Magnetic resonance imaging on sodium nuclei.
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Abstract

Sodium is a key element in a living organism. The increase of its concentration is an indicator
of many pathological conditions. *Na MRI is a quantitative method that allows to determine the
sodium content in tissues and organs in vivo. This method has not yet entered clinical practice
widely, but it has already been used as a clinical research tool to investigate diseases such as brain
tumors, breast cancer, stroke, multiple sclerosis, hypertension, diabetes, ischemic heart disease,
osteoarthritis. The active development of the *’Na MRI is promoted by the growth of available
magnetic fields, the expansion of hardware capabilities, and the development of pulse sequences

with ultra-short echo time.
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Introduction

Sodium plays an important role in the human body. It regulates the osmotic pressure, acid-base
balance and transmembrane electrochemical gradient [1]. Sodium ions are involved in cardiac
activity, transmission of nerve impulses and muscle contractions. The sodium concentration
(intracellular — 10-15 mM, extracellular — 140-150 mM) is very sensitive to changes in the
metabolic state of tissues and disturbance of cell membrane integrity. The flow of sodium into and
out of the cells can occur through various mechanisms: voltage-controlled and ligand-dependent
Na' channels, Na"/Ca®" exchangers, Na”/H" exchangers, Na/HCO5 cotransporters, Na"/K/2CI
cotransporters, Na/Mg®" exchangers, Na'/K'-ATPase [2]. The regulation of Na"/K'-ATPase
plays a key role in the etiology of some pathological processes. For example, when the demand
for ATP exceeds its formation, the intake of ATP for Na'/K-ATPase will not be sufficient to
maintain the low intracellular sodium concentration, as a result of which its growth will be
observed [2,3]. Thus the measurement of the sodium concentration is of particular interest for
obtaining additional biochemical information on the functions of healthy and injured tissues and
organs.

The increase in the magnetic field strength of MR scanners, as well as gain of hardware
capabilities, made it possible to shorten the time of data acquisition during **Na MRI (up to ~10—
30 min) and to obtain images with a resolution of several millimeters. ’Na MRI is already used in
vivo in the studies of many tissues and organs of animals and humans, such as the brain, cartilage

tissue, kidneys, heart, skeletal muscles, breast and skin.

Quadrupole moment and quadrupolar interaction
The nuclei with a spin / > ' have a nonspherical charge density distribution and they are

characterized by an electric quadrupole moment eQ [4,5]:

esz.,orz(3cos2 H—I)dv, (1)
where Q is a quadrupole moment of the nucleus, p is a charge density of the nucleus, 7 is the
distance from the center of the nucleus to the volume element dv, € is the angle between r and the
nucleus spin directed along the Z axis. Q is a measure of the deviation of the electric charge
distribution in the nucleus from the spherical shape. If O > 0, then the charge distribution is
elongated along the axis of the magnetic moment, and is flattened if Q <0 (Fig. 1). Table 1 gives

the values of the quadrupole moments for some nuclei.



Table 1. Quadrupole moments of some nuclei [6]

Nucleus | O, x10”* m” (barn)
‘H 2.86x10
"0 -2.558x107"
“Na 0.104
Cl —8.165%x10~°
K 5.85x107
*Co 0.42
18T 3.17

Quadrupole effects are due to the interaction of the quadrupole moment of the nucleus with the
gradient of the electric field (EFG) [5]. EFG characterizes the environment of the nucleus and is
composed of its nearest electronic environment, as well as from charges and the location of nuclei
around it. EFG is a measure of the spatial inhomogeneity of the electrostatic potential V inside the
nucleus, which is created by external charges. From the mathematical point of view, the EFG is a

symmetric tensor of the 2™ rank:
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The components of the tensor V are second-order derivatives of the potential J with respect to the
coordinates:
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Since the tensor V is symmetric, it can be diagonalized:
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The degree of asymmetry of the electric field gradient is characterized by the asymmetry parameter
n:
Vi =V
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For convenience, we rename the dashed coordinates: x’, y’, z” — x, y, z. Let the electric field

on the nucleus have axial symmetry, i.e. the gradient of the electric field is axially symmetric:



Vo=V, #V.=mn=0.Then the energy Wy of the charge interaction with the potential V" of the

electric field (quadrupole energy) is determined as follows [7]:

eQV. 2
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where m is the magnetic quantum number, m =1, I — 1, ..., —[ + 1, —1. The interaction strength is

characterized by a constant of quadrupole interaction y = eQV../ h, where h is the Planck constant.
The component V-, is represented in the form V., = eq, where ¢ is a quantity that itself has no
physical meaning [8].

The distance between the quadrupole energy levels is equal to hv, =ha,, where vo (or wy)

is a quadrupole frequency [8]:
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We assume that the quadrupole interaction is small in comparison with the interaction of the
nucleus with a static magnetic field. Then the energy levels are expressed as follows [7]:

e’qQ  3cos’6-1
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where 0 is the angle between the axis of the electric field gradient (which is assumed to be axially
symmetric) and the magnetic field. The first term in formula (8) is the Zeeman energy level, the
second term is quadrupole one.

If the nucleus spin is 3/2, then there are 4 possible values for m: +3/2, +1/2, —1/2, -3/2.
Consequently, 4 spatial orientations are possible in the presence of the magnetic field, which
correspond to the 4 possible energy levels. According to the selection rule Am = +1, transitions are
allowed only between neighboring levels. In the presence of electric field gradients (¢ # 0), the
energy levels are not equidistant, since the quadrupole interaction leads to their shift [7,9] as can
be seen from the Equation (8) (Fig. 2). This phenomenon is due to the different orientations of the
nucleus relative to the gradient of the electric field [10]. Under the shift, the value of the central
transition remains unchanged, the 3/2 — 1/2 transition decreases by Aw, the —1/2 — —3/2 transition
increases by Aw. The probability of the central transition is 40%, while the probability of each

satellite transition is 30% [11].



The relaxation of nuclei with spin 3/2

The quadrupole interaction affects the relaxation rates of nuclei between energy levels. The
nuclear relaxation can occur only through stimulated nuclear transitions. The fluctuating field that
causes these transitions can be characterized by the correlation function C(¢), which describes the
change in the field with time. The Fourier transform J(w) of the function C(¢) describes the spectral
density of the time-varying field [10].

For a system of spins 3/2 with one resonance frequency wy, it is shown [12] that 7} and 7>

relaxation have two components. 80% of the total 7' relaxation is accounted for 7 1’:
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60% of the total 7, relaxation is accounted for 7 2’:
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Field fluctuations are due to translational and rotational movements of water molecules in the
first hydration shell, with rotational motions making the main contribution to relaxation [13].
The spectral density function corresponding to the rotational motion has the following form

(Fig. 3) [10]:

2
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where 7, — the correlation time — is the characteristic decay time of the correlation function. 7. is
an indicator of the duration of the interaction.

Taking into account expression (13), formulas (9) — (12) can be rewritten as follows:
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For free ions, 7. ~ 10" s. Taking into account that resonance frequencies ~100 MHz at high

magnetic fields, we obtain 7. << 1/wq [10]. Then:
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1.e. all the relaxation times are equal to each other.
The bound ions have a long z.: 7. > 1/wy. This case is characterized by two different values of
T, and two different values of 7 [10]. Due to the small fraction of the short component 7 1’ (20%),

T relaxation is often considered to be mono-exponential in an MR experiment [14].

The spectra of nuclei with spin 3/2

In the case when a sample with a very short correlation time (7. << 1/wy, extreme narrowing
regime ), such as a pure aqueous solution with rapidly rotating molecules, is considered, relaxation
times 7, will be relatively long, and therefore one narrow peak will be seen in the MR spectrum
(Fig. 4a) [10].

As the ions become limited in motion, the correlation time increases (7. = 1/wo) and,
consequently, the relaxation times of the nuclei decrease, with 60% of the nuclei being more prone
to this phenomenon than the remaining 40%. Thus in this case there will be a superposition of two
resonances in the spectrum, with a narrow resonance peak containing 40% of energy, and a wide
resonance peak containing 60% of energy (Fig. 4b) [10].

If the correlation time is very long (z. >> 1/wy), the quadrupolar interaction has a stable effect
on the energy levels and the spectrum is represented by three separated resonance peaks (Fig. 4c)

[10].

NMR properties of BNa nuclei

The natural abundance of the NMR active isotope *Na is 100%. The gyromagnetic ratio of the
sodium nuclei y = 11.262 MHz/T. Its Larmor frequency is =5% higher than the frequency of the
C nucleus and is 26% of the proton frequency. *’Na has a spin of 3/2 and, consequently, has a
nuclear quadrupole moment. The sodium NMR sensitivity is 9.2% of the proton NMR sensitivity,
and the sodium concentration in vivo is on average <2000 times less than the concentration of
water protons. Therefore ’Na MRI has a signal-to-noise ratio (SNR) ~(6-16)x10° times lower
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than the "H MRI SNR. In biological tissues, the interaction of the quadrupole moment with the
electric field gradients created by the electronic environment of the nucleus leads to a
biexponential 7> relaxation. The short 75 component 75 g, = 0.5-5 ms gives a 60% contribution
to the MR signal, the long 75 component 7> 0w = 15-30 ms corresponds to 40% of the signal.
Table 2 shows the concentration and relaxation times of *Na nuclei in different biological tissues.
To detect both components of transverse relaxation, it is necessary to use pulse sequences with an
ultrashort echo time (TE<0.5 ms).

It is worth noting that there is a broad range of published sodium concentrations and relaxation
times. This variability is likely caused by systematic errors in the MR experiments and by
measurement techniques rather than by physiological difference in different subjects. The possible
reasons for the wide spread of the values include partial volume effects [15], By and B, fields
inhomogeneities [16,17], different data acquisition and quantification schemes in **Na MR studies.
In addition, 7 and 7, parameters increase with the static magnetic field strength B in case when

the spin system is outside the extreme narrowing regime [18].

Table 2. The values of the concentration and relaxation times of 23Na nuclei in biological tissues [19]

Tissue [Na'],mM | Ty, ms | Taust, mS | Toslow, MS
Brain white matter 20 - 60 15-35| 0.8-3 15-30
Brain grey matter 30-70 | 15-35| 0.8-3 15-30

Cerebrospinal fluid | 140 — 150 | 50 — 55 - 55-65
Cartilage 250-350 | 15-25]05-25| 10-30
Blood 140—-150 | 20-40| 2-3 12-20
Muscle 15-30 |[12-25|15-25| 15-30

Potential medical applications of Na MRI

The excellent reviews of potential biomedical applications of **Na MRI in humans are
presented in [19,20]. The authors of [21] elucidated the methodological aspects of »Na MRL. In
our review, we focused on the potential medical applications of *Na MRI in humans,
complementing the existing recently made reviews and also paying attention to the acquisition

parameters used in “°Na MR studies.

Brain
Alzheimer’s disease
In [22], ®*Na MRI of the brain of 5 people with mild form of Alzheimer's disease (mAD) and 5

healthy volunteers (control group) was performed. The diagnosis was carried out at 3 T field using
7



the quadrature >’Na birdcage coil for the head and the fast gradient echo (GRE) pulse sequence
with parameters: field of view (FOV) = 245x245 mm?, matrix size (MTX) = 64x64, slice thickness
(ST) = 10 mm, repetition time (TR) = 9.13 ms, echo time (TE) = 2.96 ms, flip angle (FA) = 60°,
18 slices, nonselective excitation pulse of 1 ms duration, bandwidth (BW) = 130 Hz/pixel, number
of scans (NS) = 210, acquisition time (TA) = 20 min. The authors note a 7.5% increase (P<0.01)
of the signal intensity (SI) in patients with mAD (68.25%+3.4%) compared with the SI in healthy
volunteers (60.75%+2.9%). The negative correlation was found between the increase in SI and the
volume of the hippocampus (group with mAD: 3.22+0.50 cm’, control group: 3.91+0.45 cm’, 1* =
0.5).

Huntington’s disease

In [23], **Na MRI of the brain of 13 people with Huntington's disease and 13 healthy volunteers
was performed. The study was carried out at 4 T field using the **Na/'H transceiver RF coil and
single-point ramped imaging with 7} enhancement (SPRITE) pulse sequence [24,25] with
parameters: short nonselective RF excitation pulse, TE. = 300 ps, FOV = 256x256%256 mm3,
MTX = 64x64x64, FA = 4°, TA = 36 min. People with Huntington's disease had an increase of
tissue sodium concentration (TSC) in the brain both in general and in various regions of the brain.
The largest increase was observed in the caudate nuclei, the key region of the brain in Huntington's
disease (7247 in the group with pathology, 5246 in the control group, P<0.001). The authors point
out the presence of relation between TSC enhancement and gray matter atrophy in the majority of
brain regions. In the hippocampus, insula, temporal and occipital lobes, the increase in TSC is
observed with no changes in the gray matter volume, from which it can be assumed that TSC can

serve as an early marker of metabolic changes in brain tissue.

Multiple sclerosis

There is a good review of *Na MRI clinical studies conducted on patients with multiple
sclerosis [26]. In our work, we highlight some clue works made in this field.

The paper [27] is devoted to the study of the brain of patients with multiple sclerosis of
relapsing-remitting (RR MS) type by the *Na MRI method. A survey of 17 patients and 13 healthy
volunteers (control group) was performed. The measurements were carried out at 3 T field using
the *Na/'H transceiver volume RF head coil and the 3D radial GRE pulse sequence with
parameters: TR/TE = 120/0.05 ms, 1440 projections, FA =90°, NS =5, BW = 130 Hz/pixel, FOV
= 240x240 mmz, MTX = 60x60, spatial resolution = 4x4x4 mm’® , TA = 16 min. In the control
group, TSC in the cerebellum and splenium of the corpus callosum was higher than in the

periventricular regions (P = 0.0006 and P = 0.0004). In the gray matter of the brain, TSC was
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higher than in the white matter (P<0.0001). T;-weighted 'H MRI was performed for patients after
the injection of Gd-contrast. The affected areas with a diameter greater than 5 mm were considered.
Based on the T);-weighted MR images obtained, the lesion sites were divided into contrast-
enhanced and non-enhanced, the latter including 7j-iso- and hypo-intensive foci. TSC was
assessed in 4 contrast-enhanced, 25 iso-intensive and 67 hypo-intensive lesions. The TSC level in
the hypo-intensive zones did not statistically differ from TSC in contrast-enhanced zones, but was
higher compared with TSC in iso-intensive zones (P<0.0001) and regions of normal white matter
(P<0.0001). TSC in iso-intensive foci was higher than in frontal (P = 0.009) and periventricular
normal white matter (P = 0.007), but lower than in normal gray matter (P<0.0001). Since TSC is
the weighted average of extra- and intracellular sodium in the tissue of interest, the increase in
TSC in patients with multiple sclerosis may reflect both extracellular expansion due to vasogenic
edema, cell death or demyelination, and an increase in intracellular sodium concentration due to
overexpression of sodium channels or hypercellularity.

The purpose of work [28] was to quantify brain sodium accumulations and characterize the
spatial location of sodium abnormalities at different stages of RR MS using »Na MRI. The
subjects of study were 3 groups: 14 patients with early stage of RR MS, 12 patients with advanced
stage of RR MS, and 15 healthy controls. MR studies were performed at 3 T field. *Na MRI was
carried out using “Na/'H volume head coil and density-adapted 3D radial projection
reconstruction (DA 3D RPR) [29] pulse sequence with parameters: TR/TE = 120/0.2 ms, 17000
projections, 369 samples per projection, radial fraction p of 0.2 not sampled with density adaption,
readout time per spoke = 20 ms, FA = 87°, spatial resolution = 3.6x3.6x3.6 mm’, TA = 34 min.
'H MRI was used to obtain reference anatomical images. TSC values in white matter (WM) 7>
lesions were higher for early RR MS (median = 55.9 mM, range = 46.9—69.2 mM, P = 0.007) and
advanced RR MS (median = 59.7 mM, range = 50.2-65.7 mM, P<0.0001) compared with values
from WM of controls (median = 48.8 mM, range = 40.3—-55.6 mM). In normal-appearing (NA)
WM, TSC values were higher in patients with advanced RR MS (median = 54.4 mM, range =
48.6-58.8 mM) than in controls (median = 48.8 mM, range = 40.3-55.6 mM, P=0.007). In gray
matter (GM), TSC values were higher in patients with advanced RR MS (median = 61.1 mM,
range = 54.8—-64.1 mM) relative to TSC in patients with early RR MS (median = 56.2 mM, range
= 51.2-62.4 mM, P = 0.044) and in controls (median = 53.5 mM, range = 44.7-61.8 mM, P =
0.004). Statistical mapping analysis performed by the authors showed confined TSC increase
inside the brainstem, cerebellum and temporal poles in early RR MS and widespread TSC increase
that affected the entire brain in advanced RR MS. Patients’ disability was correlated with TSC
increase inside motor networks. The authors supposed that the detected abnormal sodium

accumulation in WM lesions may be caused by either the extracellular or intracellular sodium
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content increase or both of them. The former, if present, can be related to edema or loss of tissue.
The intracellular sodium increase may be explained by demyelination or gliosis processes. The
diffuse sodium accumulation confirmed by the increased levels of TSC in NAWM and GM at the
advanced stage of RR MS may reflect the progressive axonal injury. The authors hypothesized
that the highly connected brain regions, such as brainstem, cerebellum and temporal poles, suffered
from energy failure induced by an imbalance between energy supply and energy demand. The
abnormal sodium accumulation in all brain regions at the advanced stage of RR MS may be related
to the progression of diffuse inflammation outside the macroscopic WM lesions.

In [30], the authors concentrated on the problem of separation of two compartments, intra- and
extracellular sodium, in the structures of the brain of patients with RR MS. The group of patients
consisted of 19 people, the control group consisted of 17 people without diseases. The studies were
carried out at 3 and 7 T fields to obtain "H and Na MR images, respectively. “Na MRI was
performed using the **Na/'H transceiver RF head coil and two pulse schemes — single-quantum
(SQ) and triple-quantum filtering (TQF) [31-44]. To collect data in the case of SQ **Na MRI, the
3D GRE pulse sequence [45] was used with parameters: TR/TE = 150/6.8 ms, FA = 90°, FOV =
240x240 mm’, MTX = 48x48, voxel size = 5x5x5 mm’. The TQF scheme was implemented by
applying the modified 3D GRE pulse sequence with a 12-step phase cycle and parameters: TR/TE
= 150/6.8 ms, FA = 90°, FOV = 240x240x240 mm’, MTX = 30x30x24, voxel size = §x8x10
mm’, 7, = 6.8 ms, T, = 150 ms, NS = 2. Quantitative analysis performed by the authors showed the
increase in TSC and ISC (intracellular sodium concentration) and the decrease in ISVF
(intracellular sodium volume fraction) in the brain gray and white matter of patients. The
correlation was established between the volume of lesions on T»>-weighted 'H images and TSC in
the corticospinal tract, the right anterior cingulate gyrus and the right precentral gyrus (r = 0.47—
0.71), and also with ISVF in the right postcentral gyrus (r =—0.59). The volume of lesions on 7-
weighted 'H images correlated with TSC in the corticospinal tract, right precentral gyrus, right
anterior cingulate gyrus and thalamus (r = 0.50-0.63), as well as with ISVF in the corticospinal
tract (r = —0.55) and anterior cingulate gyrus (r = —0.70). The authors argue that the decrease in
ISVF reflects an increase in extracellular volume that is associated with cell death and tissue
atrophy, whereas the increase in ISC reflects a disruption of cellular metabolism associated with

dysfunction of mitochondria and ion channels.

Stroke
In [46], the authors conducted a multimodal study of the brain in vivo in 9 patients with ischemic
stroke 4-32 hours after the symptoms onset. The results of ’Na MRI, 'H perfusion-weighted (PW)

and diffusion-weighted (DW) MRI were compared. 'H PW and DW MRI were performed on a
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1.5T scanner, “°Na MRI was performed at 4.7 T field. ’Na MR images were obtained using the
**Na birdcage RF coil and the projection acquisition in the steady-state for sodium imaging (Na-
PASS) [47] pulse sequence with parameters: TR/TE = 25/0.6 ms, FA = 55°, voxel size =
2.4x2.4x4.8 mm’, TA = 10 min. The qualitative analysis carried out by the authors showed the
increase in the ?Na MR SI in zones with limited diffusion, whereas no changes in the *’Na SI
were observed in the penumbra region. The quantitative analysis revealed no statistically
significant differences between the “Na SI in the penumbra and the homologous contralateral
region at different times after the stroke onset. Conversely, the **Na SI in the lesion focus identified
on the DW images increased with the passage of time after stroke, what in combination with a
decrease of the water apparent diffusion coefficient (ADC) was believed to reflect ATPase
dysfunction or cell integrity disorder. The absence of changes in the sodium content in the
penumbra, according to the authors, speaks about the preservation of ion homeostasis in this region
and it is consistent with the invariability of ADC.

The aim of work [48] was to evaluate the changes in TSC and T- ," time of »*Na nuclei in the
brain of 4 mice after thromboembolic stroke. The study was conducted at 9.4 T field using ~Na
surface RF coil. The data was collected using the 3D chemical shift imaging (CSI) pulse sequence
with parameters: TR = 25, 60 ms, MTX = 47x47x37, 39x39%x33, FOV = 19.2x19.2x38.4 mm3,
spatial resolution = 0.6x0.6x1.2 mm’, TA = 14 (for one mouse), 65 min (for other 3 mice). The
»Na SI in the infarction zones was 160-250% higher than in the contralateral areas of the brain.
The T 2* times of *’Na nuclei in the lesions were 5-72% higher than in the contralateral intact

tissues.

Brain tumors

In [49], the study of 20 patients with a malignant brain tumor and 9 healthy volunteers was
conducted. 17 patients suffered from astrocytoma, 3 patients — from oligodendroglioma. **Na and
'H MRI were performed at 1.5 T field. Excitation of **Na nuclei and reception of the RF signal
was carried out with use of the 16-element ’Na birdcage RF coil. To acquire data, the authors
used the 3D twisted projection imaging (TPI) pulse sequence [16,50,51] with parameters: 90°
pulse of 0.4 ms duration, TR/TE = 120/0.37 ms, 1240 projections, NS = 6, TA =15 min, FOV =
22x22x22 cm3, MTX = 64x64x64, voxel size = 0.34x0.34x0.34 mm°. Measurements of T, time
in the brain of a healthy volunteer gave the following results: 11.2+0.4 ms for gray matter (GM),
16.9+0.3 ms for white matter (WM), 20+2 ms for cerebrospinal fluid (CSF), 2645 ms for vitreous
body. TSC in tumors was comparable with TSC in the vitreous body, 1.6 times higher than in GM
(P<0.001), 1.4 times higher than in WM (P<0.001), 1.4 times higher than in contralateral tissue

(P<0.002), and 25% lower than in CSF (P<0.001). According to the authors opinion, the growth
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of TSC in malignant tumors reflects both changes in the volume of extracellular space, and in the
intracellular sodium concentration [Na'J;,. In the presence of malignant neoplasm, the activity of
Na'/K'-ATPase was decreased and the kinetics of Na'/H" exchangers was violated, what led to an
increase of [Na+]in. Neovascularization of the tumor and expansion of its interstitial space lead to
an increase in the volume of extracellular fluid and they are associated with the tumor ability to
proliferate.

In [52], the effectiveness of the “*Na MRI method consisted in the simultaneous application of
two data collection schemes, SQ and TQF — SISTINA, is shown. For the study, 3 patients with a
brain tumor and 6 healthy volunteers were selected. To carry out °Na MR measurements, a
protocol was compiled with parameters: FOV = 320x240x220 mm’, MTX = 32x24x22, TR = 100
ms, T = 6000 ps, & =40 us, TE = 0.26, 7.0, 16.2, 25.4, 34.6, 43.8 ms, BW = 13.44 kHz, 13500
projections, 120 Hz/pixel, NS = 36, RF pulse duration = 500 ps, TA = 24 min. ’Na MRI was
performed at 4 T field using **Na/'H birdcage RF coil. The authors also used PET with O-(2-
['*F]fluoroethyl)-L-tyrosine aminoacid as a tracer, and standard "H MRI (3 T) for comparison with
*Na MR images. SQ images showed an increase in SI in tumors, while TQF images showed a
decrease in SI. The latter indicates that Na" ions in the lesions are more mobile than in intact tissue.
The »*Na MRI results were consistent with the contrast changes in 'H MR images. PET images
showed high uptake of aminoacids in the tumor and presented sharp edges.

The authors of [53] aimed at monitoring the response to chemotherapy of mouse xenograft
tumors propagated from human prostate cancer cell lines. Na MRI was performed at 4.23 T using
small quadrature birdcage coil and inversion-recovery (IR) pulse sequence with parameters:
TR/TE = 100/5.6 ms, FOV =40 mm, ST = 2.5 mm, inversion time (TI1) = 25 ms, FA = 90°, MTX
= 64%x64x8. The inversion pulse suppresses signal from sodium with long 7 relaxation times,
weighting the image toward intracellular sodium nuclei. Comparing the weighted “*Na MR images
before and after 24 h after administration of antineoplastics, the authors measured a 36+4%
(P<0.001, n=16) increase in SI. This increase was explained by the increase of intracellular sodium
concentration. The authors also found the inverse correlation between tumor proliferation
reduction after drug administration and »Na MR image response on a tumor-to-tumor basis
(P<0.02, n=10).

The objective of work [54] was to investigate the relaxation-weighted “’Na MR signal (*NaR)
of brain lesions and the potential of a combined use of **Na spin-density weighted (*NaT) and
»NaR imaging for tumor characterization. 7 healthy subjects and 16 patients suffering from
singular supratentorial brain tumors (14 WHO grade I-IV and 2 metastases) were examined. *°Na
MR images were acquired at 7 T field using *’Na/'H quadrature birdcage coil. All *Na MRI

sequences used were based on the DA 3D RPR pulse sequence. Here we indicate some methods
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used in [54] with the corresponding acquisition parameters. ’NaT MR images with 2.5x2.5x2.5
mm’ spatial resolution were obtained using the following parameters: TR/TE = 25/0.5 ms, FA =
55°, readout time (Tro) = 20 ms, TA = 13 min 20 s. To further differentiate the **NaT signal, two
*NaR methods were applied. The 1* method used an IR preparation pulse to exploit 7;-differences
of Na’, the parameters were: TR = 185 ms, TI = 41 ms, TE = 0.6-0.8 ms, spatial resolution =
5.5x5.5%5.5 mm3, Tro = 10 ms, TA = 10 min. The 2™ method was based on *’Na multiecho
sequences to exploit differences in 7,  relaxation times, the parameters of fast sequence were: 2
echoes, TR/TEA/TEg =30/0.6/13 ms, FA = 68°, spatial resolution = 5x5x5 mm3, Tro=10ms, TA
= 2.5 min. NaT MRI showed increased signal intensities in 15 of 16 brain tumors before therapy.
*NaR MRI allowed further differentiation of the detected lesions: all glioblastomas demonstrated
higher »*NaR signal intensities relative to WHO grade I-III tumors. Moreover, unlike the “NaT,
the *’NaR signal correlated with the MIB-1 proliferation rate of tumor cells.

The aim of work [55] was to evaluate the ability of »*Na MRI in differentiation of brain tumors.
34 patients with glioma WHO grades I-IV were examined. *Na MRI was carried out at 7 T field
using **Na/'H quadrature birdcage coil with an inner coil diameter of 26 cm. To obtain *Na MR
images, two methods based on DA 3D RPR scheme were applied: spin-density weighted (**NaT)
and relaxation-weighted (*NaR). The acquisition parameters of **NaT approach were: TR/TE =
160/0.35 ms, Tro = 10 ms, spatial resolution = 3.0x3.0x3.0 mm’, TA ~ 10 min. **NaR approach
was realized with IR pulse sequence with parameters: TR/TE = 185/0.75 ms, TI = 41 ms, Tro =
185 ms, spatial resolution = 4.4x4.4x4 .4 mm3, TA = 10 min. The authors demonstrated that the
“NaR/®NaT ratio of a treatment-naive brain tumor is a significant predictor of
isocitratedehydrogenase (IDH) mutation status (P<0.001) and progression-free survival
(P<0.003). Furthermore, *Na MRI allows to classify tumors noninvasively. *NaR/>*NaT quantity
of contrast-enhancing tumor portions promotes differentiation among most glioma types
(P<0.001).

In [56], the combined use of two diagnostic modalities was presented. Two patients suffered
from glioblastoma multiforme (GBM) underwent dynamic ['*F]fluorothymidine (F-18 FLT) PET
and 3T 2Na MRI scans at baseline (before therapy), at an early time point after beginning therapy
(ETA — early therapy assessment) and at a late follow-up time point after therapy (LTA — late
therapy assessment). 2’Na MRI was performed with >*Na/'H dual-quadrature four-port birdcage
RF coil and TPI pulse sequence, each **Na image (Fig. 5) was acquired in 10 min. In patient 1, the
average tumor sodium concentration was 74 mM at ETA time point and 96 mM at LTA time point,
and the F-18 FLT tracer distribution volume (V4) was 0.80 and 0.99 at ETA and LTA time points,
respectively. In patient 2, the average tumor sodium concentration was 58 mM, 59 mM and 57

mM, and V4 was 0.63, 0.74 and 0.65 at baseline, ETA and LTA time points, respectively. The
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uptake of the PET tracer F-18 FLT is expected to correlate with cellular proliferative activity [56].
*Na MRI has a great potential for the study of brain neoplasms because the cell membrane
depolarization that precedes the large degree of cell division in the neoplastic tissue leads to an
increase in the intracellular sodium concentration and a concomitant rise in the total TSC [56]. The
authors showed that while both modalities independently revealed voxel-wise changes in tissue
status in course of time, which may be related to therapy, Na MRI and F-18 FLT PET may
provide complementary information regarding tumor progression and response.

The comparison study using 2Na MRI and *>CI MRI of brain tumors was performed by the
authors of [57]. *Na and **CI nuclei are similar in sense of their quadrupolar nature (I = 3/2). CI”
is the important ion involved in many physiological processes, such as the inhibition of muscular
and neuronal cells. It also takes part in cell volume regulation and cell migration in cancer. 7T
*Na MRI and *Cl MRI were conducted for one patient with GBM. The *Na/'H and *CI/'H
quadrature birdcage coils were used. *Na and *>Cl MR images were acquired using DA 3D RPR
technique with isotropic spatial resolution. Within the affected tissue, concentration-weighted ~’Na
and *>C1 MRI revealed increased signal intensities. However “’Na IR MRI and *°Cl IR MRI
showed different SI behavior: “Na IR SI decreased in the affected brain region, and *>C1 IR SI

was ~2 times higher than in normal brain tissue.

Breast

The possibility of using Na MRI in breast cancer was shown in [58]. 19 women with a
malignant breast tumor and 3 women with a benign tumor were examined. “Na MRI was
performed at 1.5 T field using the solenoidal **Na RF coil placed inside the 'H RF phase array coil
and the TPI pulse sequence with parameters: adiabatic excitation pulse, FA =90°, TR/TE = 100/0.4
ms, NS = 6, number of projections = 1240, TA = 12:24 min, isotropic spatial resolution = 6 mm
(voxel volume = 0.22 ml). Mean TSC in malignant tumors was greater (53+16 mM) than TSC in
benign tumors (26+5 mM) (P<0.0004). TSC in undamaged glandular tissue was approximately
equal to TSC in benign tumors and equals 34+13 mM.

The results of 2Na MRI of a mammary gland in a healthy woman are presented in [59]. The
measurements were carried out at 3 T field. To determine the TSC, the authors used the »Na
volume birdcage RF resonator and the **Na receiver surface RF coil. ’Na MR images were
obtained using the DA 3D RPR pulse sequence with parameters: TR/TE = 150/0.5 ms, FA = 60°,
TA =45 min. TSC in the breast tissue was 554+13 mM. Comparing this result with the TSC value
obtained in [58], one can see a significant difference in the concentrations obtained. This indicates
the need for further research to develop a more accurate method for determining TSC in breast

tissue, what will allow the differentiation between damaged and healthy tissue.
14



Lungs

In [60], multimodal diagnosis of lung cancer in humans using *’Na MRI, '"H MRI, CT and
['*F]fluorodeoxyglucose (F-18 FDG) PET-CT was performed. MR studies were performed at 3 T
field using the two-resonant “’Na/'H RF coil and the DA 3D RPR pulse sequence. 2’Na MRI of a
62-year-old man with an adenocarcinoma of the left upper lobe (Fig. 6), performed 1 day after the
fourth cycle of Carboplatin, Gemcitabin and Cetuximab therapy, showed a low intensity of the
**Na signal in the infero-lateral margin of the tumor (0.4x10%), i.e. low viability of this part of the
tumor, whereas a high SI (12.0x10%) was recorded in the viable part of the tumor. These results
were consistent with the results of F-18 FDG PET-CT (Maximum standardized uptake value
(SUVnax) = 43 in the viable tumor margin). In addition, the central tumor showed high **Na SI due
to extensive central necrosis that was confirmed by F-18 FDG PET-CT and also by homogeneous
hypodensity on the CT image with contrast enhancement. 2’Na MRI of a 50-year-old woman with
an adenocarcinoma of the right upper lobe, conducted before and 1 day after initiation of
combination therapy, revealed a heterogeneous SI of the tumor suggesting heterogeneous viability
of the tumor. Between the two exams the **Na SI of the tumor and the ratio of SI between the
tumor and the cerebrospinal fluid (CSF) slightly increased indicating early treatment effects within
the tumor. “*Na MRI of lungs in conjunction with "H MRI provides functional information on the
viability of the tumor before, during and after therapy. Early detection of ineffectiveness of therapy
by **Na MRI will allow to correct the treatment strategy. Based on the correlation with 'H MR,
CT and F-18 FDG PET-CT, the authors demonstrated the possibility of differentiation between
viable tumor tissue and necrosis by the 2Na MRI method. Detection of tumor heterogeneity and
identification of biologically active tumor regions plays an important clinical role in the planning
of intensity-modulated radiotherapy. The authors also showed that *Na MRI can visualize very

early functional changes of the tumor, induced by therapy.

Heart

In [61], TSC was determined in the heart of 20 patients with non-acute myocardial infarction.
The investigations were carried out at 1.5 T field using the square *Na surface RF coil and the 3D
TPI pulse sequence with parameters: TR = 100, 85 ms, TE = 0.4 ms, 1240 projections, isotropic
spatial resolution = 6 mm, voxel volume = 0.2 ml, TA = 12-20 min. The mean TSC in the
myocardial infarction zone (5910 umol/g wet weight) was 30% higher than in the intact regions
(left ventricle, 45+£5 umol/g wet weight, P<0.001). The growth of TSC did not correlate with the
time interval after the infarct, functional and morphological parameters of the heart.

In [62], *Na MRI of the heart of 3 healthy volunteers was performed. The study was conducted

at 7 T field using the array of *Na/'H RF coils. For the construction of *Na MR images, two
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protocols were used. Short-axis projections and four-chambered cardiac views were obtained using
the 3D FLASH method with parameters: TR/TE =28/1.91 ms, MTX = 64x48, voxel size = 5x5x15
mm3, NS =35, BW = 120 Hz/pixel, FA = 28°, TA = 6 minutes. The whole heart coverage »Na
data sets were collected using the DA 3D RPR pulse sequence with parameters: TR/TE = 11/0.4
ms, Tro = 7.1 ms, FA = 36°, 104 projections, NS = 10, voxel size = 6x6x6 mm’, TA ~ 18 min. 'H
MRI was performed using the 2D cine-FLASH method. To synchronize the collection of **Na and
'H data with the cardiac cycle, an acoustic gating device was used. The results of the application
of the 1% protocol were: SNR = 15+4 in the blood pool, SNR = 10+3 in the myocardium. The 2™
protocol gave the following SNR values: 38+4 in the blood pool, 25+4 in the myocardium. The
authors note that *Na MRI in the field of 7 T can be used in the assessment of sodium homeostasis
and myocardial viability, in the study of cardiac channelopathies, as well as hypertrophic

cardiomyopathy.

Abdomen
Kidneys

An excellent review about 2Na MRI of kidney is presented in [63]. Here we emphasize several
works.

In [64], mapping of sodium distribution in the human kidney and a quantitative assessment of
the corticomedullary gradient of sodium ions were carried out. The objects of the study were 6
volunteers. “Na MR images were obtained at 3 T field using the quadrature surface **Na RF coil.
The data was collected using the 3D GRE pulse sequence with the following parameters: FOV =
38x38x24 cm’, MTX = 128x128x16, TR/TE = 30/1.8 ms, NS = 24, TA = 25 min, tgg = 300 ps
(nonselective pulse), spatial resolution = 0.3x0.3x1.5 cm’. There was a linear increase of SNR in
the direction from the cortical layer of the kidney to the medullary substance with the average
slope of 1.6+£0.2 (relative units / mm), after what a decrease of SNR toward the renal pelvis was
noted. The 12-hour water deprivation led to an increase in the corticomedullary gradient by 25%
(P<0.05).

The authors of [65] performed 7T **Na MRI of the kidneys of 8 healthy volunteers. The
corticomedullary sodium gradient and transverse relaxation times (T, ) were measured. For
transmission and reception of the RF signal, the 6-channel array of coils tuned only to the *Na
frequency was used. ’Na MR images were obtained using the 3D gradient echo with variable TE
(VTE-GRE) pulse sequence with parameters: spatial resolution = 4x4x5 mm?®, FOV = 256x256
mm2, MTX = 64x64, number of slices =24, TE =4.19 ms, average TR =49 ms, BW =30 Hz/pixel,
average NS = 34, mean TA ~ 42 min. To build T, maps, the multi-echo 3D vTE-GRE sequence

with 10 different TE values (from 2.64 to 60.42 ms) was applied. The average SNR (in arb. units
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/ mm) grew along the gradient from the cortical layer of the kidneys (32.2+5.6) to the medullary
substance (85.7+16.0). The mean T, were different (P<0.001) for the cortical layer (17.9+0.8 ms)
and the medullary substance (20.6+1.0 ms).

In [66], a corticomedullary sodium gradient was determined in 4 patients with central diabetes
insipidus (CDI) before and after taking 20 pg of desmopressin (DDAVP). The study was
conducted at 3 T field using the 8-channel »*Na RF heart coil with 320x320 mm? coverage and the
DA 3D RPR pulse sequence with parameters: TR/TE = 120/0.55 ms, 8000 projections, spatial
resolution=5.0x5.0x5.0 mm’. The mean concentration [*Na] increased along the
corticomedullary gradient from the cortical layer of the kidney (38.0+6.3 mM before DDAVP,
30.7£3.5 mM after) to the medullary substance (71.6+£14.8 mM before DDAVP, 59.7£10.8 mM
after). The decrease of [*Na] on the average for the group of patients after the DDAVP
administration was 17.1+1.1%. Before the DDAVP administration, the urine concentration
mechanism seeks to compensate for the loss of diluted urine. The DDAVP administration increases
the reabsorption of water and sodium in the collecting ducts of the kidneys, eliminating the need
for the compensatory mechanism and possibly reducing renal [ Na] along the corticomedullary
gradient. Na MRI can detect this change (Fig. 7), show desmopressin-controlled water
reabsorption in collecting ducts and dilution of intracellular sodium.

The goal of [67] was to determine the effect of renal denervation on TSC in the kidney. The
subjects of the study were 2 patients with drug-resistant hypertension. >*Na MRI and '"H DW MRI
were performed 1 day before denervation and 1, 30 and 90 days after. Na MR images were
obtained at 3 T field using the array of *’Na/'H RF transceiver coils and the 3D DA RPR pulse
sequence. There were no statistically significant changes in the values of ADC in the kidneys and
corticomedullary **Na gradient after denervation. The authors conclude that TSC can’t be selected
as a reliable marker of the effectiveness of therapy. However, it is necessary to take into account

the small sample in this study.

Prostate

In [68], the TSC and ADC values in the prostate gland in 8 healthy volunteers were determined.
The study was carried out at 3 T field using the **Na RF transceiver heart coil with 320x320 mm®
coverage and the DA 3D RPR pulse sequence with parameters: TR/TE = 120/0.55 ms, FA = 85°,
8000 projections, TA = 16 min, spatial resolution = 5.0x5.0x5.0 mm’. The mean TSC in the central
part of the prostate gland was 55+15 mM, while in the peripheral part — 69416 mM. The correlation
was found between the TSC and ADC parameters (r = 0.87).

The result of the study [69] was the measurement of TSC in the prostate gland of 3 patients

with prostate cancer diagnosed by biopsy. >*Na MRI was performed at 3 T field using the volume
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quadrature transmitter RF birdcage resonator and the endorectal linear surface RF receiver coil.
To obtain *Na MR images, the 3D fast GRE pulse sequence was applied with parameters:
TR/TE=80/1.77 ms, rectangular excitation pulse, FOV = 14x14 cmz, FA = 85°, ST = 6 mm,
number of slices = 18, NS = 6, TA =4 min 37 s. The mean TSC in the central part of the prostate
gland was 60.2+5.7 mM, and in the peripheral part — 70.5+9.0 mM. Comparing these values with
the results of [68], we can see that they coincide within the error. Therefore, the differentiation

between healthy and damaged prostate tissue requires further study.

Uterus

In [70], *Na MRI and '"H DW MRI were performed to monitor the treatment of uterine
leiomyoma by the MRg-HIFUS method in 8 patients. Diagnostics was carried out at 1.5 T field
using the »*Na transceiver surface RF coil with 25x25 cm?® coverage. 2’Na MRI was carried out
using the 2D projection imaging pulse sequence. Parameters of the sequence: TR/TE = 100/0.2
ms, adiabatic excitation pulses of 400 ps duration, isotropic spatial resolution = 6 mm (voxel
volume = 0.2 ml), FOV isotropic =22 cm, MTX = 128x128, number of slices = 64, ST = 3.4 mm.
TSC and ADC were defined. TSC in healthy tissue of myometrium was equal to 35.8+2.1 mM, in
untreated leilomyomata — 28+5 mM. After treatment, TSC increased: 41.6+7.6 mM (P<0.05). ADC
after treatment of leiomyoma was (1.30+0.38)x 10 mm?/s, what was less (P<0.05) compared with
ADC in untreated leiomyoma (1.75+0.36)x10° mm?%s and in healthy tissue myometrium

(2.240.3)x10”° mm?s.

Skeletal muscles

Diabetes

In [71], the state of the muscles of 4 patients with diabetes and 7 healthy volunteers before and
after physical exertion on the muscle was assessed. “Na MRI was performed at 7 T field using the
quadrature *Na RF knee coil. Na MR images were obtained using the 3D radial GE pulse
sequence with parameters: TR/TE = 80/0.16 ms, BW = 130 Hz/pixel, NS = 10, 512 projections,
spatial resolution = 4x4x4 mm’, TA ~ 7 min. In the group of healthy volunteers (HV) and the
group of patients (PAT), the 2*Na SI was increased in soleus (8+4%, P = 0.028 for HV; 10£6%, P
= 0.034 for PAT) and gastrocnemius (13+8%, P = 0.028 for HV; 11+4%, P = 0.009 for PAT)
muscles immediately after physical exertion compared with resting parameters. In the tibial muscle
taken as a control, no statistically significant changes were detected (0.5+5%, P = 0.92 for HV; —
3.6 + 4%, P = 0.066 for PAT). 35 minutes after physical exertion, the **Na SI in the soleus and
gastrocnemius muscles decreased to the initial level. The level of the »Na signal in the tibial

muscle remained the same (2.4 + 5%, P = 0.46 for HV; =7 + 5%, P = 0.066 for PAT). According
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to the authors’ opinion, the increase of *Na SI in soleus and gastrocnemius muscles can be caused
by an increase of the total sodium content in the muscles or by changes of the 7, time values of
**Na nuclei. The authors believe that the absence of statistically significant changes in the tibial
muscle may be due to the activation of physiological mechanisms of maintaining the sodium
homeostasis after exercise. In addition, the recovery of the **Na signal after the load to the initial
level in the PAT group was slower than in the HV group, what may be associated with a decrease
of Na'-K'-pump activity and with a change of the tissue microvascular network in diabetic

patients.

Hypertension

In [72], the study of 57 people with hypertensive disease and 56 healthy volunteers (control
group) was conducted. 2Na MRI was performed at 3 T field using the »*Na transceiver birdcage
RF knee coil. ?Na MR images were obtained for the muscles and skin in the calf region using the
2D FLASH pulse sequence with parameters: TR/TE = 100/2.07 ms, FA = 90°, NS = 128, spatial
resolution = 3x3x30 mm®, TA = 13.7 min. "H MRI was performed to determine the tissue water
content. The authors note an increase of the Na" content in the muscle tissue in men with age,
whereas in women the Na" concentration in muscles did not change with age. There was no
increase of water content in muscle tissue in men with age, despite the significant accumulation of
Na', what indicates an increase of the anhydrous sodium concentration. In men with resistant
hypertension, there was an increase of the Na" concentration in the muscle tissue compared with
the control group. Furthermore, patients treated with spironolactone showed a decrease in muscle

Na' concentration and a trend towards lowering blood pressure.

Muscular channelopathies

In [73], ®Na MRI of the calf muscles in 6 patients with hypokalemic periodic paralysis
(hypoPP), 5 patients with congenital paraomyotonia (CP) and 5 healthy volunteers was performed.
**Na MR images were obtained at 3 T field using the **Na/'H birdcage RF coil. Data were collected
by 3 methods based on the DA 3D RPR pulse sequence. The following parameters were used for
the T} -weighted 2Na MRI (*Na-T}): TR/TE = 6/0.25 ms, FA = 40°, voxel size = 5x5x5 mm’,
14000 projections, NS =4, TA = 5 min 36 s. To suppress the signal from free Na” ions, the **Na-
IR MRI method was used with parameters: TR/TE/TI = 124/0.3/34 ms, voxel size = 6x6x6 mm”,
5000 projections, TA = 10 min 20 s. The relaxation weighting was minimized by applying a short
TE (0.2 ms) and a long TR (100 ms) for local TSC measurement. In this case (*Na-TSC MRI),
the following parameters were used: FA = 90°, 5000 projections, voxel size = 5x5x5 mm’, TA =

8 min 20 s. TSC at rest was 24+2 mM in healthy volunteers, 27+3 mM in patients with CP and
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33+5 mM in patients with hypoPP. The authors note an increase in the **Na-IR SI, a decrease in
muscle strength, a trend towards the increase of the **Na-7} (P = 0.07) and **Na-TSC (P = 0.07)
signal intensities after cooling and exercise in patients with CP, whilst statistically significant
changes in the signals obtained with "H-75-STIR MRI weren’t revealed. In the groups of patients
with hypoPP and healthy volunteers, no changes were observed in »*Na-T; and **Na-TSC signals
after cooling and loading, while the growth of **Na-IR signal (more than 15%) and severe muscle
edema was detected in 2 patients with hypoPP.

The work [74] is devoted to the study of hyperkalemic periodic paralysis (hyperPP) in terms of
processes involving Na” ions. The sample consisted of 12 patients and 12 healthy volunteers, with
6 patients having permanent muscle weakness, and 6 others with episodic weakness. 2’Na MRI
was performed at 3 T field using the *’Na/'H birdcage RF coil. The **Na protocol included 3
methods: 23Na-TSC, PNa-T | and 2*Na-IR MRI. The parameters for each method were chosen to
be the same as in [73]. At rest, the *’Na-IR signal from the calf muscles was higher in patients with
constant muscle weakness (0.83+0.04) than in patients with episodic weakness (0.67+0.05,
P=0.002) and healthy volunteers (0.50+0.06, P<0.005). After cooling and physical exertion, there
was a “Na-IR signal increase both in patients with constant weakness (from 0.83+0.04 to
0.93+0.08, P<0.005) and in patients with episodic weakness (0.68 = 0.06 to 0.77 + 0.06, P <0.05).
In the group of healthy volunteers, “Na-IR signal did not change, muscle weakness did not arise.
The *Na-T| signal in patients with constant weakness before and after cooling and loading was
0.89+0.07 and 0.87+0.04, respectively (P>0.99), in patients with episodic weakness — 0.72+0.10
and 0.76+0.11 (P<0.05). In the group of healthy volunteers, >*Na-T} signal (0.55 + 0.07 before and
after cooling and load) was less than in patients (P<0.005). TSC in patients with constant weakness
(40.743.9 umol/g) was higher than in patients with episodic weakness (31.3+4.9 umol/g, P=0.004)
and healthy volunteers (24.34+3.4 umol/g, P<0.005). The effectiveness of therapy was monitored
for 4 patients. Acetazolamide was used for the treatment. The authors note a decrease of muscle
swelling during treatment and an increase of muscle strength. Moreover, the “*Na-IR MRI method
showed a decrease in SI: 0.85+0.04 before therapy, 0.64+0.11 after therapy.

The objective of the study [75] was to determine whether altered Na™ and CI~ homeostasis
inherent in the diseases such as hypoPP and Andersen-Tawil syndrome (ATS) can be visualized
by means of 7T *Na and *>Cl MRI. 13 patients with hypoPP were divided in 2 groups: 5 patients
with the severe phenotype Cavl.1-R1239H mutation, and 8 patients with the mild phenotype
Cav1.1-R528H mutation. 3 patients suffered from ATS. Control group consisted of 16 healthy
volunteers. 2Na and *>CI MR images of soleus muscle were obtained using >*Na/*Cl birdcage coil
and DA 3D RPR pulse sequence. The acquisition parameters for “Na MRI were as follows: TR/TE

=160/0.35 ms, FA =90°, spatial resolution = 4x4x4 mm3, TA = 10 min 40 s. The parameters for
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33C1 MRI: TR/TE = 40/0.6 ms, FA =90°, spatial resolution = 12x12x12 mm3, TA =16 min 40 s.
3T 'H MR images were used as a reference. The muscular TSC was higher in patients with Cav1.1-
R1239H (35.3+£9.2 mM, P<0.001), Cav1.1-R528H (33.0+3.9 mM, P<0.001) mutations and ATS
(24.3+0.8 mM, P = 0.035) than in controls (19.9£1.9 mM). The muscular *>CI SI was higher in
patients with Cavl.1-R1239H (25.3+8.5 mM, P<0.001) and Cavl.1-R528H (22.9+3.6 mM,
P<0.001) than in controls (12.2+1.6 mM) but was not higher in patients with ATS (14.3+1.9, P =
0.517). When compared with controls, patients with Cav1.1-R1239H and Cav1.1-R528H showed
increased muscular edema (P<0.001 and P = 0.003, respectively) and muscle fat fraction (P<0.001
and P =0.017, respectively). The study demonstrated that the changes of Na" and C1~ homeostasis
were most pronounced in the patients with Cav1.1-R1239H, with up to daily paralytic episodes.
The authors of [75] believe that 7T **Na and *>C1 MRI can be used to monitor myocellular ion
homeostasis in clinically feasible acquisition time and may help in testing for pathogenesis,

estimating prognosis, and monitoring treatment in periodic paralyses.

Myotonic dystrophy

In [76], 7 patients with myotonic dystrophy (MD) and 11 healthy volunteers were examined.
**Na MR spectra were measured for calf muscles at 1.91 T field using the **Na RF head coil and
the TQF method with parameters: 48-step phase cycle, 90°-pulse of 400 us duration, NS = 336,
line broadening = 10 Hz, TR =400 ms, the evolution time of the triple quantum transition t; = 0.5
ms. Total sodium levels were obtained by measuring the ratio of signals from the **Na nuclei and
water protons using the “Na/'H surface RF coil. The water signal was used as an internal
concentration standard in order to take into account the different sizes of the subjects’ legs. The
authors gave a range of values of Na'/H,O (0.5-1.3) and T» . (1.1-2.3 ms) for the group of
patients and mean values for healthy volunteers (Na+/H20 = 0.5+£0.05, T fast = 1.2£0.2 ms).
Parameters Na'/H,O and T ».fast 1N the group of patients correlated with the stage of the disease
(r*=0.88 and r’=0.77, respectively) and had a tendency to increase with progression of the disease.
Time 7>40w Was not sensitive to pathology, as it follows from the absence of a statistically
significant difference between groups of patients and healthy volunteers. The authors note that the
product of two independently measured parameters, Na'/H,O and T 2.fast, Showed the better
correlation with the stage of the disease (r* = 0.9). In addition, these parameters positively
correlated with each other (> = 0.75). In the opinion of the authors, the increase of Na'/H,0 and
T, e With increasing severity of the disease can be associated with both an expansion of the
extracellular fluid volume and an increase in the intracellular sodium concentration. Myotonic
dystrophy is characterized by infiltration of fatty and collagenous connective tissue. The latter is

an extracellular tissue with a high Na' content. The growth of 7% fa¢ can also be caused, according
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to the authors, by a decrease of the ordering in the system at the cellular level, caused by the

destruction of cell membranes.

Duchenne muscular dystrophy

In [77], 11 patients with Duchenne muscular dystrophy (DMD) and 16 healthy volunteers
(controls) were examined with 3T **Na and 'H MRI. The MR studies were performed on both
calves using *Na/'H birdcage coil. Tj-weighted turbo spin-echo (7;W TSE) and short-tau IR
(STIR) methods were applied for "H MRI. To obtain *Na MR images, two pulse sequences based
on the DA 3D RPR sequence were performed: spin-density weighted “Na MRI and “*Na IR-MRI.
The former one was applied with the following parameters: TR/TE = 100/0.3 ms, FA =90°, voxel
size = 5x5x5 mm’, TA=8 min 20 s. The parameters for >’Na IR-MRI were: TR/TE = 124/0.3 ms,
TI = 34 ms, voxel size = 6xX6x6 mm3, TA = 10 min 20 s. The normalized muscular >*Na SI as
assessed by the IR sequence was higher for patients with DMD than for controls (P<0.001). TSC
was measured to be 38.4+6.8 mM in patients with DMD and 25.4+2.1 mM in controls. Muscular
edema-like changes were detected in all patients with DMD, and the SI on STIR images was higher
in patients (14.834+3.57) compared with SI in controls (6.92+0.65, P<0.001). 7'W TSE images
yielded the increased level of muscular fat content in patients with DMD (0.49+0.09) relative to
controls (0.39+0.01, P<0.001). The authors of [77] state that the results obtained confirm the
assumption that Na" overload leads to muscle weakness and degeneration, similarly to patients
with hypoPP in whom both increased myoplasmic Na' concentration and muscular edema have
been observed by 'H STIR MRI and **Na MRI [78]. The authors also consider that the edema-like
changes in DMD patients may be caused by the intracellular Na" accumulation. The findings
analogous to ones presented in [77] were obtained in [79] where it was shown that both muscular
edema-like changes and Na" overload in patients with DMD persisted at follow-up. Summing up
the aforementioned regarding the DMD and hypoPP, it can be assumed that the muscle edema

might be mainly osmotic and intracellular.

Intervertebral disc

In [80], Na MRI of the spine in a healthy volunteer was performed. The diagnostics was
carried out at 4 T field using the transceiver **Na surface RF coil. ?Na MR images were obtained
using a modified 3D GRE pulse sequence with parameters: nonselective rectangular RF pulse of
400 ps duration, TR/TE = 30/1.1 ms, ST = 12 mm, MTX = 128x64%16, pixel size = 2.5%5.0 mm?,
NS =20, TA ~ 10 min. The **Na signal from CSF was used as an internal concentration standard,
with TSC in CSF set to 140 mM. After correction for effects from the surface coil, the TSC in the

intervertebral disc was determined to be 335 mM. Negatively charged glycosaminoglycans
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forming the intervertebral disc attract sodium ions. Therefore TSC in intervertebral discs is directly
proportional to the fixed charge density (FCD). Based on the value of TSC found, the FCD was
calculated to be 0.28 mEq/g.

The aim of the study [81] was to determine the **Na MR signal value in intervertebral discs
(IVD) at the level of the lumbar spine. The sample consisted of 55 healthy volunteers and 12
patients with low back pain. The correlation analysis was made for the »*Na signal value and the
Pfirrmann score [82]. *Na MR images were obtained at 3 T field using the 8-channel *’Na RF
heart coil and the DA 3D RPR pulse sequence with parameters: TR/TE = 120/0.55 ms, FA = 85°,
8000 projections, spatial resolution = 5x5x5 mm’, FOV = 320x320x320 mm’, TA = 16 min. In
the group of healthy volunteers, the average *Na signal was smaller (P<0.001) in IVD with scores
of 4 (0.89+0.20) and 5 (0.85+0.40) on the Pfirrmann scale than in IVD with scores of 1-3
(1.44+0.20, 1.40+£0.10, 1.32+0.10). In the group of patients, the **Na signal was less (P = 0.006)
in IVD with scores of 4 (1.00+£0.40) and 5 (0.8440.40) than in IVD with score of 2 (1.43+0.30).
Intergroup differences for »Na signal in IVD with the same scores on the Pfirrmann scale were
not found (0.47<P<0.97). In the group of healthy volunteers, the average ’Na signal in IVD in
women (1.46) was higher than in men (1.29), whereas the Pfirrmann scores on average did not
differ (2.30 and 2.24, P = 0.424). In the group of patients, there was no difference in the **Na signal
between men and women (1.28 in men, 1.20 in women, P = 0.464), but differences in Pfirrmann
scores (3.36 in men, 2.56 in women, P = 0.0002) were found. This study shows the possibility of
differentiation between non-degenerative (scores 1-3 on the Pfirrmann scale) and degenerative

(scores 4 and 5) changes in IVD.

Cartilage and tendon

An excellent review regarding **Na MRI of cartilage as a potential biomarker for the evaluation
of cartilage repair tissue quality and for the assessment of osteoarthritis is provided in [83]. Below
are some works demonstrating advances in 2’Na MRI of cartilage and tendon.

The results of Na MRI of cartilage in 6 healthy volunteers are presented in [84]. The studies
were carried out at 3 and 7 T fields using the transceiver quadrature birdcage “*Na RF knee coils.
Two methods of obtaining “Na MR images were used: “3D radial projection reconstruction” (3D
RPR) [85] and “IR wide-band uniform rate and smooth truncation” (IR WURST) [86]. The authors
used the following parameters for data acquisition: TE = 0.15 ms, FA = 90°, TR = 80 ms (for 3
T), TR =100 ms (7 T, 3D RPR), TR = 140 ms (7 T, IR WURST), TI =22 ms (3 T, IR WURST),
TI=24 ms (7T, IR WURST), TA = 17-25 min. As the areas of interest, the patella, femoral-tibial
medial, femoral-tibial lateral and medial posterior femoral condyles were selected. The following

TSC values were obtained: 171+21 mM (3 T, 3D RPR), 252429 mM (3 T, IR WURST), 177+17
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mM (7 T, 3D RPR), 278+41 mM (7 T, IR WURST). The 3D RPR method led to an
underestimation of TSC because of the partial volume effect that resulted from the absence of
synovial fluid suppression in this scheme.

The 3D RPR and IR WURST methods mentioned above were used in [87] in the study of
patients with osteoarthritis. The sample consisted of 28 patients and 19 healthy volunteers (control
group). The cartilage of the knee joint was chosen as an object of research. ’Na MRI was
performed at 7 T field using two RF coils. The first was a >*Na birdcage knee coil. The second was
a “Na/'H transceiver knee coil (4-channel 'H block and 8-channel **Na block). Six patients and
eight healthy volunteers were diagnosed with the first coil, the rest — with the second coil. The
following parameters were used for both pulse sequences: TE = 0.4 ms, FA = 90°, isotropic FOV
= 200 mm, isotropic spatial resolution = 3.3 mm, 104 projections. TR was taken 100 ms for 3D
RPR and 140 ms for IR WURST. The IR WURST method was additionally characterized by
parameters: the duration of the adiabatic (WURST) pulse = 10 ms, its amplitude = 240 Hz, T1 =
24 ms. The TSC values in the control group determined by the 3D RPR method were in the range
of 180-210 mM, and in the group of patients — in the range of 170—190 mM. The mean TSC values
were 192+42 mM for the control group and 174+46 mM for the group of patients. The IR WURST
method gave the following results: TSC = 220-270 mM for the control group, TSC = 170-200
mM for the group of patients. The mean values for this case are not given in the paper.

The study of changes in TSC in the cartilage tissue as a result of trauma was the problem in the
work [88]. The subjects of the study were 9 patients with patella dislocation. For the comparative
analysis, a control group of 9 healthy volunteers was recruited. **Na MRI was performed at 7 T
field using the 15-channel *Na RF transceiver RF knee coil. Morphological assessment of the
state of the knee cartilage was carried out using the '"H MRI method. **Na MR images (Fig. 8)
were obtained using the 3D GRE pulse sequence with the parameters: TR/TE =17.0/8.34 ms, FOV
= 190x190 mmz, 32 slices, MTX = 64x128, spatial resolution = 1.48x1.48%3.0 mm3, BW = 80
Hz/pixel, NS = 13, FA = 50°, TA ~ 32 min. The mean ~Na SNR for cartilage in the group of
patients (13.4£2.5) was less than in the control group (14.6+3.7), but no statistically significant
difference was found. The negative correlation was found between the age and the global *Na
SNR for cartilage in the medial facet of the diagnosed subjects (r=—0.512, P =0.03), and between
the ’Na SNR and the severity of cartilage lesion (r =—0.415, P<0.001). The detection of cartilage
tissue damage with »Na MRI will allow for timely surgical intervention that will prevent
complications from knee joint damage.

The paper [89] is devoted to the study of biochemical changes in cartilage tissue and tendons
in type 1 diabetes mellitus. The study involved 8 patients and 9 healthy volunteers (control group).

The methods of diagnosis were 7T 'H and “Na MRI with use of the 28-channel 'H and the 15-
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channel *Na RF knee coils. “Na MR images were obtained by the 3D vTE-GRE method with
parameters: TR/TE = 12/1.6 ms, FA = 50°, BW = 80 Hz/pixel, spatial resolution = 1.5x1.4x3 mm’,
40 slices, TA ~ 28 min. “Na 7, maps were also acquired using the double echo steady-state free
precession (DESS) technique [90] with parameters: TR/TE|/TE, = 8.46/4.23/12.69 ms, FOV =
140x140 mmz, MTX =320x%320, voxel size = 0.44x0.44x3.00 mm3, BW =211 Hz/pixel, 32 slices,
TA =2 min. In the group of patients, the **Na signal values were 76.47+15.94, 133.02+16.02 and
138.96+15.6 for the tendon of the patella, femoral cartilage of the medial and lateral condyle,
respectively, while in the control group — 61.19+£8.65, 156.40+18.23 and 172.6+£22.3, respectively.
The **Na signal values are indicated in arbitrary units. Comparative intergroup analysis gave
statistically significant differences: P = 0.025, 0.014 and 0.003 for the patellar tendon, femoral
cartilage medial and lateral condyle, respectively. No significantly different values were found in
*Na T» maps in the medial (P = 0.623) and in the lateral condyle (P = 0.499) in patients. On the
'H MR morphological images, cartilage in the non-weight-bearing area and the patellar tendon
was intact in all patients. The authors believe that the changes of the »*Na signal level detected in
the cartilage tissue and tendon in patients with type 1 diabetes mellitus are a consequence of a
change in the number of glycosaminoglycans caused by an increase in the production of final
glycation products.

In [91], the authors set the problem of comparing glycosaminoglycan chemical exchange
saturation transfer (gagCEST) imaging method [92] which enables sampling of the water signal as
a function of the presaturation offset (z-spectrum) at 13 points in clinically acceptable imaging
times, with Na MRI in 12 patients after cartilage repair surgery. The MR studies were
accomplished at 7 T field. The 28-channel knee coil and modified 3D GRE pulse sequence were
used for gagCEST MRI, the acquisition parameters were as follows: TR/TE = 7.3/3.2 ms,
FOV=146x180x84 mm’, voxel size =0.7x0.7x3 mm’, TA = 14 min 34 s. Na MRI was performed
with the circularly polarized knee coil and modified 3D GRE, the acquisition parameters were as
follows: TR/TE = 10/3.77 ms, FOV = 199x199x108 mm3, voxel size = 3.10%1.55%x3 mm’, TA =
30 min 45 s. The median of asymmetries in gagCEST z-spectra summed over all offsets from 0 to
1.3 ppm was 7.99% in native cartilage and 5.13% in repair tissue. Signal ratios from native
cartilage to repair tissue showed a strong correlation (r = 0.701; 95% confidence interval: 0.21,
0.91) between gagCEST and sodium values. The sodium SNR of native cartilage was higher
(SNR=16.65, P<0.001) compared with that in repair tissue (SNR=11.47).

Skin
The possibility of quantitative in vivo determination of sodium concentration in the skin using

the two-channel transceiver surface RF coil tuned to the Larmor frequency of sodium nuclei /=78.5
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MHz (7 T field) was demonstrated in [93]. 17 healthy volunteers participated in this study. The
»Na surface RF coil was placed inside the 'H birdcage RF coil, which was used to obtain
anatomical reference images. “°Na MRI was performed using the 2D GRE pulse sequence with
the following parameters: TR/TE = 135/2.27 ms, exciting gaussian pulse of 400 us duration,
FA=90°, BW = 280 Hz/pixel, FOV = 128x128 mm?, MTX = 142x142, voxel size = 0.9x0.9x30
mm3, NS =32, TA = 10 min. The content of sodium ions in the skin of a 25-year-old man was
41+2 mM, while in a 67-year-old male it was 1.4 times higher (573 mM). The linear relationship
was found between TSC in the skin and age (r = 0.78), with a slope of 0.34+0.07 mM/year.

In the work [72] considered above, the growth of TSC and tissue water in the skin with age
increase in both men and women was detected, the latter being lower. The authors also note an
increased value of TSC in the skin in women with resistant hypertension compared with the control
group.

The authors of [94] measured TSC in fibrous skin on the dorsal side of the forearm in 12 patients
with systemic sclerosis. The control group consisted of 21 healthy volunteers. Na MRI was
performed at 3 T field using the **Na volume RF coil and the 2D FLASH pulse sequence with
parameters: TR/TE = 100/2.07 ms, FA = 90°, NS = 128, spatial resolution = 3x3x30 mm®, TA =
13.7 min. Representative 2’Na MR images are shown in Fig. 9. The authors also determined the
tissue water content by the "H MRI method. TSC in the fibrotic skin of patients (27.2+5.6 mM)
was higher (P<0.01) than skin TSC in the control group (21.445.3 mM). There were no statistically
significant differences in the water content (0.19+0.06 for fibrous skin, 0.17+0.06 for healthy skin,
P = 0.36), what indicates that the increase of TSC in fibrous skin is not associated with edema
formation. To carry out the intragroup comparative analysis for the group of patients, the skin on
the dorsal side of the calf was selected as the control. The authors found out that the TSC (26.2+4.8
mM) in the injured skin in the forearm region was higher (P<0.01) than in the control area of the
skin (19.2+£3.4 mM). TSC in the non-fibrous skin of patients (19.2+3.4 mM) did not differ (P =
0.16) from TSC in the skin of healthy volunteers (17.4+£3.0 mM). Like in cartilage tissue,
glycosaminoglycans are bound to Na' ions. Therefore the registration of the elevated sodium
content indicates an increase in the number of glycosaminoglycans — extracellular matrix
molecules. In systemic sclerosis, fibroblasts secrete a large number of glycosaminoglycans which,

accumulating, can stimulate skin fibrosis.

Whole body screening
The authors of [95] conducted **Na whole body MRI for one healthy volunteer at 3 T field. To

acquire °Na MR images, the volume **Na quadrature birdcage RF resonator capable of operating
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both in the transceive mode and in the only transmit mode was used. In the latter case, the surface
**Na RF coil operating in the only receive mode was used to receive the RF signal. The DA 3D
RPR pulse sequence was applied with the following parameters: TR/TE = 49/0.5 ms, isotropic
spatial resolution = 6 mm, rectangular excitation pulse of 1 ms duration, FA = 60°, BW = 60
Hz/pixel, TA = 10 min. Scanning was carried out for 5 segments of the human body: head and
shoulders, upper abdomen, lower abdomen, knees and hips, lower legs and feet. The SNR maps
of the data of 5 segments in the axial, coronal and sagittal planes were constructed. The composite
image of the whole human body was built. The possible applications of **Na whole body MR
imaging include, for example, the detection and evaluation of malignancy of cancer with

metastases, as well as monitoring the response to chemotherapy.

Discussion

*Na nucleus is the 2" most abundant NMR-active nucleus in living organism after hydrogen
and it plays vital role in maintaining homeostasis. The visualization of sodium-dependent
processes in a body can be realized with 2Na MRI that is a diagnostic tool being developed for
several decades and having a great potential in providing additional biochemical information.
Numerous preclinical and clinical research MR experiments demonstrated the ability of **Na MRI
to recognize physiological changes occurring in different organs and tissues under different
pathological states. Reviewing the advances of “Na MRI nowadays, we can suppose that *Na
MRI studies of brain, kidneys, skeletal muscles, cartilage, tendon, skin and lungs might become
the routine clinical procedures in near future. The value of *Na MRI for the diagnostics of breast,
uterus and prostate tumors, and also heart diseases should be further investigated since, as we
think, no reliable sodium measurements can be provided in these localizations at the moment.

Although, due to low NMR sensitivity and small in vivo concentrations of sodium nuclei, ~*Na
MR images are of considerably lower SNR and quality relative to '"H MR images, the hardware
and software level reached to date allows to acquire *’Na images with resolutions and SNR
potentially suitable for performing the accurate quantitative analysis. Several quantitative
measures can be derived in vivo and non-invasively from **Na MRI such as total tissue sodium
concentration (TSC), intra- and extracellular sodium concentrations, >’Na T} relaxation time, short
and long **Na 7 relaxation times, and also fixed charge density (FCD) and glycosaminoglycan
(GAG) content. These parameters may suggest tissue state even at the early stage of disease and
may serve as biomarkers of therapy induced functional changes in tissues.

**Na MRI should be considered as a tool being performed in conjunction with other modalities
such as "H MRIL CT and PET. These techniques used in combination provide a comprehensive

data set with potentially more power to diagnose different diseases than any single measure alone.
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Taking into account the progress in MRI achieved through the increase of main magnetic fields
of MR scanners, the development of highly SNR-efficient UTE pulse sequences adapted for
sodium imaging, improvements in gradient systems and in **Na RF coils, we believe that sodium

imaging will be a key component of medical diagnostics in near future.

Conclusion

Sodium MRI is a quantitative in vivo method allowing to estimate cell integrity and tissue
viability. Examples of clinical research application include cerebral stroke, brain and breast
tumors, cardiac infarction, Alzheimer’s disease, multiple sclerosis, hypertension, osteoarthritis,
renal diseases. The use of **Na MRI in conjunction with other modalities such as '"H MRI, CT and
PET will improve the quality of diagnosis, therapy efficiency monitoring and prognosis of

treatment outcomes.
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Fig. 1 The charge distribution of nuclei with different spins and quadrupole moments

Fig. 2 The energy level diagram for a nucleus with spin 3/2 [10]

Fig. 3 The spectral density function for different 7. [10]

Fig. 4 Three types of spectra occuring for nuclei with 3/2 spin: (a) 7. << 1/w,, one resonance peak; (b) 7. = 1/w,, two
superimposed resonance peaks; (¢) 7. >> 1/w,, three different resonance peaks. The numbers reflect the relative areas
of the resonance peaks [10]

Fig. 5 MRI and PET images from a patient 1 with deep right-sided posterior frontoparietal glioblastoma multiforme
(GBM). (A) 'H anatomical MR image (MPRAGE); (B) contrast-enhanced "H 7, MRI; (C) 'H FLAIR MRI; (D) **Na
MRI; (E) F-18 FLT PET tracer distribution volume derived from a 68-min dynamic PET series; (F) an F-18 FLT PET
image acquired over the period from 0 to 2 min post tracer injection (normalized to average activity in the carotid
artery) showing early tracer wash-in. Reproduced with permission from Ref. [56]

Fig. 6 MRI, CT and PET images from a patient with an adenocarcinoma of the left upper lung lobe. Contrast-enhanced
CT (A) shows central necrosis (asterisk). On F-18 FDG PET-CT ((B) fused PET-CT, (C) PET)), the viable tumor
shows strong FDG accumulation (SUV,.x = 43), while the necrotic tumor shows no FDG accumulation. Also the
infero-lateral margin of the tumor shows no FDG accumulation (arrow), which demonstrates that this part of the tumor
is less viable. Similarly, Na MRI ((D) T, weighted '"H GRE MRI, (E) fused *Na MRI, (F) **Na MRI) indicates that
the infero-lateral margin of the tumor is less viable and has a low SI, while the viable tumor margin has a high SI. In
addition, the central tumor necrosis also has high signal intensity. Reproduced with permission from Ref. [60]

Fig. 7 Color-encoded **Na-distribution maps of the left kidney in a patient with central diabetes insipidus before (A)
and after (B) intranasal administration of 20 pg desmopressin (DDAVP). Reproduced with permission from Ref. [66]
Fig. 8 Axial 2D proton-density weighted TSE fat-suppressed MR image (/eft) from a patient with patella dislocation
and corresponding sodium MR image (right). The yellow arrows mark cartilage defects on the lateral facet near the
intermediary zone of the patella. The orange borders symbolize the ROI analysis for the medial intermediary and
lateral facet. Reproduced with permission from Ref. [88]

Fig. 9 *Na and "H MR images of healthy (/eff) and fibrotic skin (right). Calibration tubes (40, 30, 20 and 10 mM) are

placed below the forearm. The arrows indicate the site of measurement. Reproduced with permission from Ref. [94]
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