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23N a-MRI as a Noninvasive Biomarker for
Cancer Diagnosis and Prognosis

Linda Osei Poku, © M. Phil,"?3 Yongna Cheng, MBBS, "3 Kai Wang, MD, PhD,"?** and

Xilin Sun, MD, PhD"%3*

The influx of sodium (Na*) ions into a resting cell is regulated by Na* channels and by Na*/H* and Na*/Ca?* exchangers,
whereas Na™ ion efflux is mediated by the activity of Na*/K*-ATPase to maintain a high transmembrane Na* ion gradient.
Dysfunction of this system leads to changes in the intracellular sodium concentration that promotes cancer metastasis by
mediating invasion and migration. In addition, the accumulation of extracellular Na* ions in cancer due to inflammation
contributes to tumor immunogenicity. Thus, alterations in the Na* ion concentration may potentially be used as a bio-
marker for malignant tumor diagnosis and prognosis. However, current limitations in detection technology and a comflex
tumor microenvironment present significant challenges for the in vivo assessment of Na* concentration in tumor. *Na-
magnetic resonance imaging (**Na-MR) offers a unique opportunity to study the effects of Na* ion concentration changes
in cancer. Although challenged by a low signal-to-noise ratio, the development of ultrahigh magnetic field scanners and
specialized sodium acquisition sequences has significantly advanced *Na-MRI. 2*Na-MRI provides biochemical information
that reflects cell viability, structural integrity, and energy metabolism, and has been shown to reveal rapid treatment
response at the molecular level before morphological changes occur. Here we review the basis of 2Na-MRI technology
and discuss its potential as a direct noninvasive in vivo diagnostic and prognostic biomarker for cancer therapy, particularly
in cancer immunotherapy. We propose that 2Na-MRI is a promising method with a wide range of applications in the
tumor immuno-microenvironment research field and in cancer immunotherapy monitoring.
Level of Evidence: 2
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2021;53:995-1014.

LTERATIONS IN CELL MEMBRANE INTEGRITY

cause dysfunction of transmembrane proteins involved in
sodium (Na") ion transport, which includes the sodium/potas-
sium adenosine triphosphatase (Na*/K'-ATPase), sodium/
hydrogen exchanger 1 (NHE1), sodium/calcium exchanger
(NCX), and sodium channels. The expression and function of
these transmembrane proteins are altered in several tumor
types, resulting in intracellular sodium concentration (ISC)
changes.™®

Recently, it has been demonstrated that increased ISC
promotes cellular behaviors such as invasion, migration, and
endocytosis involved in metastasis,>>> 1! (Table 1). For
instance, upregulation of voltage-gated sodium channel

(VGSC) expression, often observed in malignant cells, is asso-
ciated with an increase in inward, and reduction in outward,
sodium currents,'' showing that Na*/K*-ATPase activity, and
therefore cell integrity, are compromised. VGSC has therefore
been suggested to be partially opened in metastasized cells,'"
resulting in a constant influx of Na" ions that disrupts the
transmembrane Na" ion gradient and signaling pathways
downstream (Table 1). Hence, significant research efforts
have been invested in investigating the possibility of using
Na" ion transporters as anti-metastatic targetslz_14 (Table 1).

In normal tissues, the ISC is ~10-15 mM, with a cell
volume fraction (CVF) of 0.8 and is regulated by the Na/
K-ATPase, sodium channels, and exchangers. On the other
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hand,
~140-150 mM, occupies an extracellular volume fraction
(EVF) of 0.2, and is maintained by the blood pool and kid-

ney.15 Tissue sodium concentration (T'SC) describes the dis-
15,

the extracellular sodium concentration (ESC) is

tribution of Na* ions in tissues and is calculated as follows

TSC=ISC*CVF + ESC*EVF (1)

Increased TSC may result from compromised cell integ-
rity (higher ISC) or from an increased interstitial space (EVF)
due to tumor revascularization, necrosis, and/or apoptosis.'®
Inflammation, which plays an essential role in tumorigenesis,
increases with ESC and hence osmolarity. Consequently, ele-
vated osmotic stress due to inflammation promotes revascu-
larization through the activation of macrophages, which
secrete VEGF-C to stimulate angiogenesis, resulting in
increased EVF.'® Increased ESC has also been demonstrated
half-life

proinflammatory cytokine secretion, including interleukins

to prolong macrophage and also promote
and tumor necrotic factor-alpha.'” Again, in an increased
ESC environment, there is also a potential reduction of anti-
gen presentation capacity due to the possible induction of the
peripheral macrophages to activate the anti-inflammatory M2
phenotype with poor phagocytic efficiency,'® suspected to
promote tumor progression and tumor immune escape.

Nevertheless, given the limitations of the current tech-
nology, the assessment of in vivo and ex vivo Na* ion concen-
trations in the tumor microenvironment remains challenging.
ex vivo quantification of intracellular Na" ions is usually per-
formed using small-molecule fluorescence probes with high
selectivity and affinity for Na* ions over other ions, especially
K*'*?° However, the loading of these probes into live cells is
difficult due to their bulky nature. Moreover, as they require
short excitation wavelengths, which have very short penetra-
tion depth and high cellular autofluorescence, the application
of Na'-specific fluorescence probes in tissue imaging is lim-
ited.?® Thus, although small-molecule fluorescence probes are
used extensively in real-time imaging, they are unsuitable for
detecting changes in Na" ion concentration in the complex
tumor microenvironment, particularly during therapy, due to
its limitations in intact tissue imaging.

Alternatively, **Na-MRI offers a unique opportunity
for accurately assessing in vivo the temporal and spatial
dynamics of Na" ions in tumors. This imaging technique
complements proton magnetic resonance imaging ('H-MRI)
by providing direct quantitative biochemical information and
enabling rapid in vivo visualization of the distribution of Na*
ion concentrations in tissues. Moreover, the limitations of
**Na-MRI, such as low signal-to-noise ratio (SNR), poor spa-
tial resolution, and long acquisition time, have been circum-
vented to a large extent by the development of ultrahigh
field double-tuned

(RF) coils, specialized acquisition sequences, and improved

magnetic scanners, radiofrequency
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software. These technical advances have allowed the genera-
tion of quantitative parameters (ISC, TSC, and EVF)
(Table 2) that provide information essential for pathological
diagnosis and prognosis.21 In this review, we provide insights
into the basis of *?Na-MRI and discuss its potential as a direct
noninvasive in vivo diagnostic and prognostic imaging bio-

marker for cancer therapy, as presented graphically in (Fig. 1).

Basis of 2>Na-MRI Techniques

The *’Na isotope has a quadrupole nucleus (spin 3/2), a
gyromagnetic ~26.4%, receptivity  of
9.25 X 1072 relative to 'H, and its MR signal strength in
biological tissues is comparable to that of 'H. The *’Na

ratio of and

nucleus undergoes a Zeeman effect in the presence of a static
magnetic field, producing four energy states with a total angu-
lar momentum of j = 3/2; j = 1/2, and three possible transi-
tions between these energy states. The central transition (1/2
e —1/2) comprises about 40% of the *’Na signal, whereas
the two outer satellite transitions (3/2 < —1/2, —1/2 <
—3/2) each contain 30% of the signal. These transitions
decay rapidly due to the interaction between the electric
quadrupole moment of the *’Na nucleus and the surrounding
electric field gradient and macromolecules, resulting in
biexponential transverse relaxations with short relaxation
times.”” Signal loss due to these short relaxation times
(Taiong = 14-30 msec and Tighor = 0.5-5 msec T = 10-40
msec) and to the low in vivo sodium ion concentration have
direct consequences on SNR, resolution, and quantitative
#’Na-MRI accuracy.”> However, these limitations can be
controlled by using optimized imaging sequences, such as the
ultrashort echo time (UTE) sequence. UTE sequences are
non-Cartesian 4-space (the spatial frequency domain in which
the MR image data are acquired and stored) sampling
methods, which exclude the phase-encoding step required
in the conventional Cartesian sampling method, permitting
the acquisition of data immediately after the application of
the RF pulse.24 Thus, it reduces the echo time, allowing the
acquisition of most of the signal due to the T, short relaxa-
tion time, thereby increasing the SNR. The acquired image
data are mostly reconstructed using the gridding algorithm,
which first performs sampling density compensation before
the Inverse Fourier Transform.>* Another promising recon-
struction technique, which is currently under study and yet
to be adopted for clinical applications, is the sparse image
reconstruction, which includes the compressed-sensing recon-
struction.”>?® Tt is based on the notion that the MR image
data can be compressed, since it contains some redundant
information. Therefore, when the undersampling is per-
formed in a way to capture the essential image information,
the speed of image data acquisition and spatial resolution can
be increased significantly.”” Examples of UTE sequences
include the 3D radial projection sequence,”® which is the

Volume 53, No. 4
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Field

TABLE 2. Continued

Reference

strength (T) Acquisition sequence

Mean TSC (mM) Mean ISC (mM)

Therapy Sample size

Tissue

Transition zone:11.7

Transition zone:32.9

Tumor:46.6

Normal

81

3D-Cones

3.0T

Patients

Prostate cancer

Peripheral zone: 39.2

Transition zone:33.9

31

3D-Cones (TSC) inversion

3.0T

Tumor: 30.8 + 9.2

Tumor: 56.8 £+ 19.1 Skeletal

Patients

High grade

recovery (ISC)

Skeletal

muscle:33.2 + 16.3

N =12

serous

ovarian

muscle:20.5 £ 9.9

cancer

(HGSOC)

April 2021
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conventional k-space sampling method for UTE. However,
more advanced UTE sequences such as density adapted radial
sequence,29 twisted projection imaging,3 % 3D cones,”"** and
FLORET?*** result in an increased SNR and reduced blur-
ring. Minimizing the readout bandwidth (5000 Hz) within a
limit that T, short decays slower than the dephasing induced
by the readout gradient over a voxel further improves SNR
and reduces blurring.”’

Additionally, current static magnets with ultrahigh mag-
netic field (UHF) strength (=3T) have greatly improved sensi-
tivity, specificity, and image resolution for **Na-MRI.*®
These achievements have been attained due to the linear rela-
tionship between SNR and By,

Moreover, the increased strength and performance of gra-
dient coils to meet the demand of UHF MRI have also con-
tributed to a faster acquisition speed.”” Notably, this reduction
in acquisition time makes **Na-MRI particularly attractive for
clinical applications.

Quantitative 2>Na-MRI

To ensure accurate quantitative ’Na-MRI, parameters that
influence the sodium signal intensity should be computed
and corrected. Such parameters include but are not limited to
the partial volume effect (PVE), static magnetic field (By),
and RF field (B;) inhomogeneity corrections. An overview of
the evaluation and correction methods of these parameters is
presented in the following subsections.

Partial Volume Effect and Correction

In biological tissues, *’Na-MRI is limited by lower SNR and
poor spatial resolution compared to "H-MRI. This is due to
its low concentration in biological tissues (C = 2000 times
lower than '"H), nuclear spin quantum number (/=2), and
gyromagnetic ratio (y = 70.761 X 10%rad. S71. T7Y), which
can be related as:

SxC.U(l+1)y° (2)

based on Eq. (2) it can be implied that the reduced sen-
sitivity of the *’Na nuclei in tissue is partly due to its rela-
tively low gyromagnetic ratio and concentration, which is not
entirely compensated for by the 3/2 quadrupolar nucleus.
Hence, the relative signal of the 23Na nucleus is in the range
of 1074 t0 1072, depending on its concentration in the organ
or tissue of interest.”® As a result, large voxel volume is often
required during imaging to achieve a desirable SNR. How-
ever, this results in poor resolution and consequently partial
volume effects (PVEs). In brief, full-width at half maximum
(FWHM) of the point spread function (PSF) is a property of
the image acquisition sequence. The pulse sequence that per-
mits the use of UTE is encouraged for 23Na-MRI due to its
short relaxation times. These pulse sequences, which employ

1001
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Sodium Images
3 i
P F &
. "' .

1st cycle (7 days)

Baseline Before Surgery

FIGURE 1: 2Na-MRI as an imaging biomarker in cancer. The intracellular accumulation of sodium promotes metastasis through the
upregulation (1) of the voltage-gated sodium channels (VGSC) and sodium hydrogen exchanger 1 (NHE1) as shown in the breast
lesion and its projected tumor cell (a,b). Where b presents the pathways controlling VGSC upregulation (11) through receptors such
as EGFR via PI3K or VEGFR via P38MAPK resulting in the influx of Na* ions. Other pathways also control transcriptional activities,
where the upregulated VGSC induce alterations in invasion related gene expression through PKA/ERK activities with positive
feedback and/or through MACC1 mediated upregulation of NHE1. Na/K ATPase is indicated to be downregulated (] |) in cancer
cells, which results in its inability to pump out the accumulated intracellular Na* ions. The application of UTE 2*Na-MRI (c) generates
sodium images, with the arrows pointing to the tumor location (d).%® These images enable the visualization of the spatial and
temporal dynamics of in vivo sodium that characterize lesions by reflecting cell viability, tumor cellularity, metabolism, ion

homeostasis, and treatment response.

have large FWHM of the
corresponding PSF  relative to the Cartesian sampling

a non-Cartesian readout,
methods. Also, the broadening of the PSF is encountered due
to the short T, relaxation and the use of reconstruction filters.
The combination of these factors leads to PVEs that affect
the accuracy of quantitative *?Na-MRI, especially in small
volumes and structures.”” The partial volume correction
(PVC) algorithm for geometric transfer matrix (GTM)* used
for PVC in positron emission tomography (PET) data per-
formed very well upon its application in quantitative 2Na-
MRI (Fig. 2), and hence can be adopted for such purposes in
**Na-MRI. However, this PVC method requires high-
resolution anatomical data for optimal Performance.39 Since
the use of poor anatomical data leads to inaccurate registra-

tion and segmentation, resulting in a not fully corrected PVE.

B, and By, Field Inhomogeneities Correction

The B; field distribution at the sodium frequency can be
mapped using the double angle method (DAM) or the phase-
sensitive method (PSM). DAM is the most commonly used

1002

method for B; correction, where two sodium images (I; and
I,) are acquired with flip angles I = o = 45° and I, = 20t = 90°
from a large phantom that fills the whole RF coil volume and
contains a known standard sodium concentration.*!> The
actual flip angle (@) can be evaluated as:

Iy,
Xyctual = “05_1 2]21((; (3)

B; correction is then achieved by multiplying the 2Na
signal intensity by the correction factor fz;;

-1
fBl = (Sil’l (FA aactual) -aaftwd) (4)

a

where FA is the flip angle at which the TSC image of interest
was acquired. However, under low SNR conditions, as
observed in *°Na imaging, PSM has been demonstrated to
have better performance compared to DAM over a wide
range of flip zmgles43 (Fig. 3). This B; mapping technique is
based on the phase difference of two images acquired with

Volume 53, No. 4
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RSF.III

FIGURE 2: Anatomical information (a) coregistered to quantitative sodium image (b) normalized by means of the external calibration
cushion (nominal spatial resolution: (3 mm?3), 3600 projections, TR = 200 msec, TE = 0.35 msec; a Hamming-filter was used to reduce
Gibbs ringing artifacts and to gain SNR (reduced shown FOV of 220 x 220 x 220 mm?3). MPRAGE (a) and a CISS sequence were
acquired to derive tissue masks. Segmentation was performed using the FSL toolkit (Jenkinson and Smith, 2001). The cerebrospinal
fluid (CSF) volume was divided into two separate compartments to enable an intrinsic correction control of the performed PVC.
Example slices of used 3D-segmentation masks used in the correction algorithm: (Seg.l) of outer CSF, (Seg.VI) inner CSF volume,
(Seg.ll) gray matter, and (Seg.ll) white matter. Corresponding region spread function (RSFs) for the single compartments (RSF.I-RSF.
IV). The calculated broadening of the single compartments is in good agreement with the observed blurring in the measured sodium

image. Reproduced from Ref. 39 with permission from Elsevier, Neuroimage.

flip angle 2a along the x-axis, followed by a flip angle a along
the y-axis. The actual flip angle (@) can be evaluated as:

_1( 2cosax
Qgerual = 2tan ' ( ) (5)

cos2a

Considering By shimming, the low gyromagnetic ratio
of the **Na nucleus reduces spin dephasing that results in
lesser off-resonance artifacts. However, these artifacts still
influence image quality at UHF strength. Hence, By shim-
ming is performed through the "H-based signa.l.44 By correc-
tion can be computed from two sodium images acquired with
echo time values TE; and TE, using a Na-UTE
sequence.”> The off-resonance (Aw) map is then generated
from the phase difference (), — () of the sodium images as:

(02-01)
A= T8, - TEy) ©)

After the evaluation and correction of PVE, B; and B,
inhomogeneities, then the corrected 23Na signal intensity is
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converted into concentration using calibration reference solu-
tions containing sodium ions of known standard concentrations
(within the expected tissue range) placed in the field of view
(FOV).*! A calibration equation is then obtained from a linear
fitting of signal intensities and their known concentrations.

In Vivo Quantification of Intracellular Sodium

Although a conventional UTE *’Na-MRI sequence only per-
mits the acquisition of TSC signals,*' direct acquisition and
quantification of the ISC signal can be achieved based on the
resonance frequency shift of extracellular Na" ions, and uti-
lizes membrane-impermeable paramagnetic frequency shift
reagents. The negatively charged shift reagents form ion pair
complexes with extracellular Na" ions, thereby changing its
resonance frequency. However, these shift reagents are limited
to animal experiments due to their high toxicity and occa-
sional inability to produce resolved resonance.**’

Instead, an inversion recovery (IR) sequence generates
ISC signals based on the T relaxation of Na* jons. In intra-
and extracellular matrix isolation, the sodium T, relaxation
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FIGURE 3: Proton three-point Dixon water (a) and fat (b) image of the breast of a healthy volunteer. The corresponding sodium
magnitude image is shown in (c), showing a good correlation with breast anatomy (high sodium concentration in fibroglandular
tissue and lower concentration in fatty tissue). A 3D sodium B; map using the phase-sensitive method is shown in (d). The phase-
sensitive method yields a high-quality B; map in vivo despite low sodium image SNR. Representative figure reproduced from Ref.
43, with permission from John Wiley & Sons, Magnetic Resonance in Medicine.

time in the denser intracellular matrix is significantly
shorter®® due to frequent interactions between Na" ions and
macromolecular structures. Signals weighted towards intracel-
lular sodium are therefore isolated by suppressing the nuclear
magnetic resonance (NMR) signal with long T, originating
from the extracellular matrix.>* However, IR is limited by the
specific absorption rate (SAR).*® SAR can be controlled by
increasing the repetition time at the expense of SNR, or by
increasing inversion pulse duration, since the dissipated power
is inversely proportional to the RF pulse duration.*
Alternatively, intra- and extracellular matrix isolation
can be achieved by using a suitable multiple quantum filter
(MQF) to separate the single and multiple quantum coher-
(S'MQC)

biexponential relaxation. The triple quantum signal is

ence resulting from the Na" nucleus’ T,
believed to originate from the intracellular compartment and
is typically filtered out of the MQC with either four or three
nonselective RF pulses and a phase cycling scheme.”®" In
the four-pulse sequence, the first RF pulse applied creates the
first-order coherence, which evolves freely within the prepara-
tion time T. Next, the second pulse refocuses the created
coherence, and the third pulse creates the higher-order coher-
ence, which is then converted to an observable signal by the
fourth pulse within an evolution time 8.°>°* The omission of
the refocusing pulse results in the three-pulse TQF sequence.
This sequence is more suitable for in vivo imaging than the
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conventional four-pulse sequence due to its reduced depen-
dency on the RF (B;) field.”®>* However, the lack of the
refocusing pulse makes the TQF signal more sensitive to By
inhomogeneity, leading to signal loss. Nevertheless, this loss
of signal can be regulated using a phase cycle scheme to sepa-
rately acquire and recombine the individual coherence to

avoid destructive interference.””

Diagnostic and Prognostic Value of 2*Na-MRI
as an Imaging Biomarker

Multiparametric MRI combines conventional 'H, diffusion-
weighted (DW) and dynamic contrast-enhanced (DCE) MRI
techniques to capture morphological and cellular changes in
lesions. However, extra information on the tumor microenvi-
ronment is needed to personalize and improve treatment out-
comes. Importantly, sodium accumulation associated with
tumor progression can be visualized with **Na-MRI. In addi-
tion, ISC changes have been shown to occur early following
therapy, and hence sodium detection may potentially capture
cell integrity changes before morphological changes are
detectable.”®>® Tissue parameters obtained from **Na-MRI
reflect cell viability, tumor cellularity, tumor immunogenicity,
and activity of the transmembrane proteins involved in Na*
ion transport. Thus, 23Na-MRI parameters describe apopto-
tic, immunosuppressive, and resistive (Fig. 4) changes
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Resistant

FIGURE 4: Naive: sodium MRI of rat head with implanted naive glioma. The high concentration of sodium in glioma, visible as a
bright spot on the image, indicates that tumor cells experience a large intracellular metabolic energy deficit and cannot maintain low
intracellular sodium content, as seen in the normal brain around the glioma. These cancer cells are very sensitive to therapeutic
interventions against tumors. The greater the sodium concentration in the tumor, the less resistant is the tumor. Resistant: sodium
MRI of rat head with implanted resistant glioma (R1). The concentration of sodium inside the tumor is closer to the value in normal
brain around the tumor. This small difference in sodium concentration indicates that the metabolic energy deficit is less dramatic in
this tumor and they may have more cell density. Such tumor cells are more resistant to interventions, as is the case for normal cells
around the tumor. Representative image reproduced from Ref. 55 with permission from John Wiley & Sons, NMR in Biomedicine.

occurring in tumor cells and the microenvironment, thereby
allowing antitumor therapy efficacy monitoring. These studies
suggest that *?Na-MRI should be added to the MRI multi-
parametric systems for cancer diagnosis, detection of tumor
malignancy and progression, and monitoring of treatment
response.

Brain Cancer
**Na-MRI has been clinically demonstrated to quantitatively
characterize brain tumors by detecting elevated TSC, ISC, and
EVF in tumors.”’’ For instance, gliomas harboring IDH
mutations have significantly higher TSC, TSC:ISC ratio, and
TSC tumor:brain ratio when compared to IDH wildtype glio-
mas.”® Moreover, the ISC:TSC ratio can classify gliomas with
high specificity (94%) and sensitivity (86%), in addition to its
being able to simultaneously predict progression-free survival
(PFS) and IDH mutation status.”’ Since IDH mutation status
is a marker of positive prognosis, chemotherapy efficacy, and
overall survival in glioma,*”®" the ISC:TSC ratio could poten-
tially be used for rapid therapy monitoring. Indeed, the ISC:
TSC ratio has been suggested to be superior to IDH mutation
status in tumor progression prediction.29

Also, **Na-MRI quantified parameters have clinically
demonstrated sensitivity to variations in treatment response
between patients, and are therefore poised for treatment cus-
tomization.®? In addition, 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU)-treated subcutaneous glioma63 revealed lower TS and
IS signal intensity in the treated group 5 days after therapy,
when compared to untreated control tumors. The decreased IS
signal was attributed to an improvement in cellular metabo-
lism, assessed with >'P-NMR. This observation suggests that
BCNU treatment restores N/K* ATPase activity, thereby
reducing ISC. Moreover, the reduction in TS signal may also
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result from a lower IS signal, as EVF was not significantly
affected by chemotherapy. In a similar study on orthotopic 9L
rat glioma treated with BCNU, effective therapy was marked
by a drastic increase in TSC 7-9 days after treatment, with
tumor shrinkage observed days later™® (Fig. 5). Together, these
studies demonstrate that TSC responds to treatment-
dependent changes in tumor cellularity before morphological
changes occur, and similar results have also been obtained in
clinical research.®* However, it is important to note the differ-
ences in sodium concentration changes in response to therapy
between these studies. Changes in ISC and/or EVF after ther-
apy may result from a direct effect on the activities of the
membrane ion transport system, as well as on mechanisms and
pathways through which therapy induced apoptosis.®>*® How-
ever, this is unlikely, as both studies used the same tumor
model (9L rat glioma), chemotherapy drug (BCNU), and dos-
age (26.6 and 25 mg/kg). Hence, the reported variations in
sodium concentration probably result from differences in
tumor location, acquisition protocol, scanner type, and quanti-
fication method. While Schepkin et al®® employed **Na-MRI
at 9.4T to acquire sodium signal from orthotopic 9L rat gli-
oma, Winter et al®® used *’Na-NMR spectroscopy at 9.4T on
subcutaneously implanted 9L glioma. Nevertheless, a
decreased TSC after therapy, as reported by Winter et al, is in
agreement with results obtained with breast cancer chemother-
apy.®”%® It should also be considered that the brain typically
exhibits high Na* ion density,’” which may have influenced
the signal intensity detected in the orthotopic brain tumor
model used by Schepkin et al. Therefore, more research is
needed to clarify the response of 9L glioma to BCNU therapy.

Radiotherapy plays a central role in cancer management,
with approximately half of all cancer patients put on radio-
therapy either as part of initial treatment to cure the patient
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FIGURE 5: BCNU-treated 9L rat glioma. Sodium MRI (top) and proton ADC maps (bottom) acquired at days 0, 7, and 23 (left to right)
after BCNU injection, performed at the 17th day from tumor implantation. Central Na image at day 7 illustrates the main feature for
all treated animals: A dramatic Na concentration increase observed throughout the entire tumor area. The images on day 23 show
tumor during regrowth after tumor-shrinking started at day 9 and its maximum regression on day 16. Reproduced from Ref. 56 with
permission from John Wiley & Sons, Magnetic Resonance in Medicine.

or as palliative treatment to relieve the patient of symptoms
and improving their quality of life. The ability to monitor
such therapy in real time offers the opportunity to personal-
ize therapy at an early stage of cancer management. The fea-
sibility of monitoring radiotherapy with TSC has therefore
been demonstrated on rat induced glioma.*' The study rev-
ealed that TSC is sensitive to tumor progression and the
consequent increase in both ISC and EVF. However, a sin-
gle radiation dose of 20Gy failed to produce a consistent
and measurable tumor response, which was attributed to the
heterogeneity in the animal model as indicated by histopa-
thology.*! Additionally, the response of human glioblastoma
to fractionated chemoradiotherapy using biological markers
(tumor cell volume fraction, residual tumor volume, tumor
cell kills) obtained from **Na-MRI-acquired TSC demon-
strated sensitivity to real-time changes within the tumor vol-
ume. These markers also showed that there is variation
in chemoradiotherapy treatment response in glioblastoma
patients,®> providing the option of switching nonresponding
patients to the next alternative therapy. However, there
was no correlation between the observed variation in tumor
response to therapy and time to progression or overall
survival.

Finally, clinical studies on *’Na-MRI repeatability and
reproducibility in assessing biochemical tissue parameters’®~"
indicate that changes in ISC and EVF greater than 50% can
reliably be detected in brain-related pathology.”’ Similarly,
TSC also shows good repeatability and reproducibility,”® both

within and between sites and scanners.”?
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Prostate Cancer

The three main treatment options available for localized pros-
tate cancer management are surgery, radiotherapy, and active
surveillance. Active surveillance is the regular monitoring of
the disease and curative intervention initiated when disease
progression is observed.””> This treatment strategy is often
used for low-risk prostate cancers, as intervention often has
effects on sexual, urinary, or bowel function, thereby affecting
the patient’s quality of life.”* Active surveillance of disease
progression is usually done through blood examinations (eg,
prostate-specific antigen [PSA] test), digital rectal examination

7576 and multi-

77,78

(DRE), and image-guided prostate biopsy,
parametric MRI is a recent addition to these methods.
Since the comprehensive information provided by the combi-
nation of the various MRI tissue parameters improves diagno-
sis and prognosis, the addition of multiparametric MRI to
the prostate cancer surveillance methods significantly increases
the accuracy of the Gleason score and the detection specificity
of clinically significant prostate cancers. Thus, mult-
parametric MRI reduces the frequency of biopsies needed to
diagnose and monitor prostate cancer patients.

2Na-MRI is a promising noninvasive biomarker for
characterization and early detection of tumor progression in
diagnosis and active monitoring of low-risk prostate cancer.
Studies in this area of research report an overall increase in
TSC and ISC in prostate lesions when compared to normal
tissues.””8% Moreover, clinical research reveals the peripheral
zone is characterized by a higher TSC; hence, tumors in this
region have elevated TSC compared to tumors located in the
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FIGURE 6: Registration pipeline for all imaging data with Gleason contours overlaid. Whole-mount histopathology (a) and the
sodium-MR image (b) are registered to the T,-weighted ex vivo (c) and the lower-resolution T,-weighted in vivo images (e). The ex
and in vivo images are individually registered to the high-resolution T,-weighted in vivo image (d). Gleason contour legends are
shown in the upper middle panel. Figure reproduced from Ref. 80 with permission from John Wiley and Sons, Journal of Magnetic

Resonance Imaging.

other regions of the prostate,””®" and therefore TSC levels
characterize prostate lesions based on their location. However,
lesions located in the transition zone exhibit lower TSC levels
when compared to normal tissues in the same prostate region.
This contradictory result may be due to the small sample size
of the transition zone tumor lesions. A similar study®
suggested that changes in TSC (ATSC) evaluated as the dif-
ference between TSC in lesion and healthy prostate tissue
characterize prostate tumors. And a statistically significant
correlation was found between ATSC and Gleason score
(GS).%° Thus, in addition to predicting Gleason score, ATSC
may also contribute to personalized therapy through the char-
acterization of individual lesions (Fig. 6). However, contrary
to Broeke et al,* the correlation between TSC and Gleason
score observed by Barrett et al”’ was not statistically
signiﬁczmt,79 therefore further studies are required to eluci-
date the potential of using TSC to predict Gleason score.

A chemotherapeutic study on prostate tumor xenograft
mice showed that TSC can improve diagnosis and monitoring
of tumor progression by distinguishing areas of viable and non-
viable tumor cells.®* ISC exhibits an acute response to therapy
through an increase in IS signal intensity within 24 hours of
treatment. This rapid increment in IS signal intensity may be a
marker of the early stages of apoptosis, when cell membrane
structural integrity is lost, ultimately leading to increased per-
meability to Na* ions. On the other hand, a decline in IS sig-
nal intensity 48 hours after treatment indicates the last stages
of apoptosis, when cell membranes finally rupture, resulting in
reduced ISC®*%53 and consequently a decrease in TSC.
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Breast Cancer

Early detection and classification of breast lesions increase the
potential of survival due to early implementation of ther-
apy.** However, the complexity of breast tissues requires
detection methods with high specificity, accuracy, and more
effective characterization of malignancy and early therapeutic
efficacy. BNa-MRI is a promising and clinically feasible
method for the assessment of early changes in tumor cellular-
ity, biochemical properties, and energy metabolism in the
breast tumor microenvironment.®”°®8>8¢ Thjs imaging tech-
nique can distinguish benign and normal glandular tissue
from treatment-naive breast malignant lesions, which showed
elevated TSC.3>8¢ with  this,

Ouerkerk et al reported a more than 60% increase in TSC in

significantly Consistent
malignant breast lesions relative to unaffected remote glandu-
lar tissue, whereas the TSC of benign lesions remained rela-
tively on a par with that of glandular tissues.®”

Chemotherapy response monitoring of induced breast
tumors in rats with “>Na-MRI revealed an increased IS signal
intensity (34 & 3%) 24 hours after Taxotere treatment.5®
Moreover, the treated breast tumors showed a reduced prolif-
eration index (Ki-67), low ISC/TSC ratio, and high apoptotic
index,*® in agreement with a previous report.®” In a clinical
study on breast cancer patients undergoing preoperative sys-
temic therapy (PST), the treatment response was marked by a
significant decrease in TSC, standardized uptake values
(SUV), choline SNR, and proliferation index (Ki-67) in
responders (Fig. 7), whereas nonresponders showed an

increase in TSC and Ki-67.°7°® The decrease in TSC after
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FIGURE 7: Demonstration of multiparametric and multinuclear magnetic resonance on a 54-year-old woman with T3NOMO invasive
ductal carcinoma on chemotherapy. At baseline contrast-enhanced MRI showed a large tumor volume with markedly increased
choline level and total tissue sodium concentration. After treatment, there were steady reductions in choline SNR, TSC, and tumor
volumes beginning after the first cycle of treatment. At surgery, the patient was determined to have a pathologic complete
response (pCR). Representative figure reproduced from Ref. 70 with permission from Elsevier, Academic Radiology.

the first cycle of treatment may result from the rupture of cell
membranes at the last stage of apoptosis, or from the restora-
tion and activation of the Na*/K* ATPase pump, ultimately
leading to a reduction in ISC signal intensity. Since TSC is a
weighted average of ISC and ESC, lower ISC signal intensity
causes a decrease in TSC signal intensity, given that EVF
remains unchanged.®’

Lung Cancer

Coagulative necrosis is often found at the core of rapidly
growing malignant tumors due to an insufficient supply of
oxygen (hypoxia) and nutrients caused by the inaccessibility
of the blood vessels.*”® Necrosis is associated with poor
prognosis and tumor aggression in cancers such as gastrointes-
tinal stromal carcinoma,”’ colorectal cancer,”® and non-small
cell lung cancer (NSCLC).*° Rapid visualization of tumor
regions with limited oxygen supply (necrotic regions) and
regions of viable tumor cells with TSC and ISC distribution
maps could improve the planning of radiotherapy treatments,
as hypoxic cells are more resistant to radiotherapy. Henzler
et al”> have shown that ’Na-MRI can provide information
on the distribution of tumor cell viability in lung cancer
patients. High TSC signal intensity was detected in viable
tumor regions, and the highest sodium signal intensity in the
necrotic rf:gion.93 However, as ISC measures sodium ions in
intact cells before the cell membrane ruptures, it is likely a
more sensitive marker of tumor cell viability. Thus, further
studies should investigate the efficacy of using *>Na-MRI tis-
sue and intracellular sodium weighted sequences to detect

tumor cell viability.
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Ovarian Cancer
Intra- and intertumoral heterogeneity resulting from differ-
ences in the molecular makeup of cells within a tumor or

4,
between tumors’*°°

causes important variations in treatment
response between patients, and even within a tumor in an
individual patient. Ovarian cancer, particularly high-grade
serous ovarian cancer (HGSOC),”®?” is characterized by
inter- and intratumoral heterogeneity and is therefore often
associated with treatment resistance and shorter overall and
progression-free survival.”” The visualization and accurate
quantification of tumor heterogeneity and dynamics during
HGSOC treatment are essential for predicting treatment
response and significantly improving patient management.
TSC and ISC distribution maps generated from *’Na-MRI
reflect tumor heterogeneity by identifying regions of viable
cells, necrosis and/or apoptosis, and tumor cell kill. **Na-
MRI has been demonstrated to be clinically feasible in
ovarian cancer through its application in the assessment of
peritoneal deposits of HGSOC patients (Fig. 8), indicating a
strong negative correlation between tumor cellularity and
TSC.>" The detection of tumor cellularity changes during
therapy with *’Na-MR is a promising technique for guiding
treatment optimization in individual patients.

Retinoblastoma

**Na can be used as an endogenous marker to characterize
intra- and extracellular compartments, thereby providing
information on cell packing through the generation of EVF
and CVF maps. High cell density tissues can be distinguished
by a relatively low EVF and reduced TSC, provided that ISC
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FIGURE 8: A 73-year-old high-grade serous ovarian cancer patient. P1 and P2 represent slices through the two sodium phantoms.
The green outline shows a peritoneal cancer deposit. (a) To-weighted image. (b) Sodium B; map; scale bar represents arbitrary units.
(c) Total sodium image; scale bar represents image intensity. (d) Intracellular weighted sodium image; scale bar represents image
intensity. (e) Masked total sodium concentration map; scale bar represents sodium concentration in mM. (f) Masked intracellular
weighted sodium concentration map; scale bar represents sodium concentration in mM. (g) Fused T,W image and total sodium
concentration map. (h) Fused T,W image and intracellular weighted sodium concentration map. Figure obtained from Ref. 31 with
permission from Elsevier, European Journal of Radiology Open.

remains constant. However, therapy-induced necrosis and/or and TSC. This effect was observed in retinoblastoma xeno-
apoptosis leads to a reduction in cell packing (low cell den- graft mice monitored with 2Na-MRI within 2 hours after
sity), which is typically characterized by an increase in EVF  photodynamic therapy.”® Indeed, a high TS signal in the
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FIGURE 9: The double targeting DEG-PDT protocol promotes massive necrosis of the tissue and reduction of the tumor volume.
Longitudinal follow-up using combined 'H- and 2>Na MRI. Upper panel: 'H-images (TE = 24 msec); lower panel: functional 2*Na-
images (TE = 7 msec). Images (a) before treatment, (b) 2 hours after PDT, (c) 24 hours after PDT, and (d) 13 days after PDT. The high-
intensity regions visible in the 2Na-images denote damaged structures of the tumor. (e) Histological analysis at the end of the
experiment shows widespread necrosis of the tumor (75%). Representative figure reproduced from Ref. 98 with permission from

Elsevier, Photodiagnosis and Photodynamic Therapy.

tumor spread and covered almost the entire tumor volume
within 24 hours (Fig. 9), which likely resulted from the acti-
vation of the apoptotic process.

Immunotherapy

We speculate that TSC may potentially be used as a marker
for immunotherapeutic response, as ESC increases with inflam-
mation and is a promising modulator of immunity. Indeed,
ESC has been shown to promote proinflammatory macrophage
and T-cell functions and simultaneously dampen their
antiinflammatory potential.” Thus, the rise in ESC observed
in cancer may play an essential role in its immunogenicity.
Moreover, extracellular acidification due to elevated ISC
as a consequence of the dysfunction of NHE1 may promote
cancer cell evasion of immune surveillance by impairing cyto-
toxic cells activation. For example, the cytotoxicity of the nat-
ural killer (NK) cells is inhibited under such conditions.'®°
In addition, acidic microenvironments induce defects in
T-lymphocyte cell cycle progression due to their inability to
secret T-cell growth factor interleukin 2 (IL-2) and interferon
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gamma (IFN-y)."”" Notably, recent studies reported the

expression of NHEI
(TAM), which are known to promote disease progres-
sion. 92193 Consistent with this, NHE1 has been involved in

in tumor-associated macrophages

tumor—TAM communication, which contributes to the devel-
opment of an immunosuppressive tumor microenvironment.
Moreover, NHE!L inhibition stimulates proinflammation
activation of TAM and increases the infiltration of cytotoxic
T cells into tumor cells.'®*'* Importantly, combined therapy
of temozolomide (TMZ), ant-PD-1 antibody, and NHE1
inhibition significantly extended median survival in mouse gli-
oma models.'*> Therefore, TSC may regulate immunotherapy
response via a pH- or ESC-dependent mechanism. In the light
of these findings, we propose that the spatial and temporal
dynamics of sodium visualized with *’Na-MRI may be used
as a marker of patient response to immunotherapy.

Perspectives

In recent years, growing evidence suggests that increased

sodium accumulation in cancerous tissues measured by
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23Na-MRI is a reliable biomarker for metastasis, inflamma-
tion, and tumor progression. Several studies revealed a pro-
nounced increase in tissue sodium concentration (T'SC) in
metastatic lesions, when compared to healthy tissues or
benign lesions. Moreover, increased sodium concentration
does not only characterize lesions, but also correlates with the
MIB-1 proliferation rate,'”> IDH mutation status,”’ tumor
immunogenicity,'® Gleason score,* and overall survival.”’
However, clinical research addressing the diagnostic and prog-
nostic value of *?Na-MRI is limited to a few cancer types,
therapeutic methods, and patients, and only a handful of
studies assessed treatment response. Also, large longitudinal
clinical studies to assess treatment response to different ther-
apy methods, and their correlation with conventional markers
of progression and metastasis, are yet to be carried out. To
date, the isolation of the extracellular sodium from the total
tissue sodium in cancer is still limited. A direct assessment of
increased extracellular sodium associated with cancer using
**Na-MRI may enable the direct characterization of the extra-
cellular space increment resulting from tumor revasculariza-
tion, inflammation, immune suppression, and apoptosis
and/or necrosis associated with tumor progression or thera-
peutic effects. *’Na-MRI has recently seen significant
improvements in software capabilities coupled with develop-
ments in magnetic field strength, specialized RF coils,
enhanced gradient coils strength, and performance. Together,
these technical advances boost SNR, sensitivity, and specific-
ity up to clinical standards. However, despite this significant
progress, °Na-MRI technology still faces important chal-
lenges. For instance, *>Na-MRI cannot achieve precise differ-
entiation between the intracellular and extracellular
compartments, and sensitivity to By and B field inhomoge-
neities compromise the accuracy of sodium quantifications.
To conclude, Na-MRI is a promising noninvasive
imaging biomarker that may be used as an alternative to cur-
rent invasive methods for cancer diagnosis and prognosis,
thereby relieving patients from excessive discomfort. How-
ever, further research, including clinical studies, is necessary
to overcome the limitations of this imaging technology and

to translate it to oncology.
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