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Simultaneous multi-parametric mapping of Total sodium
concentration, Ty, T, and ADC at 7 Tesla using a Multi-contrast
unbalanced SSFP

Abstract: (200 words)

Purpose: Quantifying multiple NMR properties of sodium could be of benefit to assess changes in cellular
viability in biological tissues. A proof of concept of Quantitative Imaging using Configuration States (QuICS)
based on a SSFP sequence with multiple contrasts was implemented to extract simultaneously 3D maps of

applied flip angle (FA), total sodium concentration, T4, T2, and Apparent Diffusion Coefficient (ADC).

Methods: A 3D Cartesian Gradient Recalled Echo (GRE) sequence was used to acquire 11 non-balanced SSFP
contrasts at a 6x6xémm? isotropic resolution with carefully-chosen gradient spoiling area, RF amplitude and
phase cycling, with TR/TE=20/3.2ms and 25 averages, leading to a total acquisition time of 1h18min. A least-
squares fit between the measured and the analytical complex signals was performed to extract quantitative
maps from a mono-exponential model. Multiple sodium phantoms with different compositions were studied

to validate the ability of the method to measure sodium NMR properties in various conditions.

Results: Flip angle maps were retrieved. Relaxation times, ADC and sodium concentrations were estimated
with controlled precision below 15%, and were in accordance with measurements from established methods

and literature.

Conclusion: The results illustrate the ability to retrieve sodium NMR properties maps, which is a first step
toward the estimation of FA, Ti, T2, concentration and ADC of 22Na for clinical research. With further
optimization of the acquired QuICS contrasts, scan time could be reduced to be suitable with in vivo

applications.

Between 3 to 6 key words: Non proton MRI; Sodium; T1 mapping; T. mapping, Diffusion



1. INTRODUCTION

Sodium (?3Na) yields the second strongest NMR signal among biologically relevant NMR-active nuclei. 2>Na MRI
offers insights into pathologies through novel metabolic information that classic proton MR imaging cannot
access, potentially improving patient care in this way. Multiple publications deal with the investigation of
sodium compartmentalization with the aim to separate intracellular 2Na from the total sodium content as a
marker of cell viability in vivo. However, the complexity to untangle such information makes these results
debatable (1). Indeed, most of the studies are currently focusing on Total Sodium Concentration (TSC) which,
non-exhaustively, has been shown to be beneficial to study tissue viability after stroke, to detect malignant
tumors and to assess drug resistance before chemotherapy in rats glioma (2), Huntington’s disease and
multiple sclerosis in the brain, as well as acute myocardial infraction in the heart (3). In some studies, proton
Diffusion-Weighted Imaging or contrast-enhanced MRI is also proposed and recommended to increase the
sensitivity and specificity of the diagnosis (4). Thus, the opportunity to quantitatively retrieve Na TSC in
addition to several other NMR properties such as Ty, T> or Apparent Diffusion Coefficient (ADC) specific to 23Na
in a single experiment is of interest to improve the detection, the investigation of the physiopathology of

various diseases and the evaluation of potential treatments, for an enhanced follow-up.

To date, the precise determination of the above-cited quantitative parameters requires the sequential
implementation of several methods, as was demonstrated in the past (5-7). None of them addressed 22Na DWI
so far, as several challenges need to be tackled. First, 23Na very short relaxation times together with poor
signal to noise ratio leads to a difficult detection. In addition, its 4-fold lower gyromagnetic ratio leads to
approximately a 15-fold reduction in the effective b-values. Sodium diffusion has only been assessed in rat
brain (8) and rat skeletal muscle using shift-reagent aided MR Spectroscopy (9). Therefore, the simultaneous,
fast and robust mapping of 22Na NMR properties constitutes a challenging, relevant and exciting prospect for
biomedical research. For the mapping of H, several methods have been developed recently to provide
combined measurements of Ty and T, (10-14) or T,"(15) and ADC (16,17) within a single acquisition. Some
approaches use saturation pulses that are increasing the specific absorption rate and some require long and
complex post-processing (18). Recently, a method to perform combined multi-parametric mapping of
magnetization (M), flip angle (FA), global T, T, and mono-dimensional ADC altogether has been proposed
(19,20). This technique, called Quantitative Imaging using Configuration States (QuICS), uses different contrasts
generated from a Steady-State Free Precession (SSFP) sequence, by varying acquisition parameters such as
phase cycling, spoiling gradient and FA. The multiple steady-states acquired then depend on the underlying

physical parameters such as Mg, T1, T, ADC and the actual FA. The simplified description using the configuration



states enables to precisely describe the signal under the Bloch-Torrey equation, and quantify the physical
parameters through straightforward fitting (21,22). Although 23Na is usually modeled using a density operator
evolution under the Liouville equation, the magnetization behavior will be approximated to follow a single-T>

simplified model weighted by its various contributions.

The aim of this work was to demonstrate the experimental feasibility of this approach on 23Na to assess
simultaneously in a single sequence total 22Na NMR properties in phantoms experiments. It is performed at 7T
to take advantage of the larger SNR (23). The robustness of the approach was evaluated in different
physicochemical environments presenting variations of relaxation times, ADC and concentrations,
corresponding to different in vivo tissues. To the knowledge of the authors, this phantom study is the first
simultaneous multi-parametric quantitative extraction reported in the context of 2>Na MRI, and in particular

the first 3D mapping of its ADC. Applicability to clinical acquisitions will be also discussed.

2. MATERIAL AND METHODS
2.1. Signal modeling and quantitative extraction principles

Balanced SSFP sequences are sensitive to Bg inhomogeneity as the phase accumulated between two TRs is
leading to the widely known banding-artifacts (24). Introducing a spoiling gradient G generally produces a
much larger phase inhomogeneity such that the banding artifact becomes unapparent, as all phases between
0 and 2m are present within each voxel. Let us denote z the spoiling gradient axis. The gradient waveform
G(t) is chosen such that a constant area remains between two TRs. As shown in Eq. 1, this area is proportional
to a spatial frequency shift Ak,, and inversely proportional to a “spoiling distance”, a, corresponding to a 21t

dephasing between two TRs (Eq.1).
y TR
Ak, = 1/a=—f G(t)dt Eq.1
2m ),

In the sequence, we choose to parametrized this spoiling distance a as a ratio of the readout-pixel size 4z,

using an integer N defined such that:



To further indicate the amount of spoiling area applied respectively along the read-out, the phase encoding
and slice selection directions, we introduce the numbers Ngo, Npe and Nss. Therefore, setting the parameters
Nro 21, Npe= Nss= 0 in the sequence imposes the spoiling area along the read-out axis, and ensures that the

sequence is spoiled with a dephasing superior to 2m over the pixel size.

In that framework, magnetization can be described in space or in terms of spatial frequencies. The latter
description was proposed long ago and originally referred to as the configuration states description (25,26),
similar to the extended phase graph description (27-30), and in which only discrete spatial frequencies are
needed due to the constant dephasing between TRs. The longitudinal and transverse magnetization, M, and

M,,, can respectively be decomposed into discrete Fourier series, as described in Eq.3 and Eq.4.

= Eq.3
M, = Z my,, 27k
k=—0c0
Myy = Z My, Z 7"
k=—o0 Eq4

where k corresponds to the configuration state, also called “coherent” states in literature linked by “pathways”
determined by the gradient dephasing. The complex exponential Z = exp(—i2m. Ak,. z) is introduced as a
base function to describe the spatial modulations between two excitations. m,,_and m,, represent the

coefficients of the discrete Fourier series.

After several excitations at constant RF amplitude, a steady-state is reached. As the spoiling distance a is chosen
smaller than the voxel size, the measured signal corresponds to my,, , the only non-vanishing term after

averaging Eq.4 over the pixel size.



The steady state’s contrast can then be manipulated using quadratic RF cycling. It was originally proposed by
Zur and colleagues (31) to reduce stimulated echo formation and provide a steady-state closer to T1-weighted
fully spoiled sequences. It has been shown that very different steady-states can be obtained depending on the
chosen spoiling increment, in particular with few degrees producing a strongly T.-contrast (32—-34). Therefore,
the SSFP model is influenced by phase cycling. Its sensitivity is illustrated in Figure 1, which provides a
representation of real and imaginary parts of m,,, , the steady-state transverse magnetization, depending on

the spoiling phase increment value.

SSFP contrast can also be influenced by tissues properties such as Ty, T2 and diffusion. In the configuration state
description, T1 and T, relaxations induce an attenuation of the magnetization components (29), while diffusion
acts as Gaussian filtering (35,36). The full derivation of the steady-state signal, accounting for acquisition

parameters as well as relaxation and free diffusion can be found in (19).

Figure 2 provides complex representations of signals obtained with different Ty, T,, and ADC values for the
same acquisition parameters, indicating that the SSFP model is sensitive to any variation of one of these
physical parameters. Therefore, choosing appropriate Ngoand phase increments will allow a proper extraction

of My, Ty, T2 and ADC fitting the signal behavior.

To perform the quantitative extraction from the multiple SSFP contrasts, post-processing was performed using
Matlab (The Mathworks, Natick, USA) and DICOM complex images. First, the acquired contrasts were grouped
into a single measurement vector, Smeqss. Global phase drifts were then removed, assuming a linear temporal
evolution between the first and last volumes acquired in the same conditions. A gradient-echo phase map was
estimated using the complex sum of volumes with 0° and 180° RF phase increments. It was then subtracted
from all volumes providing the SSFP phase-induced maps corrected for the phase at echo time, and thus for Bo

inhomogeneities.

The quantification was then performed by a least-squares fit between Speqs and the model derived from Bloch-
Torrey equation (19). A Gauss-Newton algorithm was implemented for that purpose, with a numerical
evaluation of the Jacobian matrix, and an initialization step consisting in the comparison of Smeas With a
dictionary of 50x50x30x20 values corresponding to Ry = [0.01; 50]s, R,=[0.01; 50]s*, ADC = [0.01; 3]x10"
3mm?2.s and FA = [0.045; 90]° covering expected range of values for 23Na in the studied compositions. FA was
considered as a variable to be determined here, as its degree of inhomogeneity can become large especially

when using local transmit coils.
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2.2. In-silico experimental setup formulation

In this study, only phase cycling was used to modulate the SSFP contrast. Thus, to determine the most adequate
Nro and FA to use to accurately assess the targeted sodium relaxations (T1=60ms, T,=50 ms) and ADC properties
(ADC=1.3x103 mm?/s) under the scanning conditions described in the following section, simulations using
brute-force Monte-Carlo SSFP were performed. The range of tested FA varied from 0 to 100° with a precision
of 1°, using 10,000 samples per FA. To account for the coil receiving profile and associated FA and SNR
variations, the voxel magnetization at thermal equilibrium, Mo, was proportionally adapted to the considered
FA from empirical measurements. The range of tested Ny, varied from 1 to 47, corresponding to a diffusion
sensitivity of b=TR*(2m/a)? ranging from 0.02 to 48.4 s.mm between two RF pulses. The latter was the limit of

our system given the chosen TR of 20ms and pixel size 4z =6 mm.

2.3. MRI acquisitions

MRI acquisitions were performed on an investigational 7 Tesla MRI scanner (Siemens Healthineers, Erlangen,
Germany) using a homemade hemi-cylindrical single channel Tx/Rx 22Na coil (Figure 4a). FA was calibrated
assuming that the reference voltage would allow to get a global mean FA equal to the targeted FA in the whole
phantom. Acquisitions consisted in a repeated 3D non-selective Cartesian unbalanced SSFP with different
contrasts. Scanning parameters were TR/TE=20ms/3.2ms, bandwidth=220Hz/px. The image resolution was
6mm? isotropic in a 192x192x160mm? field-of-view, and a pulse duration of 500us. FA and Ngo were set
respectively to 45° and 47, according to the results from the optimization process described above (see Figure
3). 11 contrasts were selected with RF spoiling increments = [0, 20, 100, 110, 130, 170, 190, 230, 250, 340,
360]° to sample the complex plane (Figure 1c). Using 25 averages, the acquisition time (TA) of a volume was 7

minutes, leading to a total TA of 1h18min.

MR spectroscopic measurements of ground-truth T;, T, and ADC were performed on a 7 Tesla preclinical
scanner (Pharmascan, Bruker, Ettlingen, Germany) using a small home-made dual-resonance 2>Na/'H birdcage
coil and gold-standard methods. Single Voxel Spectroscopy (SVS) data were acquired from a large 30 mm?3
voxel. For T; assessment, an Inversion Recovery (IR) LASER sequence (37,38) was used, varying the inversion
time from 5 to 100ms by 10ms steps, with TR/TE=500/13ms, BW=4kHz and an inversion pulse of 2ms. Then, T,
and ADC were measured using a STEAM sequence (39,40), acquiring respectively seventeen different TE from
2 to 120ms and five b-values from 0 to 1200 s/mm? with two diffusion gradient polarities to get rid of cross-

terms with selection gradients. Acquisition parameters were set to TR/TM = 500/10ms, TE=10ms, BW=4kHz



and excitation pulse of 500us. The consecutive SVS acquisitions for these three parameters took about

1h35min.

To test our method’s ability to probe sodium NMR properties, experiments were conducted on a series on
phantoms using the setup shown Figure 4a. First, three phantoms (150mL glass containers, diameter=3cm,
Figure 4) containing the same CSF physiological NaCl concentration of 150mM were investigated, with 0, 2 and
5% agar gel to reduce the relaxation times of 22Na, to mimic brain or cartilage properties. Second, to test the
guantification of sodium concentrations, phantoms of 30, 50 and 100 mM NaCl were imaged with a reference
tube of 150mM in the same configuration. Finally, to increase the viscosity of our saline solutions (41,42) and
probe varying apparent ADCs of 2Na, 5 to 15% w/w sucrose (Sigma-Aldrich, Saint Louis, USA) was added in the
150mL tubes.

MRS measurements were performed using tubes filled with similar compositions, using a concentration of
150mM NaCl. One reference tube was assessed, in addition with one tube containing 5% of agar gel and one

containing 15% of sucrose.

2.4. Data analysis

Total sodium concentration maps were retrieved from the ratio between My and B1, where the sensitivity
profile By~ was estimated from the FA distributions, by applying the reciprocity principle (43). The
concentrations were estimated for each adjacent tube using the tube of 150mM as an external reference for

concentration.

Due to the hemi-volumic coverage of our coil (Figure 4a), a substantial sensitivity bias was observed across our
images. In order to limit the impact of this inhomogeneous SNR on the estimation of the NMR properties of
BNa, a region-of-interest (ROI) was defined in each phantom to keep the upper part, where the FA was
systematically higher than 40° (Figure 4b-f), as observed in the experimental setup formulation results (Figure
3). Estimations were performed by assessing the mean over the pixels respecting this criteria over the whole

phantom, leading to robust estimations.



3. RESULTS

Results of the protocol optimization process are presented in Figure 3. It shows that FA and Ny, need to be
respectively set to 45° and to 47, to get reliable estimations. As shown in Figure 4, regions of interests were

also defined in each phantom to assess results where the FA was systematically higher than 40°.

As illustrated in Figure 5a, 22Na concentrations were accurately estimated, relative quantification errors being
below 15%. Likewise, the ADCs were estimated for the sucrose-enriched (5-15%w/w) saline phantoms (Figure

5b). SVS measurements lead to very similar results for both the reference and the 15% sucrose tubes.

To study the robustness of the method, different measurements were conducted varying the relaxation
properties of the phantom using agar from 0 to 5%, to mimic different human tissue properties. Results
displayed in Figure 5c show the consistency of the mean T1 and total T, over the defined ROIs compared to SVS

measurements. Similar values were also reported at 7T (44).

4. DISCUSSION

In this work, 3D simultaneous multi-parametric extraction of total sodium concentration and total T,, T1, ADC
and flip angle at 7T was performed at 6mm? isotropic resolution in 1h18. To some extent, these maps are
insensitive for By heterogeneity, as these variations are accounted for in the model. Sodium concentrations
corresponded to the preparations; relaxation rates were in agreement with MRS gold-standard measurements;
ADC measurements were consistent with data and a measurable reduction in ADC was obtained while adding
sucrose. The 22Na ADC maps were estimated along a single spoiling gradient direction, assuming the diffusion
weighting of a single quantum coherence NMR signal, which is relevant for most sodium ions in an isotropic

media (8).

An acquisition protocol that allows reliable assessment of 3D quantitative maps was determined on the basis
of our Monte-Carlo simulations (Figure 3). Data obtained during phantoms experiments validates this proof-
of-concept acquisition set-up and demonstrates the feasibility of simultaneous multi-parametric quantitative
extraction (Figure 4). Indeed, estimated relaxation times at 21°C were consistent with the presented gold-
standard measurements using respectively IR-LASER for T; and STEAM for T, assessments and with values from

literature obtained using non-localized Inversion-Recovery and spin-echo sequences at 22°C at 7T (44).



Large physiological concentrations variations were also studied, with an extraction of TSC leading to precision
better than 15%. Diffusion estimations for reference saline solution tube is consistent with the gold-standard
measurements. Despite an extensive interest for 23Na diffusion in food processing (45-47), sodium diffusion
assessment could be found in the chemistry literature at 1.300+0.005x103mm?2.s* using a conductimetric cell
at 25°C for a 50mM saline solution (48). This value is consistent with our estimations, as temperatures are in a
similar range and concentration should have limited effect on diffusion. Here, modifying viscosity with sucrose

reduced ADC, as verified in spectroscopy and observed in *H literature (49).

We succeeded in assessing a large range of total sodium concentrations, relaxations and ADCs. The
environments investigated here are usually studied in literature to mimic various in vivo tissues, from cartilage
to brain. The relatively high standard deviations obtained in Figure 5b-d could be due to a low SNR from B;*
heterogeneity induced by the hemi-volumic Tx/Rx primate coil. The latter could be tackled using a birdcage coil
to access the targeted angle more homogeneously. Simulations with lower SNR were also performed and

demonstrate that a higher flip angle should be targeted in low SNR regions (See Supplementary Material).

ZNa has a peculiar sensitivity to its molecular environment through quadrupolar interactions. Therefore, its
relaxation times exhibit bi-exponential curves in complex media such as tissues or agar gels. For T1 relaxation,
where short and long components accounts for respectively 20 and 80% of the *3Na signal (50,51), the bi-
exponential recovery is rarely observed, leading to the estimation of a mono-exponential T; ranging from 10
to 60ms. For T, relaxation, the respective contributions of its long (T2 10ng=15-60ms) and short (T2 short <5SmMS)
components are considered to be about 40 and 60% of the signal respectively (at zero TE). These bi-exponential
or mono-exponential relaxation times varies in vivo depending on the investigated tissue (52,53), its
intracellular and extracellular volume fractions, and the sodium levels in those two compartments (53,54). The
intracellular volume fraction is approximately 80% of the tissues with a sodium concentration of 10-15mM,
and the extracellular volume fraction is around 20%, with a sodium concentration of 125-150mM. Like most
Na MRl approach aiming at the extraction of quantitative parameters, QuICS estimates apparent TSC, Ty, total
T, and ADC reflecting the weighted sum of all those short, long, intra and extracellular components depending
on the chosen acquisition parameters. In our case, given the long TE of 3.2ms, the total T, mainly reflects the
long component of the T,. Nevertheless, if any of the intra/extra or long/short T, compartments encounters
fluctuations related to the metabolic state of the tissue or varying molecular environment of the sodium ions,
one may expect QuICS to exhibit sensitivity to such variations, as other single parameter 22Na gMRI techniques

have already shown.

10



While one could regret this rather poor specificity, QuICS should compensate this weakness by finding
specificity in the correlation of the multiple complementary NMR parameters, helping in the interpretation of
the physio-pathological events. It can be considered as an alternative paradigm of investigation for 23Na data,
comparable to strategies successfully applied with other simultaneous multi-parametric method in 'H MRI
(11,55), where the same kind of objections could be done regarding compartmentalization of water in

biological tissues.

The experiments reported in this note present a proof-of-concept of the potential of QuICS approach to assess
simultaneously a broad spectrum of 22Na properties. To date, a combination of separate state-of-the-art TSC,
T, and T2 measurements at the spatial resolution we used is more competitive than what we propose (5-7).
Nevertheless, we add a very important parameter, namely the ADC, which has a strong clinical potential to
characterize 2Na micro-environment. Additionally, acquisition time TA could be largely reduced in the future,
performing an in-depth optimization of the acquisition protocol over FA, TR, Nro, T1, T and ADC ranges to study
the sensitivity and robustness of the method. For example, ADC required high spoiling gradients (Figure 3c).
Using different Ngo, or equivalently different diffusion weighting b-values from one contrast to another, is
expected to enhance the precision in the determination of the ADC coefficient (21). In the present study, only
single direction ADC measurements has been performed along the readout axis. This was enough in the context
of homogeneous phantoms, to be extended to an average global ADC. In vivo, this will not be the case in the
vast majority of the organs and several spoiling directions will be mandatory to properly extract this parameter.
Limiting the TA will require to only focus on selecting the most valuable steps playing with FA, RF and gradient
spoiling including for the latest several orthogonal directions. Such an optimization has been demonstrated to
be achievable using optimal design approaches based on reducing the Cramér-Rao lower bound (56,57). To
reduce TA even more, non-Cartesian sampling sequence could be used to improve SNR. Combining such
sampling strategy with a nonlinear iterative reconstruction algorithm would also provide an increase of SNR
and enable sub-sampling to reduce TA (58-60). These improvements would be at the cost of a broadening of
the effective Point Spread Function (PSF) in the reconstructed image, which can be optimized depending on
the targeted application. The use of a birdcage coil to access the targeted FA more homogeneously over the
region of interest, combined with a received-phase array coil to retrieve more signal would also help increasing
available signal and further reduce TA or increase resolution (61). In the latter case, the sensitivity profile of
the coil will be corrected using a post-processing algorithm to still be able to extract TSC (62). SAR simulations
were carried out considering a reference voltage consistent with in vivo acquisitions on a dual resonant 1Tx/1Rx
birdcage coil. For in vivo applications, the pulse duration would need to be lengthened to 700us instead of

500us to respect SAR international standards.
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5. CONCLUSION

In conclusion, this work is the first application of a simultaneous multi-parametric estimation method to >Na
nucleus. The method showed its ability to retrieve varying 2>Na concentrations, total relaxation times evolution
and ADC. Measured parameters were in range of previously reported values in the literature and effective gold-
standard measurements. Current acquisitions will be improved to reduce TA and resolution, while increasing
SNR with the goal of obtaining a clinically-relevant scan time. The simultaneous quantitative assessment of
several NMR physical parameters could pave the way to a new diagnostic process, where correlations between

different tissues properties might lead to improve the patient outcome (11,55).
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FIGURES LEGENDS

Figure 1. Real (a) and imaginary (b) part of the theoretical transverse magnetization signal for a voxel resulting
for sodium physical constants T:/T»=60/50ms, ADC=1.3x103mm?/s, and acquisition parameters TR=10ms,
FA=45°, resolution of 6mm? and a constant spoiling gradient corresponding to Nro=47 (a= 0.128mm). The
associated complex plane is also displayed (c), where each cross corresponds to a different RF spoiling
increment, sampled for each degree of from 0 to 360°. The maximum real value with null imaginary part
corresponds to RF spoiling increment of 0°/360°.

Figure 2. Complex representation of simulated signals sampled for each degree of RF spoiling increment from 0
to 360°, TR=10ms, FA=45°, resolution of 6mm? and Ngro=47 (a=0.18mm) varying Ti(a), T2(b) and ADC(c),
otherwise fixed to respectively 60ms, 50ms and 1.3x10°mm?/s. This figure highlights the contrast variations
that can be obtained depending on the relaxation times and diffusion.

Figure 3. Brute-force Monte-Carlo simulations of 2>Na Ti(a), T»(b), ADC(c), Mo(d) and FA(e) estimations as a
function of spoiling gradient moment (Nro) applied in the readout direction and FA, in order to account for its
variations due to the coil profile. TR was set to 20ms, RF spoiling increments = [0, 20, 100, 110, 130, 170, 190,
230, 250, 340, 360]°, pixel size Az=6mm and expected T;=60ms, T,=20ms and ADC=1.3x103mm?s. To account
for the coil receiving profile and associated FA and SNR variations, My varied with FA. On the one hand, this
figure illustrates that choosing a FA higher than 40° (shaded area) and the highest spoiling gradient momentum
avoids bias and leads to the most accurate estimations for T;, T, and ADC. In another hand, results obtained
with FA below 40° and lower Nro cannot be considered because a large bias and uncertainty in the estimations
are observed. Mo and FA estimations are more robust to FA variations, as a FA of 20° seems sufficient to
estimate these parameters.

Figure 4. Schematic of our hemi-volumic ?*Na RF coil with positioning of phantoms (a) and multi-parametric
transverse maps obtained using the QuICS method: 2>Na concentration (b), FA in degrees (c), T1 and Tz in ms (d,
e) and ADC in 10°mm?Zs (f). The white ROI delimits the region where FA>40°, in agreement with results on
experimental setup formulation, Figure 3. In this experiment, tube 1 (left) contained saline water with a
physiological CSF concentration of 150mM with 2% agar and tube 2 (right) contained the same saline water
without agar. Total sodium concentration map was retrieved from the ratio between My and By, where the
sensitivity profile By was estimated from the FA distributions, by applying the reciprocity principle (60). The
concentration for tube 2 was estimated using tube 1 as a reference. Over the ROI, results exhibit homogeneous
and significantly different relaxation times between the two phantoms.

Figure 5. a) Expected dilution and experimental estimations obtained with QuICS for realistic total 2Na
concentrations. Measured concentrations tend to align with the first bisector (dashed line). b) Estimated ADC
values at 21°C for four phantoms of 150mM NaCl and various sucrose mass fractions, with associated standard
deviations. Results show a decreasing evolution of diffusion depending on sucrose concentration, confirming
observations from (41,42,49) and DW-STEAM measurements. c) Estimated T; and T, for three phantoms of
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150mM NaCl and various agar concentrations. As expected, relaxation times are decreased when adding agar.
SVS-measurements are consistent with the QuiCS estimations.
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