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Short-T, Imaging for Quantifying Concentration
of Sodium (**Na) of Bi-Exponential T, Relaxation

Yongxian Qian,"?* Ashok Panigrahy,’ Charles M. Laymon,* Vincent K. Lee,’
Jan Drappatz,” Frank S. Lieberman,’ Fernando E. Boada,® and James M. Mountz*

Purpose: This work intends to demonstrate a new method for
quantifying concentration of sodium (**Na) of bi-exponential T,
relaxation in patients on MRI scanners at 3.0 Tesla.

Theory and Methods: Two single-quantum (SQ) sodium
images acquired at very-short and short echo times (TE=0.5
and 5.0 ms) are subtracted to produce an image of the short-
T, component of the bi-exponential (or bound) sodium. An
integrated calibration on the SQ and short-T, images quanti-
fies both total and bound sodium concentrations. Numerical
models were used to evaluate signal response of the pro-
posed method to the short-T, components. MRI scans on
agar phantoms and brain tumor patients were performed to
assess accuracy and performance of the proposed method, in
comparison with a conventional method of triple-quantum
filtering.

Results: A good linear relation (R®=0.98) was attained
between the short-T, image intensity and concentration of
bound sodium. A reduced total scan time of 22 min was
achieved under the SAR restriction for human studies in quan-
tifying both total and bound sodium concentrations.
Conclusion: The proposed method is feasible for quantifying
bound sodium concentration in routine clinical settings at 3.0
Tesla. Magn Reson Med 000:000-000, 2014. © 2014 Wiley
Periodicals, Inc.

Key words: sodium MRI; bound sodium imaging; short-T,
sodium imaging; sodium quantification; brain tumor

INTRODUCTION

Sodium ions (Na*) in human body are either in fast and
free motion in fluids (blood and cerebrospinal fluid,
CSF), or in slow and restricted motion in cells and tis-
sues due to binding to macromolecules such as intracel-

MR Research Center, Department of Radiology, University of Pittsburgh,
Pittsburgh, Pennsylvania, USA.

Department of Bioengineering, University of Pittsburgh, Pittsburgh, Penn-
sylvania, USA.

3Department of Radiology, Children’s Hospital of Pittsburgh of UPMC, Pitts-
burgh, Pennsylvania, USA.

“PET Center, Department of Radiology, University of Pittsburgh, Pittsburgh,
Pennsylvania, USA.

SDepartment of Neurology and Medicine, University of Pittsburgh, Pitts-
burgh, Pennsylvania, USA.

6Department of Radiology, New York University, New York, New York, USA.
Grant sponsor: NIH; Grant number: U01 CA140230; Grant sponsor: Child-
ren’s Hospital of Pittsburgh Foundation and lan’s Friends Foundation; Grant
sponsor: the Department of Radiology Development Fund, University of
Pittsburgh.

*Correspondence to: Yongxian Qian, Ph.D., 200 Lothrop Street, PUH B804,
Pittsburgh, PA 15213. E-mail: giany@upmc.edu or giany@glabscloud.com
Received 10 April 2014; revised 13 June 2014; accepted 10 July 2014

DOI 10.1002/mrm.25393

Published online 00 Month 2014 in Wiley Online Library (wileyonlinelibrary.
com).

© 2014 Wiley Periodicals, Inc.

lular  proteins and extracellular matrix (1-6).
Concentration of bound sodium is tightly regulated in
normal cells and tissues but not properly regulated in
abnormal ones such as cancer cells and degenerative car-
tilages (4, 6, 7). Noninvasive measurement of bound
sodium concentration has the potential to establish an
endogenous imaging biomarker for detecting early patho-
logical changes in a wide range of conditions and dis-
eases, from cartilage degeneration to brain tumors and
neurological disorders such as bipolar, epilepsy, concus-
sion, and others.

MRI quantification of the bound sodium (*3*Na) is
based on its unique bi-exponential decay of transverse
(T,) relaxation, with 60% of total intensity for the short-
and 40% for the long-T, components (8-11). The bi-
exponential decay results from electrical and dynamic
micro-environment around spins. A sodium nucleus has
electric quadrupole and spin 3/2 (12, 13). The electric
quadrupole moment interacts with electric field gradient
at sodium binding site and generates four degenerative
energy states (or levels): 3/2, 1/2, —1/2, and —3/2. Transi-
tions between the energy levels produce single-, double-,
or triple-quantum coherences. A 90°-radiofrequency (RF)
pulse excites the spins and produces single-quantum
(SQ) coherences from transitions between the outer lev-
els (3/2 — 1/2; —1/2 — —3/2) and between the inner lev-
els (1/2 — —1/2). The outer-level SQ transverse
relaxation has an exponential decay, exp (—t/T,s), faster
than the inner one, exp (—t/T,1), with T, >T,s (8, 14).
The two exponential decays degenerate to one decay
with a T, time larger than T, (14), if sodium nuclei are
in free motion or move very fast (i.e., motion correlation
time among sodium nuclei is much shorter than the
inverse of Larmor frequency, 1.<<1/wg). A series of 90°-
RF pulses generates double- or triple-quantum coher-
ences from transitions between the nonadjacent energy
levels, which are selectively detectable by means of
phase cycling (15-17) or pulsed field gradients (18).
These multiple-quantum coherences are used to detect
bound sodium in slow motion by means of the bi-
exponential decay. Triple-quantum filtering (TQF) has
been used for this purpose more frequently than double-
quantum filtering due to its 50% higher signal output
(19). It is worth mentioning that bound sodium gives rise
to the bi-exponential decay regardless of whether the
sodium is intra- or extracellular.

The TQF imaging, when used for patient studies in
clinical setting, is facing three major challenges. The first
is the low signal-to-noise ratio (SNR) because triple-
quantum (TQ) signal is approximately 10% of corre-
sponding single-quantum signal (20-22). The second is



the high specific absorption rate (SAR) that results in long
acquisition time (~40 min) to meet the SAR constraints on
humans. Such a long acquisition time is difficult to toler-
ate by patients. The third challenge is the heavy depend-
ence of TQ signal on T, times of both short- and long-T,
components, limiting TQF imaging to the detection, rather
than quantification, of bound sodium (22, 23).

To address these challenges alternative approaches
have been proposed. The inversion recovery (IR)
approach, adopted from proton (*H) MR imaging, was pro-
posed to highlight bound sodium signal by suppressing
free sodium signal from fluid (24). It takes advantage of the
difference in T, relaxation of sodium in tissues, such as in
human brain where T, is 20—40 ms in CSF, ~17 ms in
white matter, and ~11 ms in gray matter at 1.5T (25).
Although the IR approach significantly reduces RF power
and completely suppresses unwanted fluid signal (26, 27),
it is not suitable for quantification of bound sodium due to
concurrent partial suppression of tissue signals. In addi-
tion, the IR pulse still has significant SAR-related limita-
tions on total scan time. Low amplitude and long duration
(~10 ms) IR pulses may ameliorate this difficulty (26).

Another alternative approach was recently proposed,
in which a bi-exponential-decay-related sodium image
was attained by subtracting an SQ image acquired at a
long echo time (11 ms) from a spin-density-weighted
image acquired at a very short echo time (0.3 ms) (28).
This approach increases SNR by up to 3-folds over the
TQF imaging, but it does not reduce the SAR as it still
requires three RF pulses for excitation. A version of this
sequence with two RF pulses has been proposed to ease
the SAR issue (29).

In this work, we propose a new approach that simulta-
neously addresses the three challenges (SAR, SNR and
quantification) faced by the TQF approach. Our method,
referred to as the short-T, imaging, detects bound
sodium through short-T, component by subtracting two
SQ sodium images acquired at very-short (0.5 ms) and
short (5.0 ms) echo times. As a single RF pulse is used
for each SQ image, the SAR limitation is mitigated. Sig-
nal intensity from the short-T, component is approxi-
mately 60% of the SQ signal, and thus the new method
has the potential to increase SNR by 6-folds over the
TQF approach. More importantly, it can quantify the
concentration of bound sodium as it has a nearly-
uniform signal response to both short and long T, relaxa-
tions in the range of interest.

The subtraction methodology, although widely used in
proton ("H) MR imaging (30), was first proposed in
sodium (**Na) MR imaging by Hilal et al (31, 32). How-
ever, their method is different from ours in the design in
which our goal is to achieve a uniform response to all
the T, components of interest for the quantification of
bound sodium concentration.

THEORY
Signal Model

A two-compartment model is proposed here to describe
single-quantum sodium signal in a voxel: bound and free
sodium. In the compartment of bound sodium, T, relaxa-
tion decays bi-exponentially with short- and long-T,
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times of T,ps and Tapp. In the compartment of free
sodium, T, relaxation decays mono-exponentially with a
long T, time of T,5. The total signal in a voxel of unit
volume is described by the following equation.

s(t) = VuCpmplap,s exp (—t/Top,s) + aprexp (—t/Tap.L)]
+ Vi Cragmg exp (—=t/ Top) + n(t). [1]

In Eq. [1], V is volumetric fraction (percentage) of a
compartment and C is sodium concentration. a is inten-
sity fraction of a T, component, with aps+ ap = 1. n=
1 —exp (—=TR/T,) is saturation factor related to T, relaxa-
tion in a compartment at a repetition time of TR. It is
known that sodium T; relaxation also decays Dbi-
exponentially. However, the short-T; component is
approximately 20% of total intensity and is usually
ignored in imaging practice (14, 22). n(t) is random noise
of Gaussian distribution N(0, o?).

Short-T, Sodium Image

The short-T, sodium image is defined here as the sub-
traction between two single-quantum sodium images
acquired at very short (TE,) and short (TE,) echo times,
respectively. Based on the Eq. [1], the short-T, sodium

image, st2.s, is described as:
sta.s = S(TEy) — s(TE)
= VpCpmp(apsdps + aprdpr) + VpCpmpapds + dn,
[2a]
where 8, = n(TE,) — n(TE;) ~ N(0,20%), [2b]
dp,s = exp (=TE1/Taps)[1 — exp (— ATE/sz s),  [2c]
dpr = exp (—TE1/Tapp)[1 — exp (-ATE/Topy)],  [2d]
8 = exp (=TE1/Typ)[1 — exp (—ATE/Tos)],  [2e]

where ATE=TE,-TE1. When TE; < TE, < Ty 1, < Tag and
at typical T, relaxations in the brain (33-35), Egs. [2a—e]
yield

[2f]

s12.5 = VpCpmpap,sdp.s + On.

Optimization of TE4 and TE,

To make the estimation of st; s in Eq. [2f] as accurate as
possible, the residual quantities in Eqgs. [2d], [2e] should
be minimized by selecting an optimal TE, while keeping
TE, as short as possible. This leads to

min
TE1<TEy;<Typy,

max

dp.s+ while
TE1<TE,< TZbAL{ b’S}

{pr;8p}.  [3al

The optimal TE; and TE, should also make a uniform
(or flat) response of stz s to a range of Ty, s and Ty, val-
ues of interest, that is,

{S72,5 — constant}. [3b]

min
TE<TE,<Tyyy,

For the optimization of TE,; and TE,, TR is also a key
parameter but there is a limitation on adjusting TR due
to SAR restriction.
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Off-Resonance Correction (ORC)

The SQ images may suffer image blurring from a combi-
nation of long readout time and inhomogeneity of the
main magnetic field By. Artificial changes in adjacent
voxels may appear in the subtraction image which are
not relevant to actual changes of bound sodium concen-
tration. It is important to correct image blurring before
the subtraction.

To correct image blurring, an accurate 3D By-field
map, AB(r), or frequency map, Af(r)=x AB(r), is
needed, where y is gyromagnetic ratio in Hz/Tesla for
sodium nuclei and r = (x,y, z) is spatial coordinates of a
voxel. The field map can be estimated by taking phase
difference between the two TE-images, m(r, TE;) and
m(r, TE,),

Af(r) = phase|m(r, TE,) -m*(r, TE,)|/[2w(TE, — TE;)].
(4]

The function phase() takes the phase of its complex
variable and the operator * performs conjugate operation.
Phase wrapping is less likely happening in this estimate
because of small gyromagnetic ratio of sodium nuclei.
For instance, a phase change of m in 4.5 ms (=TE,-TE,)
for sodium (**Na) corresponds to 111 Hz offset in B,
field, or 422 Hz for proton ('H). This offset is very large,
and may be only possible with air cavities and sinus
regions. The estimated frequency map is then used to
correct image blurring by means of the conjugate phase
algorithm (36, 37), as described below with the acquired
k-space data, s(k), and corrected image, m(r).

() = 37 hlk(t)] - slk(t))] - exp {2alr - K(t) + Af(r) - ]} - Ak
]

(5]

k(t;) is trajectory in the k-space at a readout time #;. h(k)
is 3D Hann window, the same as used in image recon-
struction before the image blurring correction. Ak; is
volume element surrounding the sampling point in the
k-space.

To accelerate the calculation in Eq. [5] by means of
fast Fourier transformation (FFT), a time-segmentation
algorithm is used. The k-space data, s(k(t;)), are grouped,
first in the spatial-frequency directions (ky, k;, k;) and
then in the time direction #; at a constant time step,
tStep. At each time step, a constant phase is applied to
the field term in Eq. [5].

T2 Correction of the TE, Image

After the off-resonance correction, the TE, image may
need extra correction for T3 decay during the time
period between TE; and TE,. The TE, image is weighted
by T# decay, rather than by T, decay, as spin echo is
usually not applicable to sodium imaging. The T3 decay
stems from both macroscopic and microscopic inhomo-
geneity of the B, field within a voxel and may change
from scan to scan. Macroscopic inhomogeneity becomes
substantial when subjects have pathological lesions in an
imaging volume. To minimize fluctuation of the T3
decay across scans, the TE, image should be corrected

from T3-weighted to T,-weighted. This can be accom-
plished with an empirical relation between T, and T3
(30),

1/T, =1/T, + ky|ABo| = 1/ T, + «|Af]. (6]

k is a unitless constant depending on relative scale of
the macroscopic inhomogeneity of the By field compared
with the voxel size and shape of spin density distribu-
tion within a voxel. When voxel size is small (e.g.,
3.44 mm in this study), a good first-order approximation
to k is 0.5 (30). With the estimated field map in Eq. [4],
the TE, image is then corrected by multiplying with a
factor,

m(r, TE;) = m(r, TE,)-exp [k|Af(r)|- (TE, — TEy)]. [7]

Quantification of Bound Sodium Concentration

Accurate quantification of bound sodium concentration
is difficult due to lack of measurement of volumetric
fraction in a voxel. We quantify instead volume-fraction
weighted bound sodium concentration (vBSC),
Cy»=VpCp. An integrated linear calibration on the short-
T, image and TE; image is used to quantify the bound
sodium concentration, as well as total sodium concentra-
tion (TSC), Cipral-

Irg1 — Inoi
Ctota] _ Cfrf TE1 Ijmse‘TEl ’ [88]
I 181 — Inoise, TE
c, Cp Ist2 — Inoise,sT2

- . U . [8b]
g dps IfnTEl - Inoise,STz

Cf is the known sodium concentration in a pure free
sodium compartment, such as 145 mM in human cere-
brospinal fluid (35). Iz, is image intensity at a pixel on
the TE, image and T noise,Tr1 15 the mean of image inten-
sities in a noise-only region. jfr,TEl is the T,-saturation
(np) corrected mean of image intensities in a pure fluid
region of known concentration Cj; on the TE, image. Isr;
is image intensity in real part at a pixel on the short-T,
image while I,ses72 is the mean of real-part image
intensities in a noise-only region. g is gain of the short-
T, imaging over a range of short T, values of interest,
which will be determined later in the results section.

The whole process for the short-T, sodium imaging is
summarized in Figure 1.

METHODS
Pulse Sequence

The proposed short-T, sodium imaging requires pulse
sequences capable of producing high SNR because ran-
dom noise is increased by a factor of |2 after the subtrac-
tion. The twisted projection imaging (TPI) sequence is a
good candidate for this purpose (38), which produces an
isotropic 3D sodium image of the brain in a 10-min scan
at 3 T and a high SNR of >40 in the CSF regions. This
remarkable achievement in SNR is based on a long read-
out time of ~36 ms which may raise concern on image
blurring of the short-T, component. This concern can be
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FIG. 1. Flowchart for the short-T, sodium imaging. SQ-acq:
single-quantum data acquisition; op w/ MC: optional selection
with motion correction; ORC: off-resonance correction; T2*C: T,*
correction; IMATE1/TE2: image at TE4/TE,; TSC: total sodium
concentration; vBSC: volume-fraction weighted bound sodium
concentration. The processes in the dashed box are optional.

addressed by looking into the special design of TPI trajec-
tory and its point spread function (PSF) as detailed below.

Image Blurring of the Short-T, Component

Image blurring was quantified for a short-T, component,
a long-T, component, and a bi-component by means of
the point spread function (PSF) of the TPI acquisition:

PSF(r) = Zh[k(t/‘)] lazexp (—1;/T;,)
]

+azsexp (—t;/T5,)] - exp {2w[r - k(t;)]} - Ak;,

[9]

where k(t;) is TPI trajectory in the 3D k-space at a read-
out time of #. h(k) is 3D Hann window the same as used
in the TPI image reconstruction. Ak; is volumetric ele-
ment surrounding a sampling point. The bi-component
term will be replaced with mono-exponential term when
the single-component is under investigation. Full width
at half maximum (FWHM) of the PSF was used to quan-
tify image blurring. A linear interpolation between pixels
was used in the FWHM measurement. TE, and TE, are
not included in Eq. [9], because they do not change with
readout time. They scale magnitude but do not change
shape of the TPI’s PSF.

Phantoms

To validate quantification of the bound sodium, ten
50 mL centrifuge tube phantoms (90 mm length x
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25 mm diameter) were custom-built with distilled water,
10% w/w agar powder, and NaCl at 10 different concen-
trations in a range of 15—-150 mM. The 10% w/w agar
provides sufficient binding sites for sodium ions at the
high-end concentration (11, 39). The range of 15—
150 mM simulates human brain tissues. To simulate free
sodium in brain fluids, an extra tube phantom was built
at 150 mM NaCl without agar. This saline water phan-
tom also served as image quality control of the short-T,
and TQF imaging. To measure spatial resolution of the
short-T, imaging under the TPI acquisitions we used a
larger cylindrical agarose phantom (120 mm length x
140 mm diameter) filled with 10% w/w agarose gel and
66.6 mM saline water.

Human Subjects

Seven patients with brain tumors of high grade gliomas
including both anaplastic glioma (WHO III) and glioblas-
toma multiforme (GBM) (5 pediatric patients of age 12—
23 years, and 2 adults of age 56—60 years), were investi-
gated in this study which was approved by the IRB of
the University of Pittsburgh. The consent forms were
signed by the subjects or their parents.

MRI Scans

For the short-T, imaging, two single-quantum sodium
images were acquired on a clinical 3T MRI scanner
(Magnetom Trio Tim, Siemens Medical Solutions, Erlan-
gen, Germany) with gradient amplitude of 40 mT/m and
slew rate of 170 mT/m/ms. A dual-tuned (*H-?*Na) vol-
ume head coil (Advanced Imaging Research, Cleveland,
OH) was used for the By-field shimming by means of the
'H channel and the sodium imaging by means of the
*’Na channel. Acquisition parameters of the TPI
sequence for the phantoms and human subjects were the
same: rectangular RF pulse of 0.8 ms duration (which
was the minimum value available under the SAR restric-
tion), flip angle=80° (which was limited by SAR and
TR), field of view (FOV)=220 mm, matrix size=64
(which led to a nominal isotropic resolution of 3.44 mm,
i.e., 220 mm/64), TPI readout time =36.32 ms, total TPI
projections =1596, P=0.4, TR=100 ms, TE,/TE,=0.5/5
ms, 4 averages, and total acquisition time per TE-image
TA= 10 min 39 s.

The TQF imaging was only performed on the phan-
toms with a lower-resolution TPI trajectory: flip
angle =90°, FOV =220 mm, matrix size =64, TPI readout
time=36.16 ms, total TPI projections=204, P=0.2, 4
averages, three rectangular RF pulses of 1.0 ms duration
for each pulse, preparation time t=3.0 ms, evolution
time 8=0.1 ms, TE=4.0 ms, TR=312 ms at
SAR =100%, phase cycling steps=6 (initial phase=30°
and phase step =60°), and TA =25 min 28 s. The prepa-
ration time 7 and echo time TE were optimized by means
of a real-time calibration process, respectively.

Measurement of Spatial Resolution

Actual spatial resolution in the single-quantum or short-
T, image was measured directly on the images (40). The
width, d, of the image intensity decay along the diameter
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FIG. 2. Simulated signal response of the short-T, imaging: single component of short T, time (a), single component of long T, time (b),
two components of a long T, time at low-end (c), and two components of a long T, time at high-end (d). e: Signal response of TQF
imaging. f: Two of TQF signals used in e. A nearly-flat signal response is achieved in the short-T, imaging at TE; =0.5 ms and TE, =5-
6 ms (red lines in ¢, d), but not achieved in the TQF imaging (e). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

at the edge of the large agarose phantom was measured
at its half way down to the bottom. The top and bottom
of an edge were determined by averaging image inten-
sity along their flat portions, respectively. The width
was an estimate of the actual spatial resolution defined
by the full width at half maximum (FWHM) of point
spread function (40—43). This estimate is accurate when
PSF is a triangle function. The measured resolution,
slightly larger than the nominal resolution defined by
the sampling in the k-space, consists of contributions
from entire imaging process including B,-field inhomo-
geneity, T3 decay, and filtering during image
reconstruction.

Measurement of SNR

Because a quadrature volume head coil was used in this
study, SNR was directly measured on the magnitude
images (40, 44) by means of the following equations:

SNR = A/, [10a]
A= \/(Mayg)? — o2 for A > 20, [10b]
0 = Mayg(0)/1.25. [10c]

M,vg (or M,,(0)) is the mean of magnitude image
intensity in a signal (or noise-only) region of interest. A
is the mean signal amplitude in the signal region of
interest and o is the noise standard deviation in the real
or imaginary part of the original complex image.

Quantification of Sodium Concentrations

Quantification was performed for both total and bound
sodium concentrations. The TSC was calculated by
means of Eq. [8a] on the SQ-image at TE;. The vBSC was
computed by means of Eq. [8b] on the short-T, image
with an intensity fraction of aps= 0.6 and a gain of
g=0.76 (which was determined in the Results Section
below). The noise-only image intensity, I, was meas-
ured on the SQ and short-T, image, respectively.
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Statistical Analysis

Statistical significance (P-value) of the measurements
attained in this study was evaluated using the unpaired
Student’s t-test with two-tailed distribution. A standard
threshold (P=0.05) was chosen to define statistical sig-
nificance in this study.

RESULTS
Signal Response and TE Optimization

The signal response in the short-T, imaging to T, times is
shown in Figure 2. For the short-T, component in a typical
range of 0.7-6 ms in human brain (45), the signal response
dp.s is nearly flat (Fig. 2a), with a gain of g=0.61*+0.07
(mean = SD) relative to the intensity of the short-T, com-
ponent at TE,/TE, =0.5/5 ms. For the long-T, component
in a typical range of 16—30 ms (45), the signal response 8y, 1,
is also nearly flat (Fig. 2b) with a gain of g=0.18 = 0.03 rel-
ative to the intensity of the long-T, component, showing a
uniform suppression of the long-T, signal. For a combina-
tion of the short- and long-T, components (i.e.,
d,=0.68}, 5+0.4dy, 1), the signal response 3y is closer to a
flat one (Figs. 2c, d), with a gain of g=0.76 = 0.07 relative
to the intensity of the short-T, component. Consequently,
optimal TEs for achieving a flat signal response are
TE,;=0.5 ms and TE,=5-6 ms. In this study TE,=5 ms
was chosen for minimizing T3 decay.

In contrast, signal response in TQF imaging shows
much larger variation (>30%) with T, times:
g=0.32 * 0.16 relative to the intensity of either short- or
long-T, component at the low end of T,,=16 ms, but
g=0.49 £ 0.15 at the high end of T,, = 30 ms (Figs. 2e, f).

Image Blurring of the Short-T, Component

When the TPI acquisitions were performed on a sample
of bi-component relaxation, the point spread function
(PSF) was dominated by the long T3 component

100 150 mm

0 50 100 150 mm

FIG. 4. Sodium images of the agarose phantom and intensity pro-
files throughout the diameters (red lines). a: SQ image at TE; of a
measured resolution of 6.0 mm (arrow) or 1.75 pixels. b: ST2 image
of a measured resolution of 11.35 mm (arrow) or 3.30 pixels. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIG. 5. Sodium images of the agar tube phantoms. a: Four tube phantoms: one filled with saline water of 150 mM NaCl and the other
three filled with 10% w/w agar gels of 150, 120, and 90 mM NaCl, respectively. b: Single-quantum (SQ) image at TE; =0.5 ms. ¢: SQ
image at TE, =5 ms. d: Short-T, (ST2) image from the subtraction between (b) and (c). e: Triple-quantum filtered (TQF) image of a nomi-
nal resolution 4 times lower than in the ST2 image in d. Image intensities in b—d were calibrated to sodium concentration. The measured
SNR in b—e shows advantages of the short-T, imaging over conventional TQF imaging in SNR and resolution. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 6. Quantification on the agar tube phantoms: total sodium concentration (TSC) quantified on the SQ images at TE; (for the linear fit-
ting: mTSC = 0.6681*aTSC+3.5952, R?=0.9777) (a), bound sodium concentration (BSC) quantified on the ST2 images (for the linear fit-
ting: MBSC =0.4095*aTSC+7.0248, R?=0.9838) (b), TQF fid signal of the agar tubes showing existence of the bound sodium [for the
fitting curve: Ts=(2.0, 8.4) ms, R?=0.9925, and fitting model s(t)=A*(exp(—t/T5 )—exp(—t/T5s)) (c), and SQ fid signal of the agar tubes
showing that all the sodium ions in the agar gels were bound [for the fitting curve: T;=(2.8, 12.6) ms, a=(57.5, 42.5)%, R?=0.9995]
(d), when compared with free sodium in the saline water which showed a much larger T3 of 37.0 ms in this study. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 7. Off-resonance correction (ORC) by the conjugate phase algorithm: without ORC (a), with ORC at a time step of 0.5, 0.1, or 0.002
periods of frequency bandwidth (BW) (b-d), intensity profiles along the red line in a (e), and a masked By-field map for the ORC (f). A smaller
time step produced better ORC (arrows in a—e). The time step of 0.1/BW (or 0.5 ms or 50 data points) was as good as the time step of
0.002/BW (0.01 ms or 1 data point) for the ORC (arrow in €). g—j: ORC (0.5 ms in time step) on the tube phantom of saline water at 150 mM
NaCl, showing recovery of the flat intensity within the tube which has a frequency offset of —40 Hz: intensity profiles along the line as shown
in h (g), image of the tube phantom before ORC (h), image after ORC (i), and BO-field map used for the ORC (j). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

(Fig. 3a). When on a sample of single-component relax-
ation, the PSF doubled its full width at half maximum
(FWHM) for the short T4 component, compared with
the long T5 component (Fig. 3c). These results suggest
that image blurring for short T4 components is two
times larger than for long T5 components (Fig. 3d). The
larger blurring also caused spreading of energy and
reduced PSF amplitude, such as 0.02 versus 0.40 at
T3 =2 ms versus 20 ms (Fig. 3b). It is worth mention-
ing that the subtraction of PSFs at TE; and TE, is still
a single-peak, rather than two-peak, function because
both PSFs share the same shape (but have different
amplitude).

Image blurring (or spatial resolution) of the short-T,
imaging was measured on the cylindrical agarose phan-
tom in Figure 4. A profile along the diameter reflects
radial symmetry, as shown in the inset images. At the left
side of the profiles, the measured resolution was 1.75 pix-
els (or 6.02 mm) for the SQ-image at TE, (Fig. 4a), and 3.30

pixels (or 11.35 mm) for the short-T, sodium image (Fig.
4b). These measurements are in good agreement with
those predicted by the TPI’s PSF in Figure 3d.

Imaging on Phantoms

The short-T, imaging and TQF imaging on a group of
tube phantoms are shown in Figure 5. To reduce noise,
the TQF image was reconstructed with a smaller k-space
filter of 1/4 width for the SQ images. As expected, the
short-T, image clearly shows the four tubes and the TQF
imaging completely suppressed the signal from the
saline water (Fig. 5e). In contrast, the short-T, imaging
did not completely suppress the saline water signal as
significant residual signals remain (Fig. 5d).

Quantification on Phantoms

Figure 6 shows the quantification of both total and
bound sodium concentrations on the SQ and short-T,
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FIG. 8. Off-resonance correction (ORC) and T3 correction (T2*C) for the short-T, (ST2) image of a pediatric brain tumor patient, with the
SQ images (a, e, i) as reference. The ST2 images were produced without ORC (b, f, j), with ORC (c, g, k), or with both ORC and T2*C

(d, h, I). While the ORC minimized image blurring (long arrows in c,

g, k), the T2*C reduced image intensity as expected (short arrows in

d, h, I). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

images, respectively. The spatial variation of coil sensi-
tivity was measured relative to the location of the saline
water tube by switching the 150 mM agar tube at these
locations. The relative coil sensitivity was found as
(0.95, 1.0; 1.0, 1.06), fairly uniform at the locations
investigated. A linear relationship between the measured
and actual sodium concentrations was well established
(R*=0.98) on both images (Figs. 6a, b), although they
had a different line slop due to the difference in image
resolution. These linear relations demonstrate that quan-
tification of bound sodium on short-T, images is feasible.
The binding of total sodium in the agar phantoms was
confirmed by the FID signals for the SQ and TQF imag-
ing (Figs. 6c, d).

Human Brain Imaging: Off-Resonance Correction

Several time steps were investigated to find an optimal
value for the time step. Figure 7 shows an example of
the off-resonance correction in a worst case of pediatric
patient where large off-resonance frequencies (40-100
Hz, Fig. 7e) appear around a programmable Silastic
shunt (Medtronic, Minneapolis, MN) implanted in the
brain. The intensity profiles across the region (Fig. 7f)
shows the improvement in the off-resonance correction
when reducing the time step from 0.5 to 0.1 periods of
the frequency bandwidth (BW) in the By-field map.

However, further reducing time step from 0.1 to 0.002/
BW (i.e., single data point) did not further improve the
correction. Consequently, the time step of 0.1/BW (or 0.5
ms) was used in this study to reduce total computation
time. The study on a uniform tube phantom confirmed
the effectiveness of the ORC correction (Figs. 7g—j). The
computation time for a single time step was 1.644 s on
our network server of eight node Linux CPU cluster with
16 Intel Xeon E5-2667 2.90 GHz six-core processors.
This led to total ORC computing time of 2.0 min in this
study at a time step of 0.5 ms or 50 data points, or other-
wise 100 min at a time step of single data point.

Human Brain Imaging: T3 Correction

The T3 correction was implemented on the TE, images
after the off-resonance correction. The By-field map for
the T% correction was estimated on the off-resonance cor-
rected SQ images. Figure 8 demonstrates a T3 correction
on the short-T, images. While the ORC reduced artifacts
in the background of short-T, images (Figs. 8c, g, k), the
T% correction reduced intensity of the residual artifacts
as shown in Figures 8d, h, 1.

Human Brain Imaging: Quantification of TSC and vBSC

Quantification of total and volume-fraction weighted
bound sodium concentrations was implemented on both
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vBSC @ ST2

FIG. 9. Sodium images of quantified total sodium concentration (TSC) and volume-fraction weighted bound sodium concentration
(vBSC) for an adult brain tumor patient: transverse (a-c), sagittal (d-f), and coronal (g-i) views. The tumor region (long arrows, d—f)
shows an increase not only in TSC (a,d) but also in vBSC (c,f). The CSF-filled cavity (short arrows, g-i) shows an increase in TSC (g) but
not in vBSC (i). The calibrated SQ-images (b, e, h) at TE, (=5.0 ms) show visible decays in intensity of the short-T, component com-
pared with the corresponding images (a, d, g) at TE; (=0.44 ms). The tumor and cavity was confirmed in the proton (*H) images in Fig.

10.

SQ- and short-T, images after the off-resonance and T3
corrections. Figure 9 demonstrates an example from an
adult brain tumor patient with glioblastoma before anti-
cancer treatment. The tumor region was confirmed by
the proton MR images in Figure 10, showing enhance-
ment on both contrast-enhanced Ti-weighted (CE-T1w)
image and fluid attenuated inversion recovery (FLAIR)
image. The sodium SNR is 39.7 in the CSF region on the
SQ-image at TE,, and 15.3 in the tumor region on the
short-T, image, compared with 4.2 outside the tumor
region (sagittal, Figure 9f). The tumor region has TSC of
86.7 =13.5 mM (mean = SD) and vBSC of
59.6 = 11.3 mM. The vBSC value is 3.6 times (P < 0.0001)
higher than outside the tumor region where
vBSC=16.6 +11.1 mM. The variance in the TSC or
vBSC value reflects inhomogeneity in the tumor/nontu-
mor regions measured, rather than the noise-related var-
iance which is much smaller. For instance, vBSC is
25.9* 1.2 mM in a region of normal gray matter outside
the tumor.

DISCUSSION

The short-T, sodium imaging, which is a subtraction of
two single-quantum sodium images acquired at different
TEs, has been demonstrated as an alternative to triple-
quantum filtered imaging for measurement of bound
sodium concentration in the brain. The key point in this
method is that subtraction between the two SQ-images
highlights signals from short-T, relaxation while sup-
presses signals from long-T, relaxation. The short-T,
relaxation originates from bound sodium of bi-
exponential decay. The bound sodium mainly exists in
intracellular space in the brain and thus is of interest for
monitoring early response of cancer cells to therapies in
brain tumor patients. Major advantages of the short-T,
imaging over TQF imaging are the lower SAR production
(single versus triple RF pulses), the shorter scan time (20
versus 40 min), and the higher SNR (6 versus 1) or
higher spatial resolution. However, the subtraction also
raises challenges such as By-field inhomogeneity
induced off-resonance artifacts, Tj-related fluctuation of
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FIG. 10. Proton ('H) MR images of the same patient as shown in Figure 9 for confirming the tumor (arrows) and cavity (arrowhead) in
the brain. The tumor has hyperintensity in both CE-T1w (a) and FLAIR (b) images, but has hypointensity in the MPRAGE image in trans-
verse or sagittal view (c,d). e: The cavity has low intensity in the MPRAGE image in coronal view.

measurements across scans, and potential motion arti-
facts between the two TE acquisitions.

Off-resonance correction by means of the time-domain
conjugate phase algorithm has been shown to be effective
in minimizing image blurring around the implants (Fig.
7). This correction did not require extra scans because
the Bo-field map was self-generated by the two-TE
acquisitions and no registration was needed between
them. However, this correction was still incomplete
because large inhomogeneity of the By-field might not be
detectable in the TE, image due to weak signal from
areas such as the sinus regions in Figures 9a—c.

The T3 decay was corrected to T, decay in the TE,
image by taking advantage of the spatial resolution
shared by the By-field map and TE-images. The ultimate
goal of this correction is to stabilize short-T, imaging
across scans. However, reproducibility of the short-T,
imaging was not investigated in this study as it required
a dedicated experimental design which was beyond the
scope of this study. However, it is worth mentioning that
the T3 correction is for correcting local macroscopic,
rather than microscopic, inhomogeneity of the B, field.
Thus, the corrected TE, image is still T5-weighted, but
should be closer to the T,-weighted and be more
reproducible.

The measured spatial resolution of the short-T, image
was 3.30 pixels (or 11.35 mm) on the large cylindrical
agarose phantom (Fig. 4b), compared with 1.75 pixels (or
6.02 mm) in the corresponding SQ-image (Fig. 4a). This
resolution is specific to the scheme of TPI acquisitions
used in this study. It is possible to increase image resolu-
tion by using different parameters in the TPI trajectory
(38) or by using different schemes for data acquisition at
a cost of reduced SNR, such as the acquisition-weighted
stack of spirals (AWSOS) (40) and others (41).

Motion may exist between the two TE images as the
time gap between the two TE scans is long (~10 min).
Motion correction may be needed for the TE, image if it
is visually detectable. In this study there was no visible
motion detected. In the future, an interleaved acquisition
at TE; and TE,, or a double-TE acquisitions per RF exci-
tation, may be used to minimize the motion.

Quantification for total and bound sodium concentra-
tions can be implemented in the short-T, imaging simul-
taneously. TSC and vBSC share the same internal
calibration for quantification. This eliminates the need
for a separate calibration for vBSC and simplifies imag-
ing procedures in clinical setting. This unique feature
stems from the short-T, images sharing the same signal
scale with the SQ images. In contrast, TQF images have
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completely different signal scale from corresponding SQ
images and are not suitable for quantification of bound
sodium.

A major drawback of the short-T, imaging is the
incomplete suppression of long T, signal (Fig. 5d). This
restricts its application to high concentrations (>45 mM)
of bound or intracellular sodium (Fig. 6), such as cancer
cells and injured/damaged cells. Bound sodium at low
concentrations will join the free sodium in the back-
ground of the short-T, image.

Further improvements for the short-T, imaging are
needed. First, the spatial resolution needs to be
increased at least as high as that for the SQ imaging.
This may be achieved by using shorter readout time
which in turn reduces SNR unfortunately. Increasing
SNR is thus the key issue. Multi-channel receiver array
has the potential to increase SNR by a factor of 2.0 (46).
The higher field strength such as 7 Tesla has the poten-
tial to double SNR over the 3T field. A combination of
both strategies holds great promise to address the resolu-
tion issue. Second, motion between the two TE acquisi-
tions need to be minimized. This may be realized by
alternating TE acquisitions in a single scan, or by per-
forming two TE acquisitions in one RF excitation.

CONCLUSIONS

The proposed short-T, sodium imaging has been demon-
strated through phantom and human studies at 3T as a
feasible approach to quantification of bi-exponential (or
bound) sodium. It has advantages over triple-quantum
filtered imaging, such as low SAR, short acquisition
time, and high SNR and resolution. It has limitations as
well, such as residual long-T, signal. This restricts its
application to large changes in concentration (>45 mM)
of bound or intracellular sodium in the brain, such as in
cancer cells, injured cells or degenerative neurons.
Nevertheless, the short-T, sodium imaging may have
substantial use in nonsurgical treatment monitoring of
both pediatric and adult brain tumors and in detection
of neurological disorders caused by nerve cell injury,
damage or degeneration.
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