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Abstract

Purpose: This work demonstrates a 3D radial multi-echo acquisition scheme for time-
efficient 23Na MR-signal acquisition and analysis. Echo reconstructions were used to
produce SNR-enhanced ?3Na-images and parameter maps of the bi-exponential T2* decay.
Methods: A custom-built sequence for radial multi-echo acquisition was proposed for
acquisition of a series of 3D volumetric 22Na-images. Measurements acquired in a phantom
and in vivo human brains were analyzed for SNR enhancement and multi-component T2*
estimation.

Results: Rapid gradient re-focused imaging acquired 38 echoes within a TR of 160 ms.
Signal-averaging of multi-TE measurements showed an average brain tissue SNR
enhancement of 34% compared to single-TE images across subjects. Phantom and in vivo
measurements detected distinguishable signal decay characteristics for fluid and solid
media. Mapping results were investigated in phantom and in vivo experiments for
sequence timing optimization and signal decay analysis. The T2* mapping results were
consistent with previously reported values, and facilitated fluid-signal discrimination.
Conclusion: The proposed method offers an efficient 23Na-imaging scheme that extends
existing 2Na-MRI sequences by acquiring signal decay information with no increase in
time or SAR. The resultant SNR-enhanced 23Na-images and estimated T2* signal decay
characteristics offer great potential for detailed investigation of tissue compartment

characterization and clinical application.

Key words: Sodium (23Na) MRI; bi-exponential decay; transverse relaxation; tissue

compartment mapping;
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Introduction

23Na is the second most abundant MR-observable nucleus in biological tissue and plays a
vital role in cell physiology. The electrochemical gradient between intra- and extracellular
23Na concentration is a crucial component of a cell’s physiology and is strongly dependent
on the cell’s metabolism and its membrane integrity. Hence, disturbances of this delicate
mechanism are considered as a sensitive, early indicator for cell breakdown and provide an
insight into cell integrity and tissue viability (1-3). Based on its involvement in energy as
wellas structural processes, 23Na is a potential tool for the detection of metabolic
parameters; its capabilities as a biomarker aimed at extending clinical MRI to earlier
diagnosis and therapy response measurements have been discussed, as well as the
application to the detection of diseases without anatomic abnormalities (3). Early studies
of 23Na-MRI date back to the 1980s (4,5) and with advancements in hardware and
acquisition strategies (6-9), several more recent studies have investigated the potential of
23Na-MRl across a variety of diseases ranging from neurodegenerative diseases (10,11),
stroke (12,13) and tumors (14-16) to musculoskeletal pathologies (17-20), and others
(21,22).

MR experiments on 23Na nuclei detect signal originating from complex electrical and
dynamic spin interactions. Other than 'H nucleij, electric charges of 23Na nuclei are non-
spherically distributed causing an electric quadrupolar moment based on the interaction
between the 23Na nucleus and its environment. Consequently, 22Na nuclei are not just
affected by local magnetic field interactions but also exhibit impact from local electric
fields. 23Na nuclei have a spin of 3/2 and four corresponding discrete energy states (3/2,
1/2,-1/2;-3/2). Single-quantum coherence measurements (i.e. acquisitions under single
90° RF-pulses without enhanced filtering techniques) detect transitions between adjacent
energy levels. In an isotropic system, e.g fluid media, the effects of magnetic and electric
fields average out resulting in identical transition rates for all single quantum coherences
and, hence, display mono-exponential decay behaviour. In macroscopically structured
environments, nuclei experience non-vanishing average electric field gradients leading to a
shift in energy levels that produces a frequency splitting on the spectrum (23,24). These

interactions cause the satellite transitions (i.e.-3/2 ->-1/2 and 1/2 -> 3/2) to occur at

Magnetic Resonance in Medicine

This article is protected by copyright. All rights reserved.



Magnetic Resonance in Medicine Page 4 of 38

faster rates than the central transitions (-1/2 -> 1/2) and result in bi-exponential T2 decay.
Both 23Na-signal T2 decay components in anisotropic systems exhibit faster relaxation than
the mono-exponential relaxation in isotropic environments (24-26). The complex
interactions that give rise to the 23Na signal suggest the potential for inference of

underlying macroscopic structure (27).

Sensitizing 23Na contrast to reveal information about structure has been an active field of
research, focusing predominantly on the selective detection of intracellular 23Na contents.
Several approaches have been suggested for intracellular 23Na weighted acquisitions:
chemical shift reagents for a selective frequency offset of extracellular 23Na signal (28,29),
triple-quantum-filtered (TQF) imaging facilitating the selective detection of higher
quantum coherences (30-35), fluid-suppression based on inversion recovery for an
attenuation of fluid 23Na signal (36-41). Recent work by Qian et al. (42) suggested the use
of 23Na-signal decay for the inference of structural components. The inference of metabolic
and macrostructural information in healthy and pathological processes is promising for

clinical MRI studies.

Despite recent advancements in hardware, the number of 23Na-MRI based clinical studies is
still comparatively small (22). The main challenges for the advancement of 23Na-MRI are
low SNR coupled with relatively high SAR exposure (particularly at high fields) and
correspondingly prolonged scan times. Recent studies have addressed these challenges by
more efficient acquisition methods: SISTINA (43) allows for the detection of single and
triple-quantum filtered images in a single TQF-acquisition. Benkhedah et al. (44) proposed
gradient-selected and phase-cycling difference imaging approaches for the acquisition of
23Na-density and single quantum filtered images with the potential for inferring triple-

quantum filtered image contrasts.

Our primary contribution is a new acquisition approach based on 3D Multi-Echo Radial
Imaging in 23NA (3D-MERINA), from which multiple parameter maps can be inferred from
a single scan. The relatively long acquisition times typical of 22Na-MRI originate from SAR

limitations and the need for full longitudinal signal recovery in 23Na-density weighted
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acquisitions. Our method fills vacant imaging time with the acquisition of additional
gradient re-focused echoes. We demonstrate that through the use of radial imaging, echoes
can be acquired rapidly and subsequently exploited for SNR enhancement and the
estimation of T2* parameter maps, while still providing 23Na-density weighted images for

quantification purposes.

Methods
Sequence Design - 3D Multi-Echo Radial Imaging of 23Na (3D-MERINA)

Imaging was performed on a research 7T MRI scanner (Siemens Healthcare, Erlangen,
Germany) with a transmit/receive dual-tuned 1H-23Na head coil (QED, Mayfield Village,
Ohio USA). The 23Na-based imaging sequence consisted of a non-selective hard pulse
(duration 500 ps) with a custom-built 3D radial acquisition scheme. The placement of
readout spokes was based on Saff and Kuijlaars’ algorithm (45) for homogeneous
projectiondistribution. For a total number of projections N, the spherical coordinates of

each projection, & € [0,m] and ¢ € [0, 2m] were determined via:

Oy = arccos(hy), hpy= -1+ Zg(__ll), 1<k <N
[1]
¢ P+ 36 ! d2m, 2<k <N-1, ¢, = ¢y=0
= - — ———— | mod 2m, <k <N-1, = =
k k-1 \/N 1 N

1— hy?
The 3D-MERINA sequence acquires multiple gradient echoes via repetitive gradient re-
focusing.along each projection angle. The first echo is based on a center-out half-

projection, while consecutive echoes are acquired as full-projections (Figure 1). The

number of acquired echoes depends on the readout duration, Tro, and repetition time, TR.

Tro optimization
The choice of sampling durations (Tro) in radial imaging implies a well-known
optimization problem between achievable SNR and T2*-induced blurring (46). For a given
resolution and FOV, shorter Tro requires stronger gradients and, hence, gives rise to a
higher bandwidth. Given the direct proportionality between BW and thermal noise in the
acquired signal, Tro influences the final image quality, i.e. longer Tro enhance SNR.

However, due to concomitant T2* signal decay, the choice of Tro introduces a trade-off
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between resultant SNR and PSF (7,46). The bi-exponential decay characteristics and broad
range of 23Na transverse relaxation times in biological tissue complicate the determination
of an optimal Tro. Based on reported relations between short and long decay times of
T2*ong/T2*snort ® 10, it was found that Tro = 0.14 T2*ong yielded optimal image results in 3D
radial projection imaging (7) which consequently suggests a Tro between 2.1 and 4.2 ms
for commonly reported brain tissue T2*ong components of 15-30ms (1).

For the characterization of fast bi-exponential signal decay the 3D-MERINA acquisition
scheme expands the constraints of good SNR and narrow PSF to include the extra
requirement of multiple fast echo detections. The additional optimization constraint was
investigated experimentally for an isotropic resolution of 3.1 mm and a FOV of 20 cm.
Phantom measurements were analyzed with regards to the number of measurable echoes
with'good signal to noise characteristics. The duration and number of echoes with
sufficient signal quality, i.e. yrg = 2 lyoise, Were used to determine an optimal Tro for low

23Na concentrations in fast decaying solid environments.

Reconstruction

Images were reconstructed offline via Kaiser-Bessel re-gridding onto an isotropic, 3.1 mm
resolution grid in Matlab. The re-gridding oversampling factor was set to 1.5. Prior to re-
gridding, raw projection data was weighted to compensate for density inhomogeneities by

an approach described by Nielles-Vallespin et al.(47)

W = %l(kszﬂ)z + (%)Zl s=0,..,5—1 2]

where N is the number of half-projections acquired, and S the number of sampling points

along each spoke. It should be noted that weighting on re-focused echoes is halved
compared to the initial echo based on the acquisition of full-projections. A Hann-filter was

applied to raw projection data for the reduction of Gibbs ringing artifacts.

SNR enhancement
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The combination of multiple echoes for SNR enhancement was investigated via averaging
of raw k-space data prior to re-gridding. The SNR was determined according to

Gudbjartsson and Patz (48).

Experiments
Phantom

Initial experiments were performed on a phantom to investigate optimal timing
parameters. Phantom acquisitions were furthermore utilized to assess the sequence’s
capability of measuring bi-exponential decay behavior across different media and 23Na
concentrations. The phantom consisted of 16 packed vials surrounded by air. Each had a
diameter of 3 cm and contained a combination of saline concentration (30, 70, 110 and 150
mM)and agar level (liquid, 1% 3% and 6%). 23Na-MRI was performed with 3D-MERINA as
described above. TR was set to 160 ms to allow for a complete signal recovery between 90°
REF-excitations. To assess the image quality across a number of readout durations,
measurements with Tro ranging from 1 to 6 ms were acquired. The initial TE was kept
constant at 400 ps, and was defined as the time interval between the center of the pulse
and the gradient and ADC onset. The following TEs as well as the number of measurable
echoes depended on Tro. The shortest chosen Tro (1 ms) permitted the detection of 75
echoes; for the longest Tro experiment (6 ms) 11 echoes were recorded. The acquired FOV
was 20 cm. N=10,000 projections were sampled, leading to an acquisition time of 26min
40s. BO-field shimming was based on a vendor-provided 3D shimming routine and was
performed on the 1H channel. Shim optimization was repeated 10 times prior to each

acquisition.

In vivo
All'human imaging was conducted with the approval of the University of Melbourne Human
Research Ethics Committee and volunteers gave an informed consent prior to the
experiment. Human in vivo acquisitions are performed on four healthy volunteers (2 male,
2 female). 23Na-MRI was based on 3D-MERINA acquisitions as described in the phantom
experiment. Tro was kept at an optimized value of 2 ms allowing for the detection of 38

echoes while maintaining good SNR properties. The shimming procedure and other
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imaging parameters were identical to the phantom measurement above. For further
analysis of image characteristics, additional 1H-based images were acquired: A 1H-FLASH
image was measured with TR = 11 ms, TE = 3.06 ms, 14° flip angle, 1 mm isotropic
resolution, acquisition time 6min 12sec. Brain tissue segmentation was based on a 1H-
MP2RAGE image acquired at inversion times 700 and 2700 ms with 5° and 6° flip angle, TR
= 4900 ms, TE = 2.94 ms, GRAPPA-factor 4, 0.9 mm isotropic resolution, acquisition time
6min. 1H-MP2RAGE were imaged using a 32-channel head-coil (Nova Medical Inc.,

Wilmington MA, USA) in a separate imaging sessions.

Additional analysis of estimated parameter maps in human in vivo data was performed on
tissue segmentations taken from the 'H-weighted acquisitions. The processing pipeline
was done in FSL (49) and involved 3 main steps: 1) Brain extraction on the FLASH image,
2) registration of brain mask onto MP2RAGE image and tissue segmentation (CSF, Gray
Matter, White Matter) of masked MP2RAGE, and 3) registration of segmented brain regions
via the FLASH image onto the 23Na-image. The interpolation of segmented brain regions
onto the coarser 23Na-image resolution results in masks with strong partial volume effects.
A threshold of 2/3 was applied to each mask to limit the contamination of partial volume

effects in the analysis.

T2* decay parameter mapping

Signal model
Spin 3/2 nuclei entail 4 quantum states that are shaped by dipolar and quadrupolar
interactions. The latter is caused by non-spherical electrical environments around the
nucleus and results in symmetric perturbations of the satellite Zeeman energy levels. The
effects:are observable as a bi-exponential transverse relaxation process. It has been shown
that the satellite and central transitions contribute to 60% and 40% of the total 23Na signal
and represent short and long T2* decay, respectively (24).
The applied signal model was, therefore, defined as a bi-exponential decay function with

fixed component ratios given by

t t

. . i T
A(e, B) = Ao (0.6 exp(—72—) + 04 exp (= 7= )| Bt = [ T2inores T2iong Aol 3
shor ong
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where A is the signal, T2*sore and T2*jong are the short and long decay parameters (ms),
respectively, and Ao the initial maximum signal.

The decay parameters are affected by the correlation time (tc), i.e. the average time it takes
a particle to rotate by one radian. If tc is short, i.e. tc < (2wo)1, the effects of electric field
gradients average to zero. This results in a single resonance line in the spectrum, i.e. slow
and fast relaxation times coincide. The correlation time, t., reflects the interaction with
macromolecular charges (50) and is therefore short in liquid environments. In human
brain 23Nazimaging, short tc are expected to occur in CSF areas and its signal decay is

therefore appropriately described by a mono-exponential decay model

): Bmono = [Tzz‘ong'AO]T . [4]

Amono (t, ﬁmono) = Ap exp (_

T2long
To account for the complex decay characteristics of both brain tissue and CSF, the
parameter estimation process was performed in two steps. Initially, all voxels were fit by a
bi-exponential signal model (Eq 3), using a Rician noise model and a maximum likelihood
estimation approach. The T2*sort estimate was then checked for plausibility: very short
(<0.3.ms).and long (>7 ms) T2*short were classified as liquid environments and
consequently re-fit by the mono-exponential decay model (Eq 4).

The lower plausibility threshold was determined by the measurement setup as the initial
echo at TEp = 400 ps does not practically enable the detection of shorter decay times. The
upper threshold was taken from literature commonly reporting biological tissue TZ2short
values around 0.5 to 3 ms (4,51) however, also values up to 6 ms have been observed (27).
Compared to biological tissues, relaxation times of 23Na signal in agar media have been
foundto show longer T2*shorc components (25,52) - 4.2 ms and 2.7 ms T2shorc decays have
been reported in 8.9% and 10% agar, respectively. Higher concentrations of agar lead to
longer teand, hence, cause shorter T2 decays. Due to the lower agar level in our phantom
study, therefore, slightly longer T2*smorr components are expected. Consequently, the upper
plausibility threshold for T2*short was set to 13 ms (3-4 times the reported value) in

phantom parameter estimation.

Parameter Estimation
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The estimation of decay parameters was performed on magnitude images, the noise
characteristics of which are well-known to be Rician distributed (48). Itis particularly
important to model the Rician noise, given the low SNR regime under which 23Na imaging
OCCUrS.

The Rician probability density function is

Prician(V14,0) = Zexp[—(y? + 4%)] /207 I, (55) (5]
where Ipis the Oth-order Bessel function of the first kind, y is the measured data (from a
single voxel) and A is the noise-free signal model. The parameter, o, is the standard
deviation of the Gaussian noise in the underlying complex image data.

In zero-signal (noise) regions, i.e. A—0, the Rician pdf simplifies to a Rayleigh distribution
y
PRrayleigh ()7|O') = ; €xp _(yZ/ZO.Z) L6]

The Rayleigh meanisuy = o m, and is used to estimate o. It should be noted that half
vs. full-projection data collection affects the noise characteristics, leading to a higher noise
variance 6 in TEo compared to the following TE data points. In the estimation process o2
was/consequently defined for every TE reconstruction individually.

Let B be the parameter vector of a decay model (bi- or mono-exponential). The MLE

approach estimates decay parameters via maximizing the likelihood,

L(Bly, o) = l_lpRician(YilA(TEi:ﬂ): ;). [7]

Here m is the number of echo measurements and y;, TE; and o; the ith measured signal, echo
time, and noise variance, respectively. The function A(.) is the bi-exponential or mono-
exponential signal model (Eq 3 and 4), with respective parameter vectors f. Itis

computationally more efficient to optimize the log-likelihood function,

log L = 2109( ) Zyl +A(TEl,ﬂ) zl <A(TEl,ﬁ) yl> 8]

with respect to 8

B = arg maxg log L. [9]
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The Maximum-Likelihood parameter estimation was implemented in Matlab using a
constrained nonlinear multivariable solver. Initial conditions for in-vivo estimations were
based on previously reported values (1) and set to 1.5 ms for T2*short and 20 ms for T2*ong.
Previous studies of bi-exponential 23Na decay in 8.9% and 10% agar observed TZshort values
of 4.2 ms and 2.7 ms and TZ2jong decay of 18 ms and 14.8 ms, respectively (25,52). Due to
lower agar level in this study, slightly longer T2*short components are expected and the
estimation process for phantom data was, hence, initialised at 6 ms and 20 ms for T2*short

and T2*ong respectively.

Results

3D-MERINA readout duration optimization

The effect of Tro on multi-echo acquisition was evaluated experimentally. Phantom
experiments for Tro ranging from 1-5 ms were performed to identify optimal timing
parameters allowing for rapid multi-echo acquisition while maintaining good SNR
characteristics for a subsequent decay analysis.

Figure 2a'shows normalized signal decays in the central voxel of the 30 mM phantom vials
(liquid and 6% agar) for each Tro acquisition. An illustration of signal decays across all
saline concentrations and agar level for each Tro can be found in the Supplementary
Material (Supporting Figure S1). The decay curves show similar results across different
Tro. However, the shortest Tro of 1 ms shows an increased noise contribution in the
measured signal. Figure 2b illustrates the noise influence in the lowest signal regime (30
mM). The left graph shows the duration of signal with a threshold at double the noise mean
(Y = 2.pnoise)- The right graph displays the corresponding number of echoes that were
acquired-within that time range. The results show that Tro = 2 ms detects longer lasting
signalabove the noise threshold compared to Tro of 1 ms. Furthermore, a sampling time of
2 ms permits acquisition of a high number of echo samples, particularly in faster decaying
environments with higher agar concentrations. Based on these findings, the human in vivo

measurements were acquired at an optimised Tro of 2 ms.

Figure 3 depicts a series of echo reconstructions from phantom and in vivo measurements

acquired at Tro = 2 ms. The initial reconstructed image at TEo reveals the typically acquired
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23Na-density weighted image (53,54). The phantom reconstruction demonstrates that the
signal intensities in the initial echo (TEo, Figure 3a, top-left) reflect the 23Na concentration,
independent of the media, i.e. agar concentration. Subsequent echo images show the
expected decrease in signal due to T2* relaxation, which reveal a dependency on the
underlying structured media. In liquid, the 23Na signal decays slower than 23Na signal in the
more solid solutions. Similar characteristics were observed in human in vivo
measurements (Figure 3b), with longer lasting signal in fluid regions (CSF) compared to

brain tissue.

Multi-Echo combination for image enhancement

Evidence that the signal decay curves show media- and tissue-specific characteristics is
further seen in Figure 4b (in vivo) and Supporting Figure S2 (phantom). Measurements of
SNR over tissue regions of interest in the human in vivo data (Figure 4c) underscore this
fact; 23Na signal in fluid environments preserves higher SNR for longer, whereas SNR
decays quicker in more structured environments. Despite the fast signal decay in tissue, it
was found that the measurements in 3-4 echoes demonstrated signal above noise level in
human tissue (dashed line in Figure 4b). This finding was directly translated into an image
enhancement technique via averaging (Figure 5a). Figure 5b shows measured SNR (mean
and standard error) in segmented brain regions over the number of echoes used for
averaging, across all subjects. For tissue, it was verified that 3-4 averages achieved the
mostsignificant SNR increase (Supporting Table S1 in Supplementary Material). As
expected, further averaging only provides negligible SNR improvements, as the loss of
signal at higher echoes penalizes averaging results. Due to slower signal decay of fluids, CSF
showed agreater and longer lasting SNR enhancement.

Figure 6 compares reconstruction results for single Tro with averaged reconstructions in
phantom measurements. While image SNR increases with longer Tro, SNR enhancement
can be partly retrieved at lower Tro through averaging. The line profiles show no
discernible edge blurring (Supporting Figure S3). Due to media-dependent T2* decay,
intensity values in averaged reconstructions depict a combination of 23Na concentration

and T2* effects.

12
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Estimation of parameter maps

Phantom
The result of the Maximum Likelihood Estimator in phantom measurements is shown in
Figure 7a. Mean estimates and corresponding standard deviations within each vial are
plotted in Figure 7b. In the liquid and 1% agar vial the estimation results reveal a primarily
mono-exponential decay. For more solid environments (3% and 6% agar) T2*short
components can be differentiated with shorter decay times at higher agar level. The liquid
phantom reveals the longest T2*,ng decay, the influence of agar shortens the long
component with no obvious dependency on agar concentrations. While there is only little
variance between estimates at higher 23Na concentrations (270mM), low 23Na signal fitting

results'detect generally lower parameter estimates.

In vivo
Figure 8a displays the estimated T2* decay parameter maps for all subjects. A histogram of
estimated values in segmented brain regions is shown in Figure 8b; with mean and
standard deviations provided in Table 1. Both parameter maps allow for a distinction
between fluid (CSF) and tissue regions - no T2*short decay component was detected in fluid
compartments; T2*ong decay estimates were higher for fluid than tissue compartments.
While differentiation between CSF and tissue was found, intra-tissue delineation between
gray and white matter is indeterminable. Fitting results over a range of initial conditions
was found to lead to insignificant variations in decay estimates (£0.5ms in T2*short, £2ms in

T2*ong; data not shown).

The two-step estimation procedure described in Methods incorporated the detection of
mono-exponential decay through a plausibility check on the T2*short estimate. Figure 9
shows.a binary mask of voxels that were fit as mono-exponential decay (i.e. fluid signal
region) compared with the CSF segmentation based on the MP2RAGE 1H-based acquisition
across all subjects. It should be noted that the CSF maps are fractional maps that originate

from interpolation of binary segmentation masks onto the coarser 23Na resolution.

Discussion

13
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3D-MERINA presents a time-efficient imaging approach that enables the estimation of
multiple parameter maps from a single acquisition. The idea of filling vacant 23Na
acquisition time with additional imaging has been explored previously; SISTINA (43) as
well as phase cycling and gradient selection difference imaging (44,55) describe methods
for the simultaneous acquisition of multiple 23Na images. Their focus lies on the detection
of 23Na-density weighted images, together with direct (SISTINA) or indirect (pc/gsDIM)
detection of triple quantum coherences, in order to isolate the intra-cellular 23Na signal. In
contrast, our work presents an acquisition scheme that focuses on the signal decay

characteristics, while also maintaining 23Na-density image contrasts.

23Na-MRI is most applicable to high-field MRI (= 7T) given the significant gain in signal
strength. However, higher fields are more prone to SAR limitations often leading to longer
TR. In 23Na-density weighted acquisitions, a full relaxation of the longitudinal
magnetization requires a prolonged TR. 3D-MERINA fills this vacant acquisition time
through measuring additional signal echoes, and reveals more detailed information of
macroscopic structures beyond 23Na-density. 3D-MERINA can be used to infer 23Na-density
maps (estimated from the initial TEo-image) as well as bi-exponential T2* maps (estimated
from time-series of echoes) in one acquisition protocol. The additional maps come at no
costin scan time and SAR exposure since the imaging protocol times are dictated by 23Na-
density weighted conditions and all imaging is performed with single 90° RF-pulses. It
should be noted that the total scan time of 26 minutes is based on the choice of TR and the
number of measured projections. While TR is relatively fixed due to the full relaxation
constraint, the number of projections remains at the operator’s discretion. A low number of
projections decreases scan time, however acquisitions well below the Nyquist sampling
condition result in a degradation of image quality. It should be noted that studies with a
muchlower number of projections showed the possibility of achieving comparable results

(53).

Given the time range of T2*short decay in biological tissue, a fast sampling scheme is crucial
for the characterization of signal decay. Investigations into the effect of Tro on SNR and PSF

in 3D radial 22Na-acquisition suggested an optimal sampling time between ~2-4 ms in

14
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biological tissue (7). The experimental results in this study confirm this finding; while a
faster readout of 1 ms facilitates the detection of more echoes, the higher noise
disturbances lead to a shortening of high SNR data points (Figure 2).

Our experiment was based on a fixed resolution and FOV and revealed the shortest optimal
Tro at 2 ms. While theoretical investigations based on point-source objects suggest an
optimized Tro solely based on expected T2 decay values, common scanning situations with
larger objects are expected to show less SNR decrease (7,46). A reduction in kmay, i.e.
projection/length, will aid the detection of faster echoes at the cost of lower image

resolution.

Signal averaging for image enhancement showed good SNR improvement in brain tissue
whenrestricting the averaging to early echoes. Under the absence of relaxation-based
signal loss, it is well known that signal averaging provides an increase in image SNR by a
factor of v/n for n signal averages. Due to the slower relaxation decay, this theoretical SNR
improvement is closest achieved in fluid signal regions. However, gray and white matter

regions also show a clear improvement in SNR.

Given the relatively low SNR regime of 23Na-MRI, gaining an SNR increase without
additional SAR or measurement time is of great value. However, the concomitant increase
of SNR in CSF areas may reduce the visual tissue signal gain. Fluid suppression techniques
(41) preparing the signal acquisition with a 180° pulse for CSF signal attenuation facilitate
a suppression of CSF signal in the measurement process and can help exploit the full

potential of tissue SNR enhancement.

It should be noted that alongside hardware components and the imaged object, 23Na-image
SNRdepends on a variety of factors: sampling efficiency, projection number and image
resolution, reconstruction filter, and sampling duration. The final image quality ultimately
provides a compromise between resolution and imaging time. While very short sampling
times are required for the detection of bi-exponential signal decay, short Tro comes at the

cost of reduced image SNR. Echo averaging provides a method to re-gain SNR and achieve

15
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comparable image quality as achieved at longer Tro (Figure 6). Averaging, however, leads

to image intensities composed of a combination of 23Na concentration and T2* signal decay.

Averaging methods may generally be prone to motion artifacts. However, in a 3D-MERINA
acquisition setup, motion effects are minimal as the individual echoes are only separated
by Tro (in this study 2 ms), a timeframe in which no discernible motion at the nominal
image resolution is expected. Another concern in image averaging lies in the T2*-blurring,
that.affects later echoes. A blurring of edges was, however, not observed in this study
(Supporting Figure S3) since the optimal SNR improvement was found to be 3-4 averages.
With'a Tro of 2 ms the total acquisition time of 3-4 echoes is under 15 ms and, hence, below
other 23Na acquisition techniques like TPI (6,9) and 3D cones (8) commonly using longer
sampling trajectories. Imaging in this study was performed with a standard radial sampling
scheme. The application of density-adapted trajectories is anticipated to enhance general

image SNR-and PSF (7,53).

A primary strength of 3D-MERINA is that gradient re-focused echoes allow for the
estimation of T2* decays. 23Na-signal in tissue is known to show fast bi-exponential decay
originating from electric field interactions of spins in macromolecular environments. Given
the low gyromagnetic ratio of 23Na, T2* is expected to be a close correlate for T2 values.
The estimation was performed for short and long T2* decay components using a Maximum
Likelihood approach accounting for underlying Rician noise distribution. The resulting
parameter maps show good agreement with previously reported values (27,50,56-59). This
study captured 38 echoes allowing for a very accurate analysis of underlying noise. The
echo spacing was 4 ms. Previous studies on slow T2* decay estimation were based on a
significantly lower number of recorded echoes - 2 echoes (57); 10 echoes (56) - and
mostly higher echo spacing - 25 ms (57); 3.6 and 10ms (56). These studies were performed
at lower image resolutions and, furthermore, required the acquisition of several averages

to enhance SNR characteristics.

To our knowledge this is the first mapping of T2*short components in the human brain.

Brain tissue short decay components are reported to be of the order of 0.5-3 ms. The
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T2*short parameter were generally estimated in this time range. However, close to the
sinuses, i.e. areas of stronger Bo inhomogeneities, T2*snor estimates deviated from the
expected range. This is not surprising, given that T2* in these areas is probably not a close
correlate to actual T2 values.

While the T2*shore estimates generally range within expected values (1,58) care needs to be
taken given the wide distribution of estimates. This is unavoidable, given the low number
of measurement points in the very short TE range. More reliable T2*short maps require
faster Tro to increase the number of data points in the T2*shore time range. An increase of
gradient strength and subsequent reduction of Tro was found to result in poor SNR (Figure
3). Nevertheless, a decrease in kmax would lead to a similar speed up in readout and
decrease echo spacing - at the cost of image resolution. A partial readout as applied in (56)

can lead to a similar acceleration while maintaining spatial resolution.

In‘agar-doped solutions, 23Na ions bind to polysaccharide molecules causing slower motion
and consequently bi-exponential signal decay (25). The estimated T2*short parameter in
phantom experiments are in general agreement with previously reported values; T2*\ong
estimates are slightly longer than observed previously (25,52). The variation in parameter
estimates even for T2*ong results from susceptibility artifacts between vials affecting T2*
measurements. The estimation process detects fluid and solid environments in the short
component mapping, T2*ong values are higher in fluid environments and decrease in solid
media. The effect of lower tc is less pronounced in the T2*,n; component (59) and, hence,
does not show a clear differentiation between agar level.

Despite the agreement of fitting parameter with reported values, it should be noted that bi-
exponential fitting is known to be an ill-posed problem with lower accuracy and precision
at low SNR. Incorporating Rician noise distribution into the estimation process has,

however, been shown to give the best performance (60).

The initial results in this work have focused on the general mapping of tissue signal decay
characteristics. The maximum likelihood estimation process does not account for partial

volume effects. Given the relatively coarse resolution in 23Na imaging, a more complete
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model could include a combination of bi- and mono-exponential decay with fractional

volume components. The tri-exponential model is, however, more difficult to fit robustly.

The'two-step estimation process allowed for an inference of fluid signal contributions. The
fluid mono-exponential masks showed good agreement with CSF masks obtained from 1H-
acquisitions, demonstrating the potential to infer underlying macroscopic structures. The
fitting procedure detected mono-exponential decay even in regions with low (<20%) CSF
volume fractions, which suggests a strong sensitivity of the estimation algorithm towards
fluid-signal influence.

Difference images for the suppression of fluid 23Na signal were first proposed in 1989 (58).
Recentstudies of double-echo bi-exponentially weighted 23Na-MRI (42,44,55) investigated
the use of difference imaging approaches to achieve image contrast featuring cellular 23Na
component information as achieved through multi-quantum filtered techniques. The use of
multi-echo.decay data as demonstrated in this work enables detailed investigation of such

contrast mechanisms.

Conclusion

This work presents 3D-MERINA, a time-efficient imaging approach for a single acquisition
from which multiple parameter maps can be derived. The method will facilitate a detailed
investigation of pathologies by enabling a comprehensive investigation of 23Na MR-signal
properties - from 23Na-density to signal decay characteristics providing insight into slow

(tissue) and fast (fluid) motion regimes.
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List of Tables

Table 1: In vivo T2* fitting results across tissue compartments

T2* short [ms] T2* long [ms]

CSF GM WM CSF GM WM

2.02+1.67 1.99+2.09 57.2+6.6 25.948.3 22.4+7.8

Mean and standard deviation of estimated decay parameters in CSF, gray matter and white

matter across all investigated subjects.

List of Figures

FIG 1: (a) Pulse sequence diagram for 3D-MERINA with definition of timing parameters. (b)
Simplified 2D illustration of echo sampling. During each excitation several gradient re-
focused echoes are acquired. First echo is measured as half-projection, subsequent echoes

are sampled as full-projections along the same angle.

FIG 2: (a) Magnitude signal from the central voxel of 30 mM saline phantom vials at high
agar concentration (6%) and in liquid media. Curves plot signal decay measured at Tro

ranging from 1-5 ms. Tro of 1 ms (blue) shows stronger noise contribution. (b) Duration
(left) and number of echoes (right) with signal above 2 pnoise in 30 mM NacCl vials across

measured Tro.

FIG 3:Reconstruction of first 9 echoes of phantom (a) and in vivo (b) measurements (Tro =
2 ms).Phantom composition is depicted on the left. The curved horizontal alignment
resulted from the use of a head-shaped cushion for stabilization. The initial echo image
(TEo = 0.4 ms) demonstrates the 23Na-density weighted image; the signal-time-series of
subsequent TE reconstructions reveal signal decay characteristics specific to the

underlying media.
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FIG 4: Signal evolution over echo reconstructions. TEo image of in vivo acquisition (a)
indicating location of plotted voxel decay (b). The CSF voxel location has been carefully
chosen in the right ventricle to minimize partial volume contamination. Signal decay in
voxel in in'vivo measurement (b) show slower signal decrease in liquid environments
(CSF) compared to tissues. Black dashed line indicates 2 pnoise threshold. (c) depicts mean
and standard deviation of SNR measurements across all subjects in segmented tissue
regions (CSF, gray matter, white matter). Longer lasting signal in liquid regions lead to

higher SNR in CSF at later echoes compared to gray and white matter.

FIG 5: (a) Reconstruction of averaged signal over n foremost echoes in vivo. (b) SNR
measurements in segmented tissue compartments over n averages. Curves show mean and
standard deviation of SNR across all subjects. Averaging was performed on raw complex k-
space data before re-gridding and image reconstruction. An SNR increase is achieved in all
ROIs for early echo averages, later averaging results decrease in SNR due to low signal in
later echoes based on relaxation. Better SNR increase is achieved in fluid regions due to
lower relaxation-based signal decrease between echoes. Tissue compartments show most

significant gain in SNR for 3-4 echo-averages.

FIG 6: SNR values within vials of reconstructed images from Tro 2 = ms (with and without
averaging) and Tro = 6 ms. Averaging increases SNR; in fast decaying solutions longer Tro

achieve better SNR than averaging.

FIG 7: (a) T2* maps of short and long component in phantom vials. (b) Mean estimates and
standard deviation plotted over agar-concentration; Colors indicate saline concentrations.
T2*ong maps delineate liquid from agar-doped vials. T2*short parameter estimation

differentiate higher agar concentrations (= 3%).

FIG 8: (a) T2* maps of short and long components across all subjects. (b) Histogram of
estimated parameter over segmented brain regions. T2* maps show structural information,
distinguishing tissue and fluid 23Na signal areas. T2*ong estimation results agree with
previous studies (1,56-58). T2*short parameter show spread estimates with increased

values in sinus regions.
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FIG 9: Comparison between mono-exponential fit mask of detected fluid 23Na regions and
CSF masks obtained from 1H-MP2RAGE acquisitions. The estimation of fluid 23Na shows

good agreement with fluid CSF regions from 1H acquisition.

Supplementary Material

Supporting FIG S1: Magnitude signal from the central voxel of each vial in phantom
experiments. Diagram rows showing concentration, columns indicating media. Curves plot
signal decay measured at Tro ranging from 1-5 ms. Tro of 1 ms (blue) shows stronger noise

contribution.

Supporting FIG S2: Signal evolution over echo reconstructions in Phantom. (a) TE image of
phantom indicating locations of plotted voxel decays. (b) Decay curves - markers
distinguish agar level; colors indicate saline concentration - show distinct decay
characteristics, with faster decreasing signal in more solid media (cross, pentagon). Initial

signal intensities depend on saline concentrations.

Supporting FIG S3: (a) Reconstructed images from Tro 2 = ms (with and without averaging)

and Tro = 6 ms. (b) Normalized line profiles along lines indicated in (a). Profiles show

strong overlap. No disturbances in edge characteristics are observable.

Supporting Table S1: Mean SNR values and standard error in segmented tissue
compartments and overall brain tissue for n echo averages and percentage SNR increase

compared with single TEo reconstruction.
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FIG 1: (a) Pulse sequence diagram for 3D-MERINA with definition of timing parameters. (b) Simplified 2D
illustration of echo sampling. During each excitation several gradient re-focused echoes are acquired. First
echo is measured as half-projection, subsequent echoes are sampled as full-projections along the same
angle.
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FIG 2: (a) Magnitude signal from the central voxel of 30 mM saline phantom vials at high agar concentration
(6%) and in liquid media. Curves plot signal decay measured at TRO ranging from 1-5 ms. TRO of 1 ms
(blue) shows stronger noise contribution. (b) Duration (left) and number of echoes (right) with signal above
2 pnoise in 30 mM NacCl vials across measured TRO.

180x137mm (300 x 300 DPI)

Magnetic Resonance in Medicine

This article is protected by copyright. All rights reserved.



Magnetic Resonance in Medicine Page 28 of 38

TE,: 0.4ms TE,: 4.5ms TE,: 8.5ms TE,: 8.5ms
omn 00O I I B s N aaa |
70 mM OOO
110 mM OO @)

150 mM OOOO
-1 e
§a §. S 3- TE,: 12.5ms TE,: 16.5ms TE,: 20.5ms TE,: 12.5ms TE,: 16.5ms TE,: 20.5ms
T © =
§ gs § - - . . . .

TE 24.5ms TE 28.5ms TE 32.5ms TE 24.5ms TE,: 28.5ms TE 32.5ms

FIG 3: Reconstruction of first 9 echoes of phantom (a) and in vivo (b) measurements (TRO = 2 ms).
Phantom composition is depicted on the left. The curved horizontal alignment resulted from the use of a
head-shaped cushion for stabilization. The initial echo image (TEO = 0.4 ms) demonstrates the 23Na-density
weighted image; the signal-time-series of subsequent TE reconstructions reveal signal decay characteristics
specific to the underlying media.
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FIG 4: Signal evolution over echo reconstructions. TEO image of in vivo acquisition (a) indicating location of
plotted voxel decay (b). The CSF voxel location has been carefully chosen in the right ventricle to minimize
partial volume contamination. Signal decay in voxel in in vivo measurement (b) show slower signal decrease
in liquid environments (CSF) compared to tissues. Black dashed line indicates 2 pnoise threshold. (c) depicts
mean and standard deviation of SNR measurements across all subjects in segmented tissue regions (CSF,
gray matter, white matter). Longer lasting signal in liquid regions lead to higher SNR in CSF at later echoes
compared to gray and white matter.
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FIG 5: (a) Reconstruction of averaged signal over n foremost echoes in vivo. (b) SNR measurements in
segmented tissue compartments over n averages. Curves show mean and standard deviation of SNR across
all subjects. Averaging was performed on raw complex k-space data before re-gridding and image
reconstruction. An SNR increase is achieved in all ROIs for early echo averages, later averaging results
decrease in SNR due to low signal in later echoes based on relaxation. Better SNR increase is achieved in
fluid regions due to lower relaxation-based signal decrease between echoes. Tissue compartments show
most significant gain in SNR for 3-4 echo-averages.
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TRO = 6 ms. Averaging increases SNR; in fast decaying solutions longer TRO achieve better SNR than
averaging.
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FIG 7: (a) T2* maps of short and long component in phantom vials. (b) Mean estimates and standard
deviation plotted over agarose-concentration; Colors indicate saline concentrations. T2*long maps delineate
liquid from agar-doped vials. T2*short parameter estimation differentiate higher agar concentrations (=
3%).
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FIG 8: (a) T2* maps of short and long components across all subjects. (b) Histogram of estimated
parameter over segmented brain regions. T2* maps show structural information, distinguishing tissue and
fluid 23Na signal areas. T2*long estimation results agree with previous studies (1,56-58). T2*short
parameter show spread estimates with increased values in sinus regions.
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FIG 9: Comparison between mono-exponential fit mask of detected fluid 23Na regions and CSF masks
obtained from 1H-MP2RAGE acquisitions. The estimation of fluid 23Na shows good agreement with fluid CSF

regions from 1H acquisition.
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Supporting Figure S1: Magnitude signal from the central voxel of each vial in

phantom experiments. Diagram rows showing concentration, columns indicating

media. Curves plot signal decay measured at Tro ranging from 1-5 ms. Tro of 1 ms

(blue) shows stronger noise contribution.
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Supporting Figure S2: Signal evolution over echo reconstructions in Phantom. (a)
TEo image of phantom indicating locations of plotted voxel decays. (b) Decay curves
- markers distinguish agar level; colors indicate saline concentration - show distinct
decay characteristics, with faster decreasing signal in more solid media (cross,

pentagon). Initial signal intensities depend on saline concentrations.
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Supporting Figure S3: (a) Reconstructed images from Tro 2 = ms (with and without
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averaging) and Tro = 6 ms. (b) Normalized line profiles along lines indicated in (a).
Profiles show strong overlap. No disturbances in edge characteristics are

observable.

Supporting Table S1: SNR in averaged in-vivo reconstructions across tissue
compartments

CSF 14.4+0.18 18.3#0.28 20.7+0.38 22.4+0.38 23.5+0.41 24.4+0.44 25.0£0.46 25.4+0.48 25.7+0.5
Gain = 27.1 43.8 55.6 63.2 69.4 73.6 76.4 78.5

[%]

GM 11.1+0.09 13.1#0.12 14.2%0.14 14.9+#0.15 15.3#0.16 15.5%0.17 15.74#0.17 15.840.17 15.8+0.18
Gain - 18.0 27.9 34.2 37.8 39.6 41.4 42.3 42.3

[%]

WM 9.7+0.05 11.1£0.08 11.9+#0.09 12.4+0.1 12.7+0.11 12.9+#0.12 13.0#0.12 13.1+£0.12 13.2%0.13
Gain = 14.4 22.7 27.3 30.9 32.9 34.0 35.0 36.1

[%]

Brain 10.5£0.07 12.2+0.1 13.2+0.12 14.1+0.13 14.3+0.13 14.5+0.14 14.6x0.15 14.6+0.15 14.6+0.15
tissue

Gain - 16.2 25.7 34.3 36.2 38.1 39.0 39.0 39.0
[%]

Mean SNR values and standard error in segmented tissue compartments and overall
brain tissue for n echo averages and percentage SNR increase compared with single
TEo reconstruction.
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International Seciety for
Magnetic Resonance in Medicine

Young Investigator Awards Subcommittee
L1 Rabi Award

THE UNIVERSITY OF

MELBOURNE

12th April 2017

Re: Yasmin Blunck’s Application for the 2018 Young Investigator Awards

To whom it may concern,

It is a pleasure to write a reference in support of this application for Yasmin who is
a PhD student under my supervison.

Sodium MRI is an emerging method for studying brain physiology. There are
exciting early indications that Sodium MRI may provide insights into neurological
conditions where disordered sodium distribution likely plays a role. These conditions have
great need for new diagnostic and prognostic biomarkers to guide treatment.

Yasmin is a 3™ year PhD student in my group. Yasmin’s work focuses on the
advancement of 2Na-MRI at our 7T Siemens system. Her recent work aimed at a time-
efficient acquisition approach together with an in-depth *’Na signal analysis targeting at
the inference of macroscopic ’Na spin interactions. Her research offers great potential as
an efficient measurement technique with the opportunity of gaining further insight into the
»Na signal characteristics beyond »Na density.

Yasmin developed and implemented the new pulse sequence scheme
independently and played a major part in the signal analysis. Furthermore, she provided a
vital contribution to the preparation of this manuscript.

Yasmin has proven to be an outstanding student based on my 30 years of
experience in supervising and teaching such people.

I am delighted to support Yasmin’s application for the 2018 LI. Rabi Young
Investigator award and strongly believe that this honor would be a distinguished
acknowledgement of her exciting research.

Yours sincerely,

Prof. Roger Ordidge
Prof. Roger Ordidge

Chair of Imaging Science

Director of Melbourne Brain Centre Imaging Unit
Department of Anatomy and Neuroscience

University of Melbourne Parkville Victoria 3010 Australia
Phone: +61 (0)3 8344 1953

Email: yblunck@student.unimelb.edu.au
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