underlying this process. For very large @q the effective flip-rate
is twice that prescribed (i.e. prescribing w, for a 90° RF pulse
yields a 180° flip), and the maximum transverse magnetic
moment achievable is only 0.2 M.

The ultimate purpose of this paper is to determine whether
residual quadrupole interactions with @q values great enough
to affect the quantification of sodium concentration with
standard MRI methods exist in human brain. This work includes
three experiments, which together identify a phenomenon that
must be considered when generating quantitative sodium
concentration maps of the human brain.

MATERIALS AND METHODS

General image acquisition

Sodium imaging was done on a 4.7 T Varian Inova scanner using
an in-house designed and constructed single-tuned sodium
birdcage coil. k-space was sampled with twisted projection
imaging designed to produce a f=3 Kaiser filtering shape with
sampling density (19). In each experiment a trajectory set
consisting of 2400 trajectories sampled k-space to a spheroid
with maximum dimensions of 118 1/mx118 1/mx59 1/m
(unless otherwise specified). In each case the readout duration
was 15ms. For each image the RF excitation pulse was non-

selective and the delay between the end of the RF pulse and
the acquisition of the centre of k-space was 0.05 ms. The image
reconstruction process involved sampling density compensation
to achieve the filtering shape throughout k-space (i.e. compensa-
tion at the centre of k-space before initiation of twisting) and
standard 3D gridding.

For each of Experiments 1-3 described below, the same four
healthy volunteers with ages 27, 38, 27 and 23years were
scanned. Each experiment was less than 45 min in duration and
was conducted in a separate imaging session. For Experiments
1 and 2, volunteers were scanned with calibration tubes on
either side of their heads. The tubes were about 3 cm in diame-
ter, about 11 cm in length and contained 50 mM saline water.
All of the acquired images were co-registered (in-house
software) and the same regions of interest (ROIs; identified
below) were used between experiments.

In the experiments described below and throughout the re-
maining text, the prescribed flip-angle (e =w-t) is the flip-angle
setting of the spectrometer following RF power calibration. How-
ever, the prescribed flip-angle (@) is not necessarily attained.
Here we introduce a term called the relative flip-rate (or Ry
where ¢ is the resultant flip-angle produced (Equation [2]). In
the context of residual quadrupole interactions, the value of Rf
is 1 in regions where @q = 0, and greater than 1 (to a maximum
of 2) when @q> w;. Note that the specific theoretical depen-
dence of Rs on @q and w; can obtained in Reference 16.

¢ = Rfa)1t [2]

Experiment 1. Constant-T flip-angle experiment

This experiment consisted of the generation of two 10 min im-
ages, one with a prescribed flip-angle of & = 60° and the other
a prescribed flip-angle of a = 120°. A relative flip-rate (R) map
was obtained from these two images (Equation [4]). Note that
Sta=609 and Si, - 1209 are the signal intensities in the respective
a=60°and a=120° flip-angle images. With a little trigonometry
Equation [4] can be derived from Equation [3].

S(a=60°) _ sin(Rfa) [3]
S(a:120°) sin(RfZa)
R = cos™ (1/(2S(a=60%) /S(a=120%)) ) /60° [4]

Low spatial frequency variation in the Ry map was assumed to
be the result of coil-related B; variation (20,21). This low-
frequency variation was assessed with low-pass filtering and
removed. The same RF pulse length (zgf) of 0.5ms and T¢ of
0.285 ms were used for both flip-angle images to avoid any de-
pendence on T,, and both images were generated with a long
Tg of 250ms to avoid T; weighting (T; in cerebral spinal fluid
(CSF) is 65ms at 4.7T). Rr maps were generated from each of
the healthy volunteers, and average values were measured in
different ROIs manually placed on axial slices. These included
the saline calibration phantoms and the CSF, 2Na environments
that should not exhibit residual quadrupole effects. Other ROIs
included regions with visible R¢ increase on each map: centrum
semiovale (CSV), internal capsule (IC), brain stem (BS), and corpus
callosum (CC), genu and splenium combined. The analysis of
cortical gray matter is difficult on these low resolution images,
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as it is not easily separated from CSF. For this reason it was
excluded from analysis. However, an ROI of the cerebellum (CB)
was included, as this structure was easily isolated.

Experiment 2. Constant- w, flip-angle experiment

For a prescribed flip-angle of o = 90°, R;>1 will produce an
actual flip-angle ¢ > 90° and exacerbate signal loss for nuclei
experiencing residual quadrupole interactions. For prescribed
flip-angles o < 90°, Rr> 1 will produce actual flip-angles closer
to 90° than prescribed, thus mitigating residual quadrupole
related signal loss. If significant residual quadrupole interac-
tions are present in a given tissue the relative signal from that
tissue, with respect to signal from the saline calibration
phantoms (or the saline calibration phantom normalized
signal - S\) is expected to increase when the prescribed
flip-angle is reduced. Note that a constant Sy is expected for
all prescribed flip-angles in tissue regions that did not exhibit
elevated Rf in Experiment 1 (i.e. CSF) - this was also tested.
Calibration phantom normalization is typically used to provide
sodium concentration maps and quote concentration values,
and an Sy increase would reflect a ‘concentration’ increase.
Here we refrain from attaching concentration numbers to Sy,
as these numbers are influenced by residual quadrupole inter-
action and RF excitation (as well as rapid T, decay and partial
volume effects).

In Experiment 1 the a = 120° image was created with w, = 667 Hz,
while the a = 60° image had w; = 333 Hz. This was done to main-
tain a constant zgr and T, thus avoiding contrast dependence on
Te. However, the reduction of w, for the a = 60° pulse will increase
residual quadrupole related signal loss during that pulse and
reduce the measureable R effect. In Experiment 2, four images
were acquired with a = 90°, 60°, 40°, and 20°, each applied with
constant w; = 625Hz. This involved zzr reduction (0.40 ms,
0.27 ms, 0.18 ms, and 0.09 ms), which was also used to reduce T¢
(0.252ms, 0.87 ms, 0.142 ms, and 0.097 ms). Tz was also reduced
to 210ms (90°), 1770ms (60°), 130 ms (40°), and 70 ms (20°) to
shorten the scan durations while maintaining a consistently small
(2%) T; weighting in saline. Note that for the a = 20° scan three
averages were acquired to increase signal to noise ratio (SNR). A
B; map was also acquired using a two flip-angle approach. How-
ever, to produce a map of just low spatial frequency variation a
trajectory set with only 440 trajectories was used, sampling
k-space to 50 1/mx50 1/mx50 1/m in 1.8min (with one
average). Following B; correction, image signal was measured in
the saline calibration phantoms and the ROIls described above
in Experiment 1. For each region and for each volunteer the saline
calibration phantom normalized sodium signal (Sy) measured in
the a = 60°, 40°, and 20° images was plotted in proportion to
the Sy from the a = 90° image.

Experiment 3. Signal decay variation from biexponential

There were two purposes of this experiment. First, in the pres-
ence of residual quadrupole interactions, oscillation and/or
dephasing of the satellite signal (i.e. the signal produced from
outer spin 3/2 quantum transitions) should impact the measured
signal decay after excitation. In this case dephasing results from
differing @q values experienced by nuclei within different tissue
‘domains’ (22) inside the voxel. Thus, the first purpose of this
experiment was to search for signal decay deviation from a
biexponential shape. The second purpose of this experiment

was to determine whether signal decay alone could explain the
relative signal increase with reduced flip-angle prescription
(@and shorter Tg) in Experiment 2. Tg values of 0.143ms,
0.266ms, 0.616ms, 1.02ms, 2.02ms, 3.02ms, 4.02ms, 10ms,
and 20 ms were used to develop the signal decay curves. For this
experiment o = 40° with zge = 0.18 ms and T was set to 75ms. A
reduced a with short zgr was used to attain a short Tz of 0.143 ms
for the firstimage. Each of the nine images took 3 min to acquire.
The scope of this analysis was limited to the IC region of the
brain, a region showing both R¢>1 in Experiment 1 and Sy
increase with reduced a in Experiment 2. This region is also easily
isolated from CSF contamination and is sufficiently large to allow
high confidence measures of mean signal (with respect to image
noise (23)). If a large residual quadrupole effect is present in tis-
sue with an @q sufficient to produce R¢ > 1, initial Tg values (those
less than 1ms) should be altered from simple spin 3/2
biexponential relaxation. For this reason the fast (60%) and slow
(40%) relaxation components were fitted to the remaining six
data points from 1ms to 20 ms (least-squares regression). The
curves were then plotted to determine whether they would also
describe the signal decay at the time points < 1ms. To ensure
the reliability of this experiment, a 5% agar (50 mM sodium)
phantom was scanned with this same protocol. Residual quadru-
pole interactions are not expected in agar phantoms, and the
measured signal decay should be strictly biexponential. Finally,
initial signal decay was assessed by fitting a single exponential
to the first three data points (Tg < 1 ms). This time constant was
used to assess the impact of signal decay alone on the signal in-
crease measured in Experiment 2.

RESULTS

Experiment 1

Regions of brain tissue that generate residual quadrupole inter-
actions of sufficient @wq are expected to flip at a greater rate than
environments without any effect such as CSF and saline. A repre-
sentative R map from one of the healthy volunteers is shown in
Figure 1. Tissues in which one might expect long range macro-
molecular order such as white matter show statistically
(p<0.01) elevated R; (1.01-1.06) with respect to CSF (~0.99)
and saline (~0.99) (Fig. 2). However, the CB is not significantly dif-
ferent from CSF. Brain regions with white matter tracts running
superior—inferior (i.e. parallel to the static field By) demonstrate
greater R;. Both the BS (1.06) and IC (1.04) show statistically ele-
vated (p<0.02) R; with respect to the CC (1.01), which has tracts
running perpendicular to B,. Note that a paired t test was used to
test for significance at p < 0.05.

Experiment 2

Figure 3 depicts the saline calibration phantom normalized sig-
nal (Sy) increase in brain tissue when the prescribed flip-angle
is decreased from a = 90° to a = 20° (along with Tg reduction
from 0.252 to 0.097 ms). This increase is apparent in the CSV
(green arrows), the posterior limb of the IC (red arrows), and
the BS (blue arrows). Another very obvious increase is visible
in the skin. For each volunteer, and particularly in white matter
regions, prescribed flip-angle reduction (« = 60°, 40° 20°)
monotonically increases Sy relative to the o = 90° image
(Figure 4). On average these increases are (7%, 11%, 14%) for CSV,
(10%, 14%, 18%) for IC, (11%, 16%, 26%) for BS, and (7%, 12%,
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Figure 1. A representative relative flip-rate (Ry) map from Volunteer #3. White matter regions throughout the brain, as well as the brain stem show elevated
Rr with respect to CSF, the two anterior saline calibration phantoms, and surrounding tissue. The skin in particular also demonstrates elevated Rr.
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Figure 2. Relative flip-rates (R¢) from all 4 volunteers (each represented
by a different colour). As is visible in the Volunteer #3 image of Figure 1
(blue bar in this graph), white matter regions produce reliably greater R¢
than either CSF or the saline calibration phantoms. In particular, regions
with tracts running superior-inferior parallel to B,, i.e. centrum semiovale
(CSV), posterior limb of internal capsule (IC) and brain-stem (BS), yield the
greatest Rf; rates greater than the left-right corpus callosum (CC). The cer-
ebellum (CB), with less white matter and tracts primarily perpendicular to
B,, does not exhibit a change in relative flip-rate.

14%) for CC. This is in contrast to Sy from CSF, which remains
essentially constant (1%, 2%, 3%) with reduced a. The CB shows
a small average increase of (4%, 6%, 9%).

Experiment 3

The first part of this experiment involved investigation of devia-
tion from biexponential decay, as a separate means of detecting
residual quadrupole interactions. Agar is not expected to
produce a residual quadrupole interaction, and a spin 3/2
biexponential signal decay curve fits the T,* relaxometry data
very well, with Typ=2.05ms and Tygow=16.1ms (Fig. 5(a),
(b)). However, this biexponential curve does not fit the brain tis-
sue volunteer data nearly as well, as seen for the IC in Figure 5(c),
(d). There seems to be a more rapid initial decay in the brain

data. If the first three data points are excluded from the least-
squares fitting, the regressed biexponential curve still bisects
those first three points for the agar environment (Fig. 5(a), (b)).
However, this is not the case for the IC ROI data from the healthy
volunteer (Fig. 5(c), (d)). In fact, for each volunteer the initial data
measured from the IC is above the biexponential regression that
fits the remainder of the data points (Fig. 6).

The second part of this experiment involved an investigation
of whether the T, relaxation was sufficient in itself to explain
the results of Experiment 2. In Figure 6 a single exponential is
fit through the first three data points to provide an indication
of the rate of initial signal decay (in the region of the IC). For
the most rapid initial decay measured (3.3 ms from Volunteer 2),
this decay would result in a 5% signal increase when Tg is re-
duced from 0.252 ms to 0.097 ms, as it is in Experiment 2. How-
ever, Figure 4(b) shows about 20% increase in signal (relative to
the saline calibration phantoms) for Volunteer 2 when « is re-
duced from 90° to 20° (and T reduced from 0.252ms to
0.097 ms). Thus, the reduction of T,-relaxation related signal loss
with shorter T values is not sufficient to describe the results of
Experiment 2. This supports the reduction of residual quadrupo-
lar related signal loss as a mechanism of Sy increase when « is
reduced from 90° to 20°.

DISCUSSION

Particularly in white matter regions of the brain with tracts run-
ning superior—inferior (or parallel to By), the constant-Tg flip-
angle experiment (Figs. 1 and 2) and the constant- w, flip-angle
experiment (Figs. 3 and 4) point to the presence of residual
quadrupole interactions. Note that an orientation dependence
is not surprising given the residual quadrupole @o>3 cos?(d) — 1
relationship with the B, field. In spin 3/2 *>Na environments
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(a) 90° Flip-Angle

(b) 20° Flip-Angle

Figure 3. The relative sodium signal in primarily white matter (with
respect to that from the saline calibration phantoms) increases as the
prescribed flip-angle is reduced from o= 90° (a) to o.=20° (b). Note that
image intensity for both the a.=90° and a. = 20° images has been normal-
ized according to signal from the saline calibration phantoms. Regions
highlighted in this image from Volunteer #3 include the centrum
semiovale (top-green arrows), posterior limb of the internal capsule
(middle - red arrows) and brain stem (bottom - blue arrows). Calibration
phantom normalized signal (Sy) increase in the skin is also clearly visible
on the 20° image. This is in contrast to the CSF and eyes (vitreous
humour) that show little difference between the two sets of images.

where @q is in the range of w,, the nuclear ensemble will flip at a
faster rate than otherwise prescribed by the RF pulse. The result
of increased flip-rate (R in white matter regions of the brain
(Experiment 1) cannot be explained by a T, effect (a constant
Te was used). In the constant- @, experiment (Experiment 2),
the saline calibration phantom normalized signal (Sy) in white
matter regions of the brain increased by about 5% to about
25% as the prescribed flip-angle was reduced from a = 90° to
o. = 20°. As Experiment 3 demonstrates, these Sy increases can-
not be explained by the concomitant Tg reduction in Experiment
2. This supports the theory that prescribed flip-angle reduction
mitigates residual quadrupole signal loss in white matter regions
of the brain. Because residual quadrupole interactions produce
irrecoverable signal loss during the RF excitation pulse, the mag-
nitude and consequence of this effect must be assessed for the
quantitative measurement of sodium concentration in the brain.

The T,* relaxometry curves of Figure 6 provide an initial hint
regarding the sodium environment in the brain, and here we turn
to simulation to help develop some understanding. Note that the

simulation was performed by solving the sets of differential equa-
tions that describe the evolution of the spin 3/2 nuclear ensemble
(24). The value of @, in Experiment 3 was 625 Hz. If one assumed
that all sodium nuclei experienced an @q of 625 Hz together with
a Torast Of about 4 ms and a T, Of about 35 ms (from Fig. 6), the
signal decay curve would look like the solid line in Figure 7. Note
that an ideal (extremely short) RF excitation is used for this
simulation. Oscillation in Figure 7 is associated with the ‘outer
transitions’ between the four (shifted in this case) sodium
energy-states. These are the transitions that give rise to 60% of
the signal as well as the fast component of T, relaxation. Note
that this oscillation would produce the two expected satellite
peaks if one were to take the Fourier transform. However, no
large oscillation is observed in Figure 6. Therefore, if large wq
values do exist in the brain, we must assume that they take on
some distribution from one ‘domain’ to another. For a Gaussian
distribution (25) with zero mean and an @q standard deviation
of 625 Hz, the signal decay looks like the dotted line in Figure 7.
In this case the oscillation disappears and is replaced with a rapid
decay to 40% of the signal associated with T,gon. The signal
decay shape of the dotted line is not observed in Figure 6 either.
However, Figure 6 does suggest a rapid initial decay that deviates
from the overall biexponential shape. Thus, we suggest that brain
tissue exhibiting Rf> 1 (e.g. white matter) may be composed of
two ‘pools’ of sodium nuclei. A simple theoretical model includes
one pool exhibiting biexponential signal decay with @q = 0Hz
(perhaps intracellular sodium), and the other a Gaussian distribu-
tion of @q (perhaps interstitial sodium within the wraps of
myelin). Together, the signal from these pools could produce
the shape in Figure 6. Note that the rate of initial decay for the
Gaussian distribution pool is dependent on the standard devia-
tion of @q. For a standard deviation of 625 Hz the initial rapid
decay ends at approximately the same time as observed in
Figure 6. For this reason it was chosen as a potential model for
brain tissue. Before estimating a distribution of these two pools we
turn to simulation of Experiments 1 and 2 to determine whether
anmq standard deviation of 625 Hz could explain these results as well.

The evolution of the transverse magnetic moment of Experi-
ment 1 is shown in Figure 8 for an @q standard deviation of
625 Hz. Note that the prescribed o = 60° and a = 120° RF pulses
should both produce the same M, value (of 0.87 M) (red trace).
However, the 60° RF pulse produces a greater M,, than the 120°
RF pulse, while both produce values lower than 0.87 M, (black
trace). As the signal decays following the RF pulse, the relative
M,, difference increases between the a = 60° and a = 120°
curves. The signal from the outer transitions has been dephased
at about 1 ms. The signal difference at this point arises from an
increased rate of flipping (Ry) ‘expressed’ in the slow decaying
M,, component. For this simulation an R increase of 18% can
be calculated from the relative values at 1 ms. If the values at
Te are used, the calculated Rt increase will be 7%. If one assumes
that this residual quadrupole interaction pool accounts for about
50% of the total sodium concentration, the calculated R increase
will be 3% at Tg and 5% at 1 ms, values similar to those measured
in Experiment 1 (Fig. 2). Note that off-resonance will also alter
the rate of flipping (in this case Ri=weg/w, in Equation [2]).
However, to produce the approximately 5% difference in R¢
between white matter and the directly adjacent CSF, the CSF
would need to be more than 250Hz off resonance (with the
adjacent white matter on resonance). We have shown the
majority of brain tissue to be within + 10 Hz at 4.7 T (aided by
a gyromagnetic ratio about one-quarter that of 'H) (26).
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Figure 4. Saline calibration phantom normalized “Na signal (Sy) is substantially and monotonically increased with flip-angle reduction (from o = 90°),
particularly in the (c) internal capsule and (d) brain stem. In comparison, the Sy from (a) CSF remains stable with flip-angle reduction.

As the prescribed flip-angle is reduced from a = 90° the
increased rate of flipping helps mitigate inherent signal loss
associated with the residual quadrupole interaction. Consider
the extreme case when @g>®;. In this case only ‘inner-transition’
signal will be produced by the RF pulse in an amount defined by
M,y =0.2sin(2a)Mo (16). If & = 90° is used, no signal will be pro-
duced from these nuclei. However, for small o the relative M,,
generated will be about 0.4 sin(a)My. This is approximately the
maximum relative signal that can be contributed by the inner
transition. Simulations of the RF excitation pulses of Experiment
2 are shown in Figure 9 for an environment in which @q has a
standard deviation of 625 Hz. In this case M, is plotted relative
to the signal that should be produced from a sin(a) RF pulse.
The relative contributions from both the inner and outer transi-
tions are increased with reductions in . If the residual quadru-
pole pool accounts for 50% of the sodium nuclei, the expected
sodium measurement increase from the 90° case would be 8%
(60°), 12% (40°), and 17% (20°) - taking into account the values
at T (indicated by a cross in Fig. 9). These increases are similar
to the measured values given in Figure 4.

Considering simulation of Experiments 1 and 2, a brain tissue
model in which 50% of the *Na nuclei experience a Gaussian
distribution of @q (with standard deviation of 625 Hz) fits the
measured data quite well. However, it should be noted this
model remains a hypothesis, and further study may refine or

alter this model. Returning to discussion of signal decay, we note
from Figure 7 that the outer-transition signal produced in an
environment with an @q standard deviation of 625Hz has
completely dephased by 1 ms (at a rate that could be described
by an exponential with ~0.25 ms time constant). Thus, the fast :
slow T,* ratio beyond 1 ms for the proposed model should be
43% fast and 57% slow (assuming both pools have the same
slow component of relaxation). Fitting this model to the data
of Experiment 3 yields Ty Values in the @q = 0Hz pool of
2.4 ms, 2.5ms, 2.3 ms, and 2.4 ms for volunteers 1-4, respectively;
similarly, the fitted T, . Values for both pools are 21 ms, 18 ms,
18 ms, and 19 ms. Note that the r-squared values are essentially
the same for both fitting methods: an average of 0.9994 for
Figure 6 and an average of 0.9997 for the proposed model.
Simulation of signal decay for the proposed model is given in
Figure 10. Note that this simulation does not match the data in
Figure 6, as the signal in the initial rapid decay is much greater
than in Figure 6. However, there is an explanation. The first data
point with Tg=0.143ms will contain very rapid signal decay
around the centre of k-space such that the signal associated with
this rapid decay will be widely spread (at a greatly reduced
value) throughout the image. Thus, the signal associated with
the initial data points is probably much greater than that
measured in Experiment 3. On the other hand, the Tz > 1 ms data
points will not be affected by extreme central k-space signal
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Figure 5. Signal decay as a function of TE measured from 5% agar (a and b) as well as from the internal capsule of Volunteer #2 (c and d). The spin 3/2
biexponential curve fits the measured data from the agar phantom extremely well. However, the initial 2 data points from the volunteer data (measured
in the internal capsule area) are elevated above the biexponential curve that fits the remainder of the data points. These two data points suggest a

more rapid initial decay.
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Figure 6. Signal measured from the internal capsule region shows more rapid initial decay than the spin 3/2 biexponential curve that fits the
remainder of the data points (red line). The values describing each biexponential curve are given for each volunteer in red. The blue line show single
exponential fitting for the first 3 data points (with the fitted value also given in blue). This curve is drawn to provide an indication of how rapidly the

initial signal decays.

drop-off. Imaging techniques that facilitate localization of very
rapid signal decay are required for improved signal decay analy-
sis. Experiments 1 and 2 will also produce images in which the
initial rapidly decaying signal is poorly localized. However, for
each of these experiments, the point spread function (PSF) is
very similar from scan to scan, and the demonstrative effects
are also expressed in the slowly decaying signal component.
When radial imaging is used with an a = 90° pulse such that T¢
is 0.25 ms, simulation suggests that in white matter the relative
M,y at Te will be 83% of its actual value, and much of this signal
will be poorly localized from the very rapid decay at the centre of
k-space (from Fig. 9 — using the two pool model). Thus, it is not
surprising that papers using 90° excitation pulses and radial

imaging techniques show dark regions in the white matter at
the centre of the brain (see the tissue sodium concentration
map in Fig. 8 of Reference 27). Gradient-echo imaging employs
Te > 1 ms, but is typically implemented with a reduced flip-angle
that would have a mitigating effect. Regardless, the measured
sodium concentration may still be less than 70% of its actual
value (see the short Tz image in Fig. 2 of Reference 10). The
published sodium imaging technique that may best represent
sodium concentration is single-point imaging (28). This tech-
nique employs very short flip-angles, and only acquires one
point of k-space following each excitation. Thus, single point
imaging is also immune to the PSF smearing associated with
rapid signal decay. Although these images are inherently low
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Figure 7. Simulated signal decay following an ‘ideal’ (or very short) RF
excitation pulse. In the absence of residual quadrupole interactions the
signal decay is biexponential (dashed line). If all sodium nuclei experi-
ence mq=625Hz, the signal will oscillate as shown with the solid line.
However, if mq is distributed in a Gaussian manner throughout the voxel
with the standard deviation of ®q being 625 Hz, the signal will dephase
as shown with the dotted line. None of the curves on its own describes
the signal decay in Figure 6, however, a combination of no wq (dashed)
and oq distributed (dotted) curves might.
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Figure 8. Simulated %Na evolution during and following excitation of
the flip-rate study of Experiment #1. The prescribed a=60° and o=
120° RF pulses should produce the same M,, (red trace). However, a
Gaussian ©q distribution of 625 Hz will increase the flip-rate (Ry) yielding
larger resultant flip-angles (¢ =Rs) and relatively greater signal from the
a=60° pulse (black trace). Note that the primary effect of a Gaussian wq
distribution is signal loss. Thus, the measurement of flip-rate increase in
Experiment #1 points to residual quadrupole related signal loss.

resolution and have excessive scan times, they do not appear to
show the same signal drop-off in the white matter at the centre
of the brain. It is interesting to note that signal loss related to the
outer transitions and residual quadrupole interactions is actually
quite an old spectroscopy-based idea (29).

Given the localized regions of residual quadrupole interaction
described in this paper, it is perhaps unexpected that a recent
DQMA study did not show the same signal localization (15).
The DQMA sequence selectively acquires signal from only those
nuclei exhibiting residual quadrupole interaction; however, the
imaging study of Reference 15 showed relatively uniform signal
throughout the brain. The DQMA study acquired very low resolu-
tion images (by necessity, as this is a very low signal sequence),
and the limited ability to distinguish the white matter is one
possible explanation. An alternative explanation involves the RF
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Figure 9. Simulated Na evolution during and following excitation of
the flip-angle study of Experiment #2. For this simulation the standard
deviation of the Gaussian mq distribution is 625 Hz. The relative signal
(in proportion to what it should be (i.e. sin(a)) is increased as the
prescribed flip-angle is reduced from o=90° to a=20° The ‘X's on the
figure indicate the locations at which the centre of k-space is acquired
for each flip-angle.

pulse length that was used in that study. For an ‘ideal’ DQMA
sequence with extremely short RF pulses the optimal prepara-
tion time (z) is about 0.3 ms for a zero mean @q distribution
with standard deviation of 625Hz, and for this ‘ideal’ DQMA
sequence the optimal T = 7. However, the RF pulse lengths
of the sequence implemented in Reference 15 were 0.5 ms long
(i.e. far from the ideal case). The problem with this sequence and
this study (for the @q model suggested here) is that simulation
suggests that M,, would have almost completely dephased by
the implemented Tg for each value of z and Tg used (the mini-
mum was 1 ms). Thus, if local white-matter regions do contain
the suggested large wq distributions, they would have produced
very little signal in the DQMA sequence of Reference 15. DQMA
imaging alternatives in which T¢ 7 may improve this technique
for analysis of the brain. Another approach to assess residual
quadrupole interaction in the brain may include the use of a
nutation filter (30). In this technique residual quadrupole derived
R¢ increase is maximized during a soft 90° preparatory pulse, and
this preparatory R increase is used to selectively acquire signal
from only those nuclei experiencing residual quadrupole
interactions.

The production of a coil related B; map is an important part of
sodium concentration measurement with MRI. However, the first
experiment in this study suggests that B; mapping inherently
includes both B, and residual quadrupole aspects. For this study
the normalization of long range flip-rate variation was sufficient
to highlight local tissue dependent regions of variation, as this
localized effect could not be attributed to either T; (very long
Tr), T, (constant Tg), or the coil field-map. However, when the
production of an accurate B; map is necessary for sodium
concentration measurement, care must be taken to minimize
the residual quadrupole effect. Otherwise the consequence will
be a By over-estimation of in regions of large wq, and subsequent
erroneous normalization.

Sodium concentration increases have been reported for many
different brain disorders. In light of the residual quadrupole
effect suggested in this paper, reconsideration of these results
may be warranted. While it is likely that sodium concentrations
do increase with pathology, many disorders alter the macromo-
lecular environment, e.g. multiple sclerosis, which results in
demyelination. A result of demyelination may be reduction of
long range order experienced by the sodium nuclei, leading to
wq reduction and less signal loss. Relative to healthy controls
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Figure 10. Simulated Na signal decay for a model in which 50% of the nuclei experience a residual quadrupole interaction with an oq standard
deviation of 625 Hz, and the other 50% do not experience a residual quadrupole interaction. Relaxation values of Ty.s; = 2.4 ms and Tagiow = 20 ms were

used for both environments.

the result of @q reduction would be a signal increase. Thus, mea-
sured signal increases may result from a combination of concen-
tration and environment changes. For this reason we suggest the
use of the term ‘apparent sodium concentration’ (ASC) when the
true quantitative nature of the sequence is in doubt. Note that,
while this article has focused on potential signal loss related
to residual quadrupole interactions, very rapid T, relaxation
may also be a large (and potentially dominant) contributor to
reduced #*Na visibility in both healthy and diseased tissue.

As a result of this work, we suggest that the use of small flip-
angles and very short RF pulses (large w,) will improve the accu-
racy of quantitative sodium concentration human brain imaging
by reducing image contrast unrelated to sodium concentration
(i.e. residual quadrupole related signal loss). For high field
systems such as 7T and 94T, this may mean very high power
pulses. Although prescribing flip-angles as small as 20° results
in small absolute signal values, the facilitation of Ty reduction
(while minimizing T; weighting) helps mitigate SNR inefficiency
(i.e., more averaging is possible in a given scan time). Alterna-
tively, exploration of novel pulse shaping may prove valuable
(31). While residual quadrupole interactions may complicate
quantitative sodium concentration imaging, they may also offer
a new contrast mechanism to explore tissue structure and order.
Recent sequences have been developed in this regard (32-34). It
is possible that quantitative @q sodium MRI may offer new
insight into the integrity of white matter in the brain.
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