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Abstract

Purpose: The state-of-the-art method to quantify sodium concentrations in vivo consists in a 

fully relaxed 3D spin-density (SD) weighted acquisition. Nevertheless, most sodium MRI clinical 

studies use short-TR SD acquisitions to reduce acquisition durations. We present a clinically 

viable implementation of the Variable Flip Angle (VFA) method for robust and clinically viable 

quantification of total sodium concentration (TSC) and longitudinal relaxation rates in vivo in 

human brain at 3 T.

Methods: Two non-Cartesian steady-state spoiled ultrashort echo time (UTE) scans, performed at 

optimized flip angles, repetition time and pulse length determined under specific absorption rate 

constraints, are used to simultaneously compute T1 and total sodium concentration (TSC) maps 

using the VFA method. Images are reconstructed using the non-uniform Fast Fourier Transform 

algorithm and TSC maps are corrected for possible inhomogeneity of coil transmission and 

reception profiles. Fractioned acquisitions are used to correct for potential patient motion. TSC 

quantifications obtained using the VFA method are validated at first in comparison with a fully-

relaxed SD acquisition in a calibration phantom. The robustness of similar VFA acquisitions are 

compared to the short-TR SD approach in vivo on seven healthy volunteers.

Results: The VFA method resulted in consistent TSC and T1 estimates across our cohort of 

healthy subjects, with mean TSC of 38.1 ± 5.0 mmol/L and T1 of 39.2 ± 4.4 ms. These results are 

in agreement with previously reported values in literature TSC estimations and with the 

predictions of a 2-compartment model. However, the short-TR SD acquisition systematically 

underestimated the sodium concentration with a mean TSC of 31 ± 4.5 mmol/L.
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Conclusion: The VFA method can be applied successfully to image sodium at 3 T in about 20 

min and provides robust and intrinsically T1-corrected TSC maps.
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1. Introduction

Sodium (23Na) is the second most abundant magnetic resonance (MR) sensitive nucleus in 

soft tissues after hydrogen (1H). Sodium ions are found in intra- and extracellular 

compartments at concentrations of about 10–20 and 140–150 mmol/L, respectively. This 

concentration gradient, which is maintained by the energy dependent Na+/K+- ATPase (the 

sodium-potassium pump), has a major importance in the physiology of cells [1,2] as many 

transmembrane ionic transport processes of healthy cells are dependent on it [3]. For this 

reason, sodium magnetic resonance imaging (MRI) has been shown to provide valuable 

information about cellular viability in pathologies of the central nervous system such as 

stroke [4,5], Alzheimer’s disease [6], Multiple Sclerosis (MS) [7–12], Huntington’s disease 

[13] and tumors [14]. Heart, kidneys, and the musculoskeletal apparatus have been also 

successfully investigated by sodium MRI [15–17].

One goal of sodium MRI is the assessment of the local tissue sodium concentration (TSC) in 

the brain, which represents the weighted average of local intracellular and extracellular 

sodium concentrations. The regional distribution of TSC can be used to establish a link 

between disease status, monitor the progression of brain diseases, and the out-come of 

therapeutic interventions. For example, Zaaraoui et al. [9] have demonstrated that a 

difference in TSC values could be used to discriminate between early RRMS (Relapsing 

Remitting Multiple Sclerosis) and advanced RRMS. Also, reduced sodium changes have 

been proposed as a predictive biomarker for penumbra viability in combination with 

diffusion and perfusion MRI for patients with ischemic stroke [18].

However, sodium MRI remains quite challenging due to its low MR sensitivity (9.25% 

compared to 1H), its low concentration in vivo (about 30 to 50 mmol/L in brain 

parenchyma), and to the fact that its spin quantum number is 3/2. The latter means that 

sodium ions exhibit a nuclear quadrupolar moment that interacts with local electric field 

gradients, which, in biological tissues, give rise to fast bi-exponential relaxations of both the 

transverse and longitudinal MR magnetizations [19].

In the human brain, the transverse sodium signal decay has a fast-relaxing component in the 

range of 0.8–5 ms (T2f) and a slow-relaxing component in the range of 15–30 ms (T2s); the 

longitudinal relaxation (T1), in theory bi-exponential too [20], has been only reported using 

mono-exponential models with relaxation times in the range of 15–40 ms [21]. In liquid 

environments, such as the cerebrospinal fluid (CSF), the quadrupolar interaction averages to 

zero due to motional narrowing since ω0τc ≪ 1 (where ω0 is the Larmor frequency and τc 

the correlation time), and a mono-exponential signal relaxation in the range of 50–60 ms is 

found for both transverse and longitudinal relaxation times [19].
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To minimize signal losses due to the short transverse relaxation times in sodium MRI, ultra-

short echo time sequences (UTE) are commonly used in combination with non-Cartesian k-

space trajectories [19], such as 3D radial [22], twisted projection imaging (TPI) [23], stacks 

of spirals, 3D cones [24], and FLORET [25]. These sequences provide high signal-to-noise 

ratio (SNR) and increased image resolution, while keeping total acquisitions times (TA) 

within 20 min [26].

Independently from the sequence used, the state-of-the-art approach for TSC mapping 

consists in a 3D spin-density (SD) weighted acquisition. To minimize longitudinal and 

transversal relaxation effects, 23Na signal is acquired shortly after a non-selective 90° flip 

angle radio-frequency (RF) pulse with a relatively long repetition time (TRЄ [3,5] times 

T1), along a trajectory that originates at the center of k-space.

Images obtained from such acquisitions are then corrected for coil transmission field (B1
+), 

coil reception sensitivity (B1
−), and, some-times, for global saturation effects [27]. Finally, 

images are transformed into TSC maps by means of a signal calibration curve obtained from 

one, two or more reference phantoms of known sodium concentrations and known relaxation 

times, placed in same the field-of-view (FOV). Alternatively, those phantoms can be scanned 

separately with the same sequence parameters and same coil loading (phantom replacement 

method).

The SD approach, however, suffers from sub-optimal SNR efficiency [28]. Therefore, 

shorter TRs (100–120 ms) are generally adopted [6–10] so as to improve SNR and achieve 

scanning times compatible with clinical research (TA ≤ 20 min). Nevertheless, shorter TR 

introduce saturation effects which could ideally be corrected using a T1 map at the same 

resolution [29]. By default, sodium images are usually corrected using a global T1 relaxation 

time, leading to quantification error of about 10% in liquid environments [29].

In conventional 1H MRI, the Variable Flip Angle (VFA) method has been proposed to 

address this problem of uncorrected T1-weighting. In this method, multiple spoiled steady-

state scans (n ≥ 2) performed at different flip angles are used to compute simultaneously T1 

and spin density maps in short acquisition times and with a high degree of accuracy [30–34].

The goal of this work was, therefore, to implement the VFA method as a clinically viable 

alternative for the in vivo quantification of total sodium concentration TSC in the human 

brain on an ~3 Tesla MR whole-body scanner. For this purpose, we used two ultra-short 

echo time sodium images acquired with a FLORET sequence in the spoiled steady-state at 

two optimal flip angles. Optimization of the flip angles, which were calculated to maximize 

SNR under specific absorption rate (SAR) constraints was achieved by quantum-mechanical 

simulation [28]. Sodium quantification results from a home-made phantom and from seven 

healthy volunteers obtained with the VFA method were compared to the SD method.
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2. Materials and methods

2.1. Theory

The VFA method relies on two or more steady-state spoiled gradient recalled echo (SPGR) 

acquisitions at two or more flip angles. The regional signal intensity of a sodium SPGR 

acquisition is given by the Ernst equation:

S = KB1
−M0

1 − e
−TR/T1

1 − cos B1
+α e

−TR/T1
sin B1

+α 0.6e
−TE /T2 f*

+ 0.4e
−TE /T2s*

, (1)

where K is a constant depending on the system, M0 = ρB1
− is the equilibrium magnetization, 

B1
− the reception profile, the flip angle, B1

+ the excitation field, TR the repetition time, TE 

the echo time, T1 the longitudinal relaxation time, T2f* and T2s* the fast and slow transverse 

relaxation constants for 23Na in biological tissues, respectively. If an ultra-short TE is used 

(TE ≤ 0.5 ms):

0.6e
−TE /T2 f*

+ 0.4e
−TE /T2s*

= E* ≈ 1. (2)

For instance, if one considers a TE of 0.1 ms, T2f* of 2 ms and T2s* of 25 ms, this term is of 

about 0.97.

If one assumes (for now) that B1
+ = B1

− = 1, Eq. (1) can be re-written according to the VFA 

method for T1 mapping [33] in the form:

S/sin(α) = a • [S/tan(α)] + b, (3)

with:

a = e−TR/T1, (4a)

b = KM0 1 − e
− TR

T1 , (4b)

from which M0 and T1 can be extracted from the relationships:

KM0 = b
1 − a , (5a)

T1 = − TR
ln(a) (5b)

Through a linearization of Eq. (1), Sabati et al. [33] showed that Eq. (5a) can be calculated 

independently of T1 if at least two acquisitions (S1 and S2) with variable flip angles α1 and 

α2 are considered:
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KM0 = b
1 − a =

AS1S2
BS2 − CS1

, (6)

A = sin α2  tan α1 − sin α1  tan α2
B = tan α1  sin α1 sin α2 − tan α2
C = tan α2  sin α2 sin α1 − tan α1

(7)

The influence of imperfect B1
+ and B1

− fields on the M0 and T1 maps can be corrected 

according to [35,36]:

T1 =
T1nom 

B1
2  and M0 =

M0nom 
B1

+B1
− , (8)

with the B1
− map estimated from the experimental B1

+ profile according to the reciprocity 

principle [37].

2.2. Optimal VFA angles under specific absorption rate (SAR) constrains

In the standard VFA method, the optimal combination of flip angles 1 and 2 (providing 

signals S1 and S2) that maximizes the SNR of the M0 maps for a given pair (TR, T1) can be 

found by minimizing the error function associated to the M0 map and based on measured 

signal Si in each image according to [33]:

σM0
=

∂M0
∂S1

2
+

∂M0
∂S2

2
σS = A

BS2
4 + C2S1

4

KE* BS2 − CS1
2σS (9)

Where the partial derivatives of M0 are given by:

∂M0
∂S1

=
ABS2

2

KE* BS2 − CS1
2 ,

∂M0
∂S2

= −
ACS1

2

KE* BS2 − CS1
2 (10)

With A, B and C are defined by Eq. (7) and where E* accounts for the T2* decay as defined 

in Eq. (2).

Using this equation, the a priori optimal flip angles for apparent transverse and longitudinal 

relaxation times at 3 T (T2f = 4 ms, T2s = 30 ms and T1 = 35 ms) are α1 = 27° and α2 = 

116°. However, as shown by Stobbe et al. [28] in steady-state sodium imaging the maximum 

applicable SAR in normal mode scans poses a limitation on the selection of the optimal 

combination of TR, flip angle and pulse length (τRF).

To find the maximum achievable flip angle for a given (TR, τRF) pair in brain tissues (T2f* = 

1.7 ms, T2s* = 22.7 ms and T1 = 35 ms [19], we simulated the signal per unit time 

achievable under SAR constraints. A reference scan done on one subject at 99% of the 
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maximum allowed SAR resulted in a reference triplet: TR = ~90 ms, α = 90°, and τRF = 0.5 

ms that was used in the simulations. Fig. 1 shows the results of simulations for four different 

RF pulse lengths, τRF = {0.25, 0.5, 0.75, 1.0} ms. For each τRF we varied TR and flip angles 

and simulated the signal per unit time. White areas in the plots corresponded to SAR values 

equal to or exceeding 3 W/kg. These plots show two main aspects: first, longer pulse 

durations enable the use of larger flip angles; second, maximization of the acquired signal 

per unit of time can be achieved through short TRs.

To minimize dead times after each readout (about 15 ms) and to have enough time to use 

spoiler gradients we chose a TR of 20 ms for our measurements. At this TR, Fig. 1 shows 

that the highest signal per unit time is reached with a pulse length of 500 μs and flip angle 

matching the Ernst angle. However, to stay in the SAR safety margin for a large range of 

subjects, we chose to use a 750 μs rectangular pulse. Furthermore, simulations predicted that 

with a TR of 20 ms and under SAR constraints it was not possible to reach a flip angle of 

116° as stated in theory. Therefore, we used flip angles of 25° and 55°. The latter 

corresponded to the Ernst angle. Fig. 2 shows that these angles are still in the working range 

of the VFA method [33] and only a slightly increase of the noise component in the computed 

M0 image was expected.

2.3. MR acquisitions

All MRI scans were performed on a 3 Tesla whole-body scanner (PRISMA, Siemens 

Healthineers, Erlangen, Germany). Sodium scans were acquired using a dual-resonance 1H/
23Na quadrature birdcage coil (Rapid Biomed GmbH, Rimpar, Germany) and a 

radiofrequency and gradient-spoiled 3D FLORET sequence [25]. Sampling was composed 

of 3 orthogonal hubs at α0 = 45° with 100 interleaves each. The readout duration was 15,610 

μs. Spoiler gradients of 1 ms length dephased residual transverse magnetization similarly to 

a FLASH sequence. Shimming of the static magnetic field was performed on the 1H channel 

using a 3D double-echo steady state sequence (3D-DESS). Calibration of the sodium 

reference voltage was performed manually at the beginning of each session using a series of 

non-localized pulse-acquire spectra and looking for the voltage that maximized the 23Na 

resonance peak.

The B1
+ field was measured with the FLORET sequence using a double angle method 

(DAM) approach [38] with a α1/α2 = 60°/120°, TR/TE = 80/0.475 ms and a spatial 

resolution of 6 mm isotropic. The acquisition time was 2 min per scan. The B1
+map was 

used to correct our computed T1 and M0 maps as detailed by Eq. (8).

Each experimental session comprised a SD acquisition with TR = 120 ms [7–10], TE = 

0.475 ms and α = 90° and a VFA acquisition with TR = 20 ms, TE = 0.475 ms, and α1/α2 = 

25°/55°. For both acquisitions, the echo-time (TE) corresponded to the time between the 

center of the excitation pulse and the beginning of the non-Cartesian k-space sampling. For 

our measurement, we chose a 750 μs long rectangular pulse in order to respect SAR 

constrains as described in the Section 2.2. The FOV of 256 × 256 × 256 mm3 was sampled 

at a nominal 4 × 4 × 4 mm3 resolution. Crusher gradients of length = 1 ms in x, y, and z 

directions was played out right at the end of readout at 80% of the maximum gradient 

amplitude.
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To improve image SNR, signal averaging was required. This was realized for both SD and 

VFA acquisitions by performing a series of short scans, each 3-minute long. In this way a 

retrospective motion correction was also possible. A single VFA acquisition, therefore, 

consisted in 3 short scans at each flip angle, resulting in a total acquisition time of 18 min 

which is in the range of traditional 23Na acquisitions. For fair comparison 6 short scans were 

performed for the SD acquisition. The total number of RF excitations for the VFA was 

54,000, while the total number of excitations produced for each SD scans was 9000.

2.4. Image processing

Image reconstruction of both SD and VFA datasets was performed in the exact same way: 

raw k-space datasets from each scanning block were downloaded from the MR scanner and 

independently reconstructed off-line into separate complex images using a non-uniform fast 

Fourier transform algorithm (NUFFT) [39] implemented in MA-TLAB (The Mathworks, 

Natick, USA). No filtering was applied to the resulting images. The magnitude image 

resulting from the first block was set as reference and a rigid-body motion correction 

algorithm was run on each following image. The resulting transformations matrices were 

then applied on the real and imaginary parts of each image, independently. A homodyne 

phase correction [40] was then applied to each complex image before being averaged in 

complex space. Finally, the magnitude of the averaged complex image was extracted. A non-

local mean (NLM) filter was then applied to denoise images [41]. All image processing was 

performed in R [42] using ANTsR [43]. After reconstruction, B1
+ maps were resized 

through linear interpolation to 4 mm isotropic and smoothed using convolution with a 10 × 

10 × 10 mm Hanning kernel [33]. Uncorrected T1 and M0-weighted images were obtained 

from the two images at 25° and 55° according to Eqs. (5a), (5b) and (6). Finally, the SD 

image and both uncorrected T1 and M0 images were corrected for transmission and 

reception RF fields. Sodium Images were finally registered on the anatomical 1H MPRAGE.

2.5. Extraction of TSC maps

SD and VFA M0 images were converted into TSC maps using a 2-points linear intensity 

calibration. This was performed using 2 reference tubes (volume = 50 mL, inner diameter 27 

mm) filled with 2% [w/w] agarose gel at 51 mmol/L and 102 mmol/L. For measurements on 

phantom these were inside the phantom (see next section), while during volunteer 

measurements the tubes were placed on both sides of the head of the volunteer.

2.6. Phantom measurements

A home-built cylindrical phantom was used to compare TSC maps obtained from the SD 

and VFA methods. Fig. 3A shows its schematics. The phantom had an inner diameter of 20 

cm, a length of 30 cm and was filled with 80 mmol/L saline solution. Four test tubes 

(volume = 50 mL, inner diameter 27 mm) filled with 2% and 6% [w/w] agarose gels each at 

two saline solutions of concentrations (51 and 102 mmol/L were placed in the central region 

of the phantom. To produce gels, the saline solutions and the agarose powder were poured in 

the tubes. The mixtures were then gently heated above 65.5 °C in a water bath and 

successively cooled down to room temperature. The phantom also includes an array of 

smaller tubes (volume = 20 mL, inner diameter 15 mm) placed at its perimeter which were 

filled with saline solutions with concentrations in the range 25–150 mmol/L.
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In addition to the measurement protocol described above, a set of SD acquisitions with TRs 

of 100, 120, 150, 200, and 300 ms and α = 90° was performed to characterize the effects of 

longitudinal magnetization saturation on TSC maps. These data were compared to the VFA 

scan with TR = 20 ms and α1/α2 = 25°/55°. All in vitro measurements were performed at a 

controlled room temperature of 20 ± 2 °C.

2.7. In vivo measurements

Seven healthy volunteers (4 males and 3 females; mean age of 32 ± 11; age-range 21–59 

years old), took part to the study, which was approved by the local IRB. All participants 

provided written informed consent prior to scans. The two aforementioned calibration tubes 

were placed in the coil and imaged with the patient as external references of concentration. 

Sodium images were acquired first and then volunteers were briefly taken out of the scanner 

and the double-tuned sodium-proton coil was exchanged with a 64-channel head-neck 1H 

coil. Thereafter volunteers were repositioned and high-resolution anatomical T1 images of 

the head were acquired using an MPRAGE sequence: TR = 2300 ms, TI = 900 ms, TE = 2.3 

ms, FA = 7°, TA = 7 min, at 0.8 mm isotropic resolution). These were segmented using 

ANTs [43] to obtain masks of the grey matter (GM), white matter (WM) and cerebrospinal 

fluid (CSF), which were registered to the sodium image space for image analysis [43]. To 

reduce contamination coming from the strong CSF signal, parenchyma mask were eroded by 

a 4 mm radius.

3. Results

3.1. In vitro results

Fig. 3A shows the schematics of the home-built phantom. The central axial slice of a 3D 

image obtained with a 1H 3D-FLASH sequence is shown in Fig. 3B. Fig. 3C–D shows the 

complex-averaged and de-noised images resulting from the steady-state sodium scans at flip 

angles of 25° and 55°, respectively. The central slice of the B1
+ field produced by the coil is 

shown in panel E.

Fig. 4 shows TSC maps obtained with the SD method at increasing TRs, and the TSC and T1 

maps obtained from the VFA method. No concentration differences were observed in the 

agarose gels for the whole range of TRs. TSC maps obtained with the SD and VFA methods 

at TR equal or above 200 ms exhibit comparable contrasts. On the other hand, a lower 

concentration in the liquid compartment is found for TR shorter than 200 ms. Average T1 

relaxation times obtained with the VFA method returned a value of 52.5 ± 2.5 ms for the 

central liquid compartment, 39.5 ± 2.5 ms for the 2% agarose tubes and 29.8 ± 2.4 ms for 

the 6% agarose tubes. These values were in good agreement with additional measurements 

of T1 made using an image-based inversion recovery technique (data not shown) that yielded 

average T1 values of 54.5 ms, 37.3 ms and 24.0 ms for liquid, 2% and 6% agarose tubes, 

respectively.

Fig. 5 shows the quantification error (obtained by standard error propagation theory [7] in 

the TSC quantification in a ROI placed in the center of the phantom and containing only 

saline for the VFA and the SD methods. To show the effects of saturation, the plot also 
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shows the error associated to SD TSC maps corrected as in [28] using the T1 map obtained 

from the VFA data. This plot shows that the VFA and the fully relaxed SD (TR ≥ 200 ms) 

methods resulted in comparable concentration values. For uncorrected SD acquisitions with 

shorter TR, quantification errors reach 10% as previously reported [29]. A T1 correction 

using the VFA T1 map manage to reduce these errors to about 5% for the shorter TRs.

3.2. In vivo results

Fig. 6 shows the results obtained on one representative subject. The anatomical image shown 

in Fig. 6A was used as reference and all sodium images and maps were co-registered to it. 

VFA scans with flip angles α1/α2 of 25°/55° are shown in Fig. 6B and C, respectively. TSC 

maps obtained from the SD and VFA methods are shown in Fig. 6D and E, respectively. Fig. 

6F shows the sodium T1 map obtained from the VFA method. Both TSC maps obtained 

from the SD and the VFA methods show the same contrast. SD maps have a slightly better 

image resolution. This is particularly noticeable in proximity of sulci were the CSF signal is 

spilling over to neighboring voxels slightly more in VFA images than in SD images. 

Moreover, sodium T1 maps clearly show the separation between brain parenchyma and CSF.

Fig. 7 shows all TSC maps (SD and VFA) and all T1 maps of all measured subjects. As 

noted above for the single subject, both SD and VFA methods delivered TSC maps that 

show the same type of contrast across all subject.

A closer inspection to the TSC maps obtained by both methods is shown in Fig. 8. This 

figure shows the distribution of TSC values extracted from WM masks from each scanned 

subject. On average, the TSC values obtained from the VFA method show a good agreement 

and are aligned to the theoretical 2-compartment model TSC [44]. On the other hand the 

TSC calculated from the SD method show a deviation from the expected values. The group 

TSC averages were respectively 38.4 and 31.8 mmol/L) for the VFA and SD methods. A 

two-way t-test confirmed the statistical significance of the difference at a level of p < 0.001.

Fig. 9 shows the distribution of VFA-derived T1 estimates in the WM of each subject. Values 

obtained are relatively stable across all scanned subjects with some regional variabilities.

4. Discussion

In this work, we have implemented and evaluated the VFA approach for the estimation of 

cerebral distributions of tissue sodium concentrations and longitudinal relaxation times in a 

clinical setting. Our VFA protocol was compared to the state-of-the-art SD approach.

First of all, phantom experiments demonstrated that the VFA approach yields a robust 

estimation of sodium concentration. Furthermore, this method has the additional benefit of 

producing T1 maps, and two steady-state sodium images of high SNR, all in the same 

acquisition time. The embedded T1 correction within the VFA method substantially reduces 

saturation effects, especially in liquid media. In comparison, TSC values obtained from 

short-TR SD acquisitions appeared to be under-estimated by up to 10% due to uncorrected 

T1-weighting. As a consequence, we believe that this enhanced quantification accuracy and 
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robustness of our VFA 23Na MRI protocol could be of the utmost importance in the context 

of clinical investigations of brain pathologies.

Second, our in vivo tissue sodium concentrations measured with both VFA and SD methods 

yielded consistent results well within the range of sodium concentrations reported recently 

in the literature whether at 3 T [8–10,19,45,46] or at higher magnetic fields (7 T and 9.4 T) 

[29,47,48]. Furthermore, measured T1 values were in good agreement with previously 

reported values [19] and represent an interesting, complementary and novel information for 

pathological studies.

Saturation correction is an important aspect when acquiring in vivo images where sodium is 

present in different biological environments. Indeed, typical in vivo SD acquisitions use a 

TR of 120 ms which enables almost full relaxation of bound or fast-relaxing sodium (T1f), 

but only a partial relaxation of free or slow-relaxing sodium (T1s). As such, the sodium 

concentration in pathologies for which an increase of sodium relaxation times could occur 

due to cell swelling or cell death, might have been underestimated by using a short TR scan.

Uncorrected saturation effect in the SD approach could hamper the detection of changes in 

TSC. Using the VFA method, the computation of a T1 map and the corresponding T1-

corrected TSC map should properly account for those local changes in tissues properties 

with limited drawbacks.

The choice of our acquisition flip angles was motivated by optimizing sampling duration 

compared to SD acquisition. SAR constrains made us consider other angles than the 

theoretical best VFA angles. Increasing TR and or pulse duration would therefore be a 

solution to reach higher flip angles. While the first solution is clearly degrading the signal 

sampling optimization, the second also tends to increase signal decay during pulse which is 

not desirable.

The need of implementing advanced partial volumes correction methods for non-proton MRI 

is still of great importance. However, this aspect was beyond the scope of this work. Clearly, 

increasing acquisition times and spatial resolution would have allowed to reduce partial 

volume effects. However our imaging protocol would have lost some of its relevance for 

clinical research, which was an objective of this work. Image resolution of the VFA-derived 

TSC map is slightly worse than the SD-derived one. Given that acquisitions were performed 

using the exact same k-space trajectory and TE, this effect cannot be attributed to the 

sequence point-spread-function. Rather, this effect should be attributed to the different 

number of registrations and interpolations that were applied to the original images before 

calculating the TSC maps. A relatively simple way to reduce partial volume effects comes 

from the use of the proton anatomical images that can be used to separate signal 

contributions from liquid and tissues [49].

With a total acquisition time of 18 min at 3 T, the VFA approach fits well within the 

constraints of most clinical research settings. Moreover, the use of short scanning blocks was 

appreciated by our subjects and will be an advantage for studies including patients. 

Furthermore, rigid-body motion estimation and correction will be advantageous at higher 

resolution or for long patient scans if subject motion is expected.
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Increasing the spatial resolution would help in limiting noise propagation and partial volume 

effect. However this would come at the expense of image SNR or acquisition time. 

Therefore, the use of MR scanners at high and ultra-high magnetic fields may allow for 

increased signal intensities that can be used to further accelerate acquisitions, improve 

spatial resolutions or the robustness of our T1 estimation by acquiring additional images 

with different flip angles. Already, an application of this method to 31P MRI at 7 T provided 

promising results [34] despite the modest concentrations of phosphorylated metabolites 

phosphocreatine and adenosine triphosphate in the brain. However, one must consider that 
23Na MRI acquisitions at 7 T or higher would require B1 and B0 inhomogeneities to be 

accounted for in our reconstruction and quantification pipeline. For this study at 3 T, we 

considered that B0 inhomogeneities were negligible. Finally, the combination of the VFA 

approach with a multi-echo sequence [50] may provide more information for the 

discrimination of intra and extracellular sodium concentrations in tissues.

5. Conclusion

In conclusion, we demonstrate the feasibility of using a Variable Flip Angle method to 

compute total sodium concentration maps comparable to state-of-the-art spin-density 

weighted acquisition in term of sensitivity with the benefit of an additional T1 map and a 

concentration map intrinsically corrected for T1-weighting.
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Fig. 1. 
Simulations of the acquired signal per unit of time for a T1w sodium acquisition according to 

TR and flip angle created by a square pulse under SAR constrains. Panels A to D illustrate 

that increasing the pulse duration for a given TR allows one to reach higher flip angles. The 

maximum value is reached with a 500 μs pulse length with a TR of 20 ms, which 

corresponds to Ernst Angle of brain tissues when considering a T1 of 35 ms.
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Fig. 2. 
Error function in M0 map as a function of the pair of flip angles chosen as described by Eq. 

(9).
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Fig. 3. 
The home-built phantom used for testing. From left to right: schematics (not scaled), 

structure revealed by a standard 3D FLASH acquisition, two steady-state sodium MR 

acquisition at the chosen flip angles of 25° and 55°, respectively and the B1
+ field. The 

phantom has an inner diameter of 20 cm and 30 cm length and was filled with saline 

solution at 80 mmol/L. The phantom also included 4 Falcon 50 mL tubes with 27 mm 

diameter and filled with agarose gels at 2% and 6% [w/w] each at sodium concentrations of 

51 and 102 mmol/L. Ten smaller tubes with 15 mm diameter with saline at concentrations 

ranging from 10 to 150 mmol/L, were equidistantly distributed along the internal perimeter 

of the cylinder.
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Fig. 4. 
Sodium concentration maps acquired using spin density weighting with varying TR values 

in the range 100–300 ms and compared to the concentration map produced by the VFA 

method. This method also returns a T1 map of the object. It is possible to notice that the 

maps obtained with the spin density acquisition performed with the longest TR and from the 

VFA method have the same contrast, while at shorter TRs, due to saturation the liquid 

component the images have stronger contrast. The computed T1 map matches well the 

structure and the relaxation properties of the phantom.
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Fig. 5. 
Percent errors in the quantification of TSC in the central compartment of the phantom filled 

with saline. Concentration measurements were repeated at increasing TRs. The effect of 

saturation is clearly noticeable for the SD method and stronger at short TRs. Saturation 

corrections of SD the acquisitions using the VFA T1 map show an improvement and a 

reduction of the percent error below the 5% mark. TSC measurements obtained with VFA 

are intrinsically T1 corrected and are in agreement with values obtained from a SD 

acquisition with no saturation effects (TR = 300 ms).
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Fig. 6. 
Images from a single subject scanning session. A standard MPRAGE image (A) was used to 

acquire the brain anatomy. Two T1-weighted 23$Na SPGR acquisitions with FA 25° (B) and 

55° (C) (TA of 9 min each) formed the basis for the VFA acquisition. For SNR comparison, 

images (B) and (C) are shown with the same intensity scaling. TSC map resulting from the 

SD and the VFA methods are shown in (D) and (E), respectively. For a fair comparison, the 

acquisition time, TA, for the SD method was set to 18 min. The T1 map resulting from the 

VFA method is shown in (F). Calibration tubes were masked for results display.
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Fig. 7. 
SD and VFA-derived TSC maps along their corresponding T1 maps from all 7 subjects. 

Calibration tubes were masked to display results.
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Fig. 8. 
Boxplots TSC in white matter. Median TSC values resulting from VFA method are in 

agreement with the 2-compartment model (TSC = 36–40 mmol/L). The relatively short TR 

of the standard SD measurements resulted in slight saturation of the extracellular 

compartment that lead to an underestimation of the TSC levels in the white matter.
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Fig. 9. 
T1 values in the white matter are stable and in the range of the expected T1 values of brain 

tissues (T1Є [25,40]) ms [18].
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