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ABSTRACT

Multinuclear magnetic resonance imaging (MRI), which uses nuclei other than protons ('H), has un-
dergone a dramatic transformation with the advent of regulatory-approved radiofrequency coils.
Phosphorus-31 magnetic resonance spectroscopy (*'P-MRS) and sodium-23 MRI (*Na-MRI) are now
accessible at clinical sites equipped with commercially available surface coils, enabling advanced
metabolic and tissue characterization without specialized research infrastructure or ultra-high-field
systems. *'P-MRS provides a quantitative assessment of cellular energy metabolism and mitochon-
drial function while enabling the calculation of the intracellular pH. Na-MRI visualizes the in vivo
distribution of sodium, which is relevant since sodium ion distribution plays a critical role in cel-
lular function and ionic homeostasis. Sodium concentration serves as an important biomarker of
tissue health status. Both *'P-MRS and ?Na-MRI have been widely utilized to assess multiple organ
systems as well as diseases of the brain, heart, skeletal muscle, and tumors. However, clinical im-
plementation using newly approved coils remains largely undefined, as the optimal acquisition
protocols, target organ selection, coil positioning, interpretation criteria, and disease-specific im-
aging strategies have not been established. This review synthesized technical considerations for
surface coil-based upper abdominal imaging, methodological approaches, and preliminary clinical
findings from our initial clinical experience with *'P-MRS and ?Na-MRI.

Keywords: Phosphorus-31, sodium-23, surface coil, hepatic metabolism, intracellular pH, multinu-
clear imaging

agnetic resonance imaging (MRI) has traditionally relied on the abundant proton ('H)

signal to generate structural and functional images of tissue anatomy. Non-proton

nuclei have inherently low signal levels, yielding noisy images with prolonged signal
acquisition times. Consequently, multinuclear imaging has been attempted primarily with
custom-built coils and/or ultra-high-field (UHF) equipment [> 7 Tesla (T)], but clinical applica-
tions are hindered by challenges and confined to specialized research facilities."* However, the
advent of regulatory-approved multinuclear radiofrequency coils has opened new avenues
for the direct assessment of cellular metabolism and tissue composition beyond conventional
morphologic imaging. Among the various non-proton nuclei available for clinical imaging,
phosphorus-31 ('P) and sodium-23 (*Na) represent the most promising candidates for near-
term clinical translation at standard field strengths with commercially available surface coil
technology. *'P magnetic resonance spectroscopy (*'P-MRS) and 2Na-MRI have demonstrated
potential applications across multiple organ systems, including the brain, heart, liver, skeletal
muscle, and tumors.? Both *'P-MRS and *Na-MRI are available in head-based and surface
coil configurations. The recent regulatory approval and commercial availability of surface coil
technology have been transformative for clinical implementation, enabling performance of
these advanced techniques at any institution equipped with standard MRI systems, without
the need for specialized research infrastructure or UHF platforms. We are now entering an
exploratory phase to define their optimal clinical applications and capabilities.

Optimal acquisition protocols, target organ selection, coil positioning, disease-specific im-
aging strategies, interpretation criteria for pathological changes, and standardized quantifi-
cation methodologies are actively being developed. As this emerging technology matures,
establishing consensus regarding these technical parameters, reference values, and clinical
decision thresholds will enable broader adoption of these promising diagnostic tools in rou-
tine clinical practice.
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This review presents our initial clinical
experience with *'P-MRS and *Na-MRI using
surface coil technology for upper abdominal
organ assessment. We describe technical
considerations, acquisition and quantifica-
tion methods, and preliminary clinical find-
ings, along with a discussion of the patho-
physiological basis for metabolic and sodium
changes in disease, drawn from the existing
literature. We also outline protocol optimi-
zation strategies and highlight the potential
of multinuclear surface coil imaging for the
accurate assessment of organ function and
disease characterization. This manuscript is
structured as a narrative review. Literature is
selected based on clinical and methodolog-
ical relevance to the topics covered, with
particular emphasis on studies informing
pathophysiological rationale and acquisition
methodology at standard field strengths
with commercially available coils. Written in-

* Multinuclear magnetic resonance imag-
ing (MRI) is now clinically accessible. With
the recent approval of dedicated surface
coils, phosphorus-31 magnetic resonance
spectroscopy (*'P-MRS) and sodium-23 MRI
(*Na-MRI) can now be performed on stan-
dard 3 Tesla MRI systems without requiring
ultra-high-field scanners or specialized re-
search hardware.

+ *P-MRS provides direct insight into liver
metabolism and intracellular pH (pHi). Phos-
phorus spectroscopy enables non-invasive
evaluation of adenosine triphosphate (ATP)
production, membrane turnover, mitochon-
drial function, and pHi, offering metabolic
information beyond conventional proton
MRI.

+ 3P-MRS detects metabolic alterations in
chronic liver disease and liver tumors.
Changes in metabolite ratios—such as
phosphomonoesters to phosphodiesters
and inorganic phosphate to ATP—reflect fi-
brosis severity, inflammation, mitochondrial
dysfunction, and tumor proliferation and
may allow early assessment of therapeutic
response.

* 2Na-MRI visualizes tissue sodium concen-
tration as a marker of cellular integrity. Be-
cause sodium homeostasis depends on en-
ergy metabolism and membrane function,
increased sodium signal reflects edema,
fibrosis, inflammation, and malignant trans-
formation.

* Clinical abdominal applications remain ex-
ploratory but promising. Although strong
biological rationale and prior research sup-
port these techniques, standardized ac-
quisition protocols, interpretation criteria,
and clinical validation using commercially
approved surface coils are still under devel-
opment.

formed consent was obtained prospectively
from all patients and volunteers whose im-
ages and clinical information are presented
in this article.

Surface coil technology: design character-
istics and system integration

The commercially available surface
P-140-Flex and Na-140-Flex coils (Philips
Healthcare, Best, the Netherlands) utilized
for *'P-MRS and *Na-MRI, respectively, were
investigated in this review. Notably, both
coils share identical external morphology
and physical dimensions, despite their dis-
tinct nuclear tuning characteristics (Figure
1). Each coil features a 14-cm? surface coil de-
sign, optimized for close tissue contact and
superior signal reception from superficial to
mid-depth anatomical structures.

Both the P-140-Flex and Na-140-Flex coils
are designed for integration with existing
MRI systems equipped with multinuclear
capability. Each coil operates in transmit-re-
ceive (T/R) mode with a single-channel archi-
tecture, providing dedicated radiofrequency
transmission and reception specific to the
nucleus being imaged. This single-channel
design minimizes interference and opti-
mizes the signal-to-noise ratio (SNR) for the
target nucleus while maintaining versatility
across clinical applications. The coils support
multi-purpose applications across various
anatomical regions via the standard T/R in-
terface coil connection.

The T/R interface connection ensures
seamless integration with the MRI system’s
radiofrequency pathway and automated
tuning capabilities, streamlining clinical
workflow and enabling efficient transition
between *'P and *Na acquisitions without
requiring system recalibration.

Clinical workflow and coil exchange proce-
dure

A major advantage of the P-140-Flex and
Na-140-Flex surface coils is their compatibili-
ty with existing clinical MRI systems, without
the need for hardware modifications or spe-
cialized equipment upgrades.

Although the surface coils are compati-
ble with existing MRI hardware, the clinical
workflow requires a coil exchange procedure
during patient imaging. After completing
conventional proton imaging acquisitions
with the standard body coil, the patient must
be repositioned outside the MRI gantry to
allow replacement of the anterior body coil
with the dedicated *'P-MRS or *Na-MRI sur-
face coil. The patient is then reintroduced
into the scanner for multinuclear acquisi-
tions (Figure 2).

Spatial sensitivity characteristics and de-
tection range

The P-140-Flex and Na-140-Flex surface
coils demonstrate characteristic sensitivity
patterns that are fundamental to under-
standing their capabilities and limitations in
clinical practice (Figure 3). The sensitivity of
surface coil radiofrequency reception is not
uniform throughout the detection volume
but rather exhibits a spatially dependent
profile determined by the coil’s electromag-
netic field configuration. This non-uniform
sensitivity distribution is inherent to the sur-
face coil design.

The effective detection depth provided by
these 14-cm surface coils extends to approx-
imately 7 cm from the coil surface. Tissues
located deeper than 7 cm from the coil sur-
face receive progressively diminished signal
reception, which may hinder adequate as-

Figure 1. Surface coils for *P-MRS and 2Na-MRI. Photographs of the P-140-Flex coil for *'P-MRS and the
Na-140-Flex coil for Na-MRI. Both coils exhibit identical external morphology and physical dimensions,
measuring approximately 14 ¢cm in a square configuration. (a) Anterior surface view showing the coil
element geometry and connector interface. (b) Posterior surface view demonstrating the flexible backing
material and technical specifications label. The identical appearance of both coils belies their distinct nuclear
tuning characteristics, as the radiofrequency circuitry is calibrated for either *'P or 2Na nuclei accordingly.
3Ip, phosphorus-31; 2Na, sodium-23; *P-MRS, phosphorus-31 magnetic resonance spectroscopy; *Na-MRI,

sodium-23 magnetic resonance imaging.
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sessment with good diagnostic quality. With-
in this accessible depth range, sensitivity is
highest in tissue regions immediately under-
lying the coil center. As the distance increas-
es from the coil center—either radially across
the 14-cm’ field of view or longitudinally
into deeper tissues—the signal intensity
declines progressively. This center-high, pe-
riphery-low sensitivity pattern necessitates
careful anatomical positioning to ensure that
the target organ or region of clinical interest
is located within the optimal sensitivity zone
for maximum diagnostic quality.

Although *'P-MRS employs spectroscopic
acquisitions and *Na-MRI produces conven-
tional images, both modalities share funda-
mentally similar spatial sensitivity profiles, as
they depend on the same electromagnetic
field geometry of the surface coil.

In addition to these depth and sensitivity
constraints, several additional technical lim-
itations merit acknowledgment. Respiratory
motion during the necessarily long acqui-
sition times required for *'P and *Na nuclei
results in signal averaging across respiratory
phases, potentially degrading spectral reso-
lution and spatial precision. The single-chan-
nel architecture of the currently approved
coils further limits SNR and precludes par-
allel imaging acceleration. Together, these
factors constrain the range of anatomical
targets that are realistically assessable and
underscore the need for continued protocol
optimization.

Principles and clinical significance of phos-
phorus-31 magnetic resonance spectrosco-

Py

*IP-MRS is a non-invasive technique that
detects phosphorus-containing metabolites
critical to cellular bioenergetics and phos-
pholipid metabolism. The *'P-MRS spectrum
encompasses key compounds universally
relevant to tissue metabolism. Inorganic
phosphate (Pi), phosphocreatine (PCr), and
adenosine triphosphate (ATP) resonanc-
es (a-ATP, B-ATP, and y-ATP) provide direct
quantification of cellular energy status and
mitochondrial oxidative capacity. The phos-
phomonoester (PME) region, including
phosphoethanolamine (PE) and phospho-
choline (PC), reflects phospholipid mem-
brane synthesis, and the phosphodiester
(PDE) region, comprising glycerophosphoe-
thanolamine (GPE) and glycerophosphocho-
line (GPC), represents phospholipid mem-
brane degradation products.®’* The chemical
shift position of the Pi peak is pH-dependent,
enabling simultaneous non-invasive deter-
mination of the intracellular pH (pHi)—a fun-
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damental parameter reflecting the balance
between metabolic activity and acid-base
homeostasis.?

reflecting glycogen metabolism and oxida-
tive stress, respectively (Figure 4).53

Clinical application of phosphorus-31 mag-
netic resonance spectroscopy in hepatic
parenchymal assessment

The substantial size and relatively super-
ficial anatomical location of the liver within
the upper abdomen position it favorably
for surface coil interrogation. Furthermore,
since the liver is a metabolically active pa-
renchymal organ, it is fundamental to energy
metabolism and oxidative phosphorylation,
rendering it an appropriate subject for as-
sessment via phosphorus spectroscopy. In
the liver, the *'P-MRS spectrum also captures
organ-specific metabolic processes. The PME
region reflects not only phospholipid mem-
brane synthesis but also gluconeogenic
activity, making it particularly informative
in the context of hepatic metabolic dys-
function. Furthermore, uridine diphosphate
glucose and nicotinamide adenine dinucle-
otide/nicotinamide adenine dinucleotide
phosphate are detectable in hepatic spectra,

Relative to proton ('H) spectroscopy,
3IP-MRS requires relatively large voxel sizes
and longer measurement durations because
of the inherently lower sensitivity of phos-
phorus metabolites in vivo.

The adoption of surface coil technology
necessitates careful optimization of imaging
methodology to prevent signal contamina-
tion from adjacent anatomical structures—
particularly the abdominal wall muscula-
ture—ensuring accurate and stable signal
acquisition from the hepatic parenchyma.
Various localization techniques have been
proposed for *'P-MRS of the liver, including
two-dimensional (2D) and three-dimension-
al (3D) chemical shift imaging (CSI) for met-

T 1 TR

Figure 2. Coil exchange procedure for multinuclear surface coil imaging. Clinical demonstration of the coil
exchange workflow. (a) Standard clinical positioning with the dS-anterior coil (body coil) positioned over
the patient’s anterior torso for conventional proton magnetic resonance imaging acquisitions. (b) Following
repositioning of the patient outside the gantry, the Na- or P-140-Flex surface coil is placed over the target
anatomy for *'P- or ®Na-MRI acquisition. The flexible surface coil design allows direct contact with the
patient’s skin surface, optimizing signal reception for multinuclear imaging. *'P, phosphorus-31; Na-MR,
sodium-23 magnetic resonance imaging.

Marker

Figure 3. Surface coil sensitivity profile and depth penetration. Demonstration of *Na-MRI signal
characteristics and coil sensitivity. (a) Conventional proton ('H) T2-weighted axial MRI image showing
anatomical details, with the surface coil position and marker indicated. The coil is positioned directly over
the patient’s anterior abdomen. (b) ZNa-MRI magnitude image acquired simultaneously, demonstrating
the spatial distribution of the sodium signal. The effective imaging depth extends 7 cm from the coil surface
(indicated by measurement markers). (c) ?Na-MRI color-coded intensity map revealing the non-uniform
sensitivity profile, with maximum signal intensity (red/yellow) in the tissue immediately subjacent to the
coil center, progressively declining toward the periphery and deeper tissues (green/blue regions indicating
lower signal intensity). This visualization demonstrates that coil sensitivity is highest near the coil center and
diminishes with both radial distance from the center and longitudinal depth beyond 7 cm. MRI, magnetic
resonance imaging; ZNa-MRI, sodium-23 magnetic resonance imaging.
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abolic mapping,? slab-selective one-dimen-
sional image-selected in vivo spectroscopy
(ISIS) to reduce contamination from extra-he-
patic tissues,?® and single-voxel 3D ISIS?** for
fast and accurate spatial localization. Each
method possesses distinct advantages and
disadvantages, requiring careful consider-
ation of clinical protocol design and research
objectives.

Acquisition parameters and spectroscopic
techniques

Given the relatively short T, relaxation
times of *'P metabolites, acquisition strat-
egies should minimize the influence of T,
relaxation decay and J modulation on the
acquired signals. Consequently, “pulse-ac-
quire” or “non-echo” free induction decay
(FID)-based MRS techniques are generally
preferred.”® Another critical consideration is
the relatively large spectral dispersion char-
acteristic of *'P-MRS. A chemical shift dis-
placement error can introduce significant
bias in the localization accuracy of *'P spec-
tral data. Therefore, chemical shift displace-
ment error-reducing methods employing se-
lective, refocusing, and inversion pulses with
relatively large radiofrequency bandwidths
are routinely implemented.**3' Among the
available techniques, single-voxel spectros-
copy (SVS) using ISIS represents the only
FID-based approach that achieves full signal
localization within a single acquisition. Based
on prior studies, high-quality spectra with
accurate 3D spatial selectivity can be reliably
acquired using the ISIS sequence within clin-
ically acceptable measurement durations.?'
For hepatic parenchymal assessment, SVS
localization sequences enabling complete
signal localization in one acquisition are par-
ticularly advantageous.

Irrespective of the clinical indication—
whether diffuse liver disease or hepatic
tumor  assessment—standardization  of
the nutritional and metabolic state before
3P_MRS acquisition is an important protocol
consideration. Studies examining the effect
of fasting duration on hepatic *'P-MRS have
demonstrated no significant changes in the
PME/B-ATP, PDE/B-ATP, or Pi/B-ATP ratios fol-
lowing 3-5 hours of fasting compared with
overnight fasting, in both healthy liver pa-
renchyma and hepatic metastases.® These
findings suggest that strict overnight fasting
may not be mandatory for routine *P-MRS
examination; however, maintaining a con-
sistent fasting protocol across patients and
institutions remains advisable to minimize
metabolic variability.

Phosphorus-31 magnetic resonance spec-
troscopy findings in chronic liver disease

*P-MRS has been established as a pow-
erful tool for the non-invasive investigation
of human hepatic metabolism under vari-
ous physiological and pathophysiological
conditions.’3?53¢ Numerous *'P-MRS studies
have investigated the metabolic alterations
associated with various diffuse hepatic dis-
orders.'*¥42 Previous studies have demon-
strated the utility of hepatic phosphorus
metabolite quantification in diagnosing

metabolic dysfunction-associated steatotic
liver disease (MASLD)/metabolic dysfunc-
tion-associated steatohepatitis (MASH),333*
alcoholic liver disease* viral hepatitis,®
cirrhosis, 4 and hepatic manifestations of

diabetes.*> Metabolite ratios rather than ab-
solute quantification are employed clinically,
as they inherently correct for coil loading
variations, magnetic field inhomogeneities,
and other instrumentation-related variables,
enabling robust and reproducible measure-
ments across institutions (Figure 5).334

Phosphorus-31 magnetic resonance spec-
troscopy in MASLD and MASH

Saturation transfer *'P-MRS reveals im-
paired mitochondrial function in MASH, with
a significantly reduced phosphate-to-ATP
exchange rate constant (k) and forward ATP
flux compared with simple steatosis. These
findings reflect the energy deficit and im-
paired oxidative capacity, which correlate
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Figure 4. *'P-MRS of hepatic parenchyma using single-voxel ISIS localization. (a) Anatomical localization
of the imaging volume of interest. Axial and coronal T2-weighted proton MRI images demonstrate the
positioning of the three-dimensional localization box (red rectangle) over the hepatic parenchyma, avoiding
major vascular structures and ensuring adequate distance from the abdominal wall musculature to prevent
signal contamination. (b) Representative *'P-MRS spectrum acquired from the hepatic parenchyma using a
single-voxel three-dimensional image-selected in vivo spectroscopy (ISIS) sequence. Individual phosphorus
metabolite peaks are identified: the phosphomonoester (PME) region, including phosphatidylethanolamine
(PE) and phosphatidylcholine (PC); inorganic phosphate (Pi); the phosphodiester (PDE) region, including
glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC); phosphocreatine (PCr); adenosine
triphosphate (ATP) resonances (a-ATP, B-ATP, and y-ATP); uridine diphosphate glucose (UDPG); and
nicotinamide adenine dinucleotide (NADH/NADPH). The spectral quality and metabolite resolution
permit accurate quantification of hepatic energy metabolism and membrane composition. MRI, magnetic
resonance imaging; *'P-MRS, phosphorus-31 magnetic resonance spectroscopy.

UDPGY PMEL
X

Figure 5. Representative *'P-MRS from the hepatic parenchyma. (a) A male patient in his 70s with alcoholic
liver cirrhosis (F4), demonstrating reduced phosphomonoester (PME) and uridine diphosphoglucose (UDPG)
peaks. (b) A male patient in his 70s with hepatitis B virus-related liver disease, showing a reduced PME peak.
(c) A male patient in his 50s with a normal liver, shown for comparison. Decreased PME reflects impaired
phospholipid membrane synthesis, and reduced UDPG indicates diminished glycogen metabolism, both
of which are consistent with the progressive loss of functional hepatocyte mass in chronic liver disease.
*IP-MRS, phosphorus-31 magnetic resonance spectroscopy.
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with inflammation severity. The y-ATP/total
phosphorus ratio progressively declines with
advancing fibrosis, indicating cumulative
mitochondrial damage across disease stag-
es.33f35

PME resonances reflect gluconeogenesis
pathway activity. PME/Pi ratios are signifi-
cantly elevated in patients with MASLD and
obesity compared with non-obese patients
with MASLD and controls, indicating in-
creased hepatic glucose production. Nota-
bly, even non-obese patients with MASLD
demonstrate elevated gluconeogenesis
markers, indicating metabolic dysfunction
across the obesity spectrum. PME ratios
correlate with body mass index, waist cir-
cumference, and insulin resistance markers,
suggesting an association between hepatic
gluconeogenic activity and systemic meta-
bolic abnormalities.®*3

Phosphorus-31 magnetic resonance spec-
troscopy in alcoholic liver disease

The PE/PC ratio can reportedly distinguish
between cirrhotic and non-cirrhotic disease
in alcoholic liver disease, according to a few
studies,**” potentially reflecting impaired
phosphatidylethanolamine N-methyltrans-
ferase (PEMT) activity. Acetaldehyde-medi-
ated PEMT inhibition may reduce phosphati-
dylcholine synthesis, thereby compromising
membrane integrity and promoting hepato-
cyte apoptosis and inflammation. Although
preliminary findings suggest that this ratio
could serve as a non-invasive marker of
phospholipid pathway disruption specific to
alcohol-related liver injury, independent val-
idation in larger cohorts is warranted before
its adoption as a reliable diagnostic parame-
ter (Figure 5a).

Phosphorus-31 magnetic resonance spec-
troscopy in chronic hepatitis C

PME/PDE ratios enable differentiation
of mild-to-moderate chronic hepatitis from
cirrhosis in hepatitis C infection, suggesting
that PME/PDE elevation represents a marker
of cirrhotic transformation. The Pi/ATP ratio
correlates inversely with hepatic synthetic
function parameters, potentially possessing
utility for assessing hepatic functional re-
serve (Figure 5b).%®

Cirrhosis (pan-etiology findings)

PME comprises membrane synthesis in-
termediates (PE and PC), whereas PDE com-
prises membrane degradation products
(GPC and GPE). In cirrhosis of various etiolo-
gies, elevated PME/(PME + PDE) ratios reflect

disrupted membrane turnover, whereas de-
clining GPC/(PME + PDE) ratios with disease
severity indicate reduced membrane syn-
thetic capacity. PCr accumulation, unusual
in normal hepatocytes, emerges in advanced
liver disease, likely reflecting compensato-
ry upregulation in non-parenchymal cells
during microvascular dysfunction and tissue
hypoxia. PCr/TP ratios correlate with the fi-
brosis stage, suggesting metabolic adapta-
tion to chronic energy deficits. Nicotinamide
adenine dinucleotide phosphate/(PME +
PDE) ratios are significantly elevated in cir-
rhosis compared with controls, reflecting on-
going oxidative stress and fibrogenic activity,
irrespective of the underlying etiology.

Across chronic liver diseases of diverse eti-
ologies, reduced ATP levels reflect declining
functional hepatocyte mass and correlate
with the clinical hallmarks of hepatic failure,
including reduced prealbumin synthesis and
paradoxical normalization of serum trans-
aminase levels. The Pi/ATP ratio is inversely
correlated with hepatic synthetic function
parameters, providing a non-invasive assess-
ment of the hepatic functional reserve.®*

Technical considerations for liver tumor as-
sessment

In previous studies using custom-built
coils, volume localization for *'P-MRS was
achieved using slice selection or suppres-
sion, single-voxel localization (i.e., ISIS or
modified ISIS), or one-dimensional, 2D, or 3D
CSl approaches.?**' Unlike the liver parenchy-
ma, when using a surface coil, 2D-CSl—also
known as multi-voxel spectroscopic imag-
ing—is considered the most suitable acqui-
sition strategy for hepatic tumor applications
among the available options for several rea-
sons. 34

First, surface radiofrequency coils exhib-
it marked spatial sensitivity variation, with
rapid signal attenuation as a function of
depth due to B1 inhomogeneity. This is par-
ticularly problematic in hepatic *'P-MRS for
deep-seated tumors. In SVS techniques such
as ISIS, accurate voxel placement is technical-
ly challenging and operator-dependent; mi-
nor misregistration, respiratory motion, and
chemical shift displacement effects may re-
sultin substantial partial-volume contamina-
tion from the surrounding parenchyma.??'
In contrast, 2D-CSI provides simultaneous
spatial encoding over a predefined slab, en-
abling retrospective selection of tumor-con-
taining voxels and reducing reliance on
precise prospective localization. This spatial
robustness makes 2D-CSI more suitable for
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metabolic assessment of deep hepatic tu-
mors, albeit at the expense of a lower SNR
per voxel compared with optimized SVS.

Second, hepatic tumors are frequently
heterogeneous both metabolically and mor-
phologically.™ SVS vyields a single averaged
spectrum that may obscure intratumoral
variation, whereas 2D-CS| enables spatial
mapping of phosphorus metabolites across
the tumor tissue, adjacent parenchyma,
and normal liver within a single acquisition.
This multi-voxel approach permits direct
voxel-by-voxel comparison of metabolite
ratios between tumor-containing voxels
and adjacent normal parenchyma, enabling
characterization of intratumoral metabolic
heterogeneity while minimizing inter-scan
variability. Such simultaneous intra-exam-
ination comparison between the tumor and
hepatic parenchyma represents a distinct ad-
vantage over single-voxel acquisition.

Third, compared with full 3D-CSI, 2D-CSI
offers a practical compromise between spa-
tial coverage and acquisition time, as 3D en-
coding substantially increases scan duration
and susceptibility to respiratory motion. Al-
though 3D-CSI at UHF offers superior spatial
resolution,” commercially approved *'P coils
are currently limited to systems up to 3T;
therefore, 2D-CSI represents the most prac-
tical localization strategy for hepatic tumor
imaging in clinical settings.*

Phosphorus-31 magnetic resonance spec-
troscopy in liver malignancies

*P-MRS has demonstrated consistent and
clinically meaningful metabolic alterations
in both hepatocellular carcinoma (HCC) and
liver metastases compared with healthy liver
tissue. Across studies reviewed by Seelen et
al.,"* before therapy, PME/Pi and PME/PDE ra-
tios were uniformly elevated in liver tumors
by 2%-267% and 21%-233%, respectively,
reflecting enhanced membrane turnover
associated with cell proliferation. These find-
ings are consistent with in vitro *'P-MRS data
demonstrating elevated PC and PE—the
principal PME constituents—along with re-
duced GPC and GPE in the tumor tissue rela-
tive to normal hepatic parenchyma.?

Regarding treatment monitoring, PME/Pi
ratios were consistently decreased following
therapy across all eligible studies (—13% to
-76%), suggesting that *'P-MRS may serve
as a reliable early marker of the therapeutic
response, preceding morphological changes
detectable by conventional imaging. Howev-
er, changes in PME/PDE upon therapy were
heterogeneous—decreasing in some studies

Ozaki et al.



but increasing in others—likely reflecting
differences in tumor etiology, treatment mo-
dality, and timing of post-treatment acquisi-
tion (Figures 6-9)."* In patients with hepatic
metastases from gastro-esophageal cancer,
PC and PE were markedly elevated before
chemotherapy, and PME levels remained
high or increased after 2 weeks of treatment,
correlating with disease progression at 2
months. Spatial metabolite mapping further
revealed intratumoral heterogeneity and
metabolic alterations extending beyond visi-
ble tumor margins.*®

Collectively, these findings indicate that
3P-MRS, particularly *P MRSI at UHF, holds
substantial promise for the non-invasive as-
sessment of tumor metabolism, early thera-
peutic response evaluation, and treatment
monitoring in hepatic malignancies. How-
ever, whether comparable data can be ob-
tained using regulatory-approved surface
coils remains to be established, warranting
further case accumulation and validation.

Measurement of pH using phosphorus-31
magnetic resonance spectroscopy in he-
patic malignancies

*P-MRS enables non-invasive measure-
ment of pHi by exploiting the pH-dependent
chemical shift of Pi.? The Pi resonance shifts
according to the ionization equilibrium be-
tween H,PO, and HPO,* (pKa = 6.75), and
reference peaks such as PCr or a-ATP are
pH-insensitive.

The calculation formula for pH (standard
Henderson-Hasselbalch equation) is as fol-
lows:

Sops — 6 (H, PO
pH = pKa + log 1 o e 2(_ 2P0%)
S(HPOL™) — 8y

where §_obs is the observed Pi chemical
shift, 8(H,PO,) = 3.27 ppm, and &(HPO,*) =
5.68 ppm (relative to PCr at 0 ppm). Under
physiological conditions, normal pHi is ap-
proximately 7.0-7.2.

Challenges in hepatic phosphorus-31 mag-
netic resonance spectroscopy

Unlike muscles or the brain, the normal
liver contains negligible PCr, requiring a-ATP
(approximately —7.5 ppm) as the reference
peak.* Additionally, the Pi signal is charac-
teristically minute or absent in the healthy
liver due to rapid phosphate utilization and
high phosphorylation potential, rendering
pH calculation unreliable. In hepatic malig-
nancies such as HCC, metastases, and chol-
angiocarcinoma, the Pi peak often becomes
more prominent, reflecting altered energy

Liver parenchyma

Liver parenchyma
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Figure 6. *P-MRS in a male patient in his 70s with hepatocellular carcinoma (HCC). (a) Fat-suppressed T2-
weighted image demonstrating HCC in segment 6, located within 7 cm of the body surface and within
the effective detection range of the surface coil. (b) Multi-voxel *'P-MRS acquired using 2D chemical shift
imaging (CSI). The CSI grid is overlaid on the anatomical image, with voxels 1-4 indicated. The color overlay
represents the spatial distribution of the phosphorus metabolite signal intensity. (c) Representative *'P-MRS
spectra from voxels 1-4.Voxels 1-3 correspond to hepatic parenchyma, whereas voxel 4 corresponds to the
HCC. In the HCC spectrum, both phosphomonoester (PME) and phosphodiester (PDE) peaks are markedly
elevated compared with the surrounding parenchyma; the increased ratio of PMEs to PDEs (PME/PDE)
reflects enhanced membrane turnover associated with tumor cell proliferation. Intracellular pH, calculated
from the inorganic phosphate chemical shift, was lower in the HCC (pH 7.24) than in the hepatic parenchyma
(pH 7.47), indicating a more acidic intracellular environment in tumor tissue relative to the normal liver.
This finding is consistent with the Warburg effect and enhanced glycolytic activity. *'P-MRS, phosphorus-31
magnetic resonance spectroscopy; 2D, two dimensional.
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Figure 7. Enlarged display of the inorganic phosphate (Pi) peak and intracellular pH calculation in the
same patient as Figure 6 [male patient in his 70s with hepatocellular carcinoma (HCC)]. (a) Overlaid *'P-MRS
spectra from two selected voxels corresponding to tumor tissue and normal hepatic parenchyma. The Pi
peak is visible in both voxels; however, a subtle difference in peak position is observed between the two
tissues. (b) Magnified view of the Pi peak region, demonstrating a clear chemical shift difference between
the tumor (5.08 ppm) and normal tissue voxels (5.28 ppm). Since the chemical shift position of Pi is pH-
dependent, this shift reflects a difference in intracellular pH between the two tissue types. The intracellular
pH calculated from the Pi chemical shift was 7.24 in the HCC voxel and 7.47 in the normal hepatic
parenchyma voxel, indicating that the intracellular environment of HCC cells is relatively more acidic than
the surrounding normal liver tissue, consistent with enhanced glycolytic activity. *'P-MRS, phosphorus-31
magnetic resonance spectroscopy.
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metabolism and reduced phosphorylation
potential. Compared with normal hepatic
parenchyma, tumor cells exhibit a relatively
lower pHi, consistent with enhanced glyco-
lytic flux and the Warburg effect. Notably,
although the pHi of tumor cells is lower than
that of normal hepatocytes, it is higher than
the characteristically acidic extracellular tu-
mor microenvironment (approximately 6.5
6.9), reflecting active proton extrusion via
Na*/H* exchanger activity (Figures 6-9).77
However, the accuracy of pHi values derived
from *'P-MRS requires further validation be-
fore definitive clinical interpretation can be
established.

Phosphorus-31 magnetic resonance spec-
troscopy in pancreatobiliary malignancies

Invivo*'P-MRS of the human pancreas rep-
resents an emerging and largely unexplored
application. Recent feasibility studies at 7T
field strength have demonstrated the techni-
cal capability of *'P-MRS with full abdominal
coverage and a 20-mm isotropic voxel size
for pancreatic assessment. In healthy indi-
viduals, pancreatic *'P metabolite measure-
ments show acceptable repeatability, with
intrasubject coefficients of variation for PME,
PDE, and PME/PDE ratios below 20%, indicat-
ing reproducible quantification.*

Notably, the PME and PME/PDE ratios
are significantly higher in pancreatic tissue
than in hepatic tissue in healthy individuals,
suggesting inherent metabolic differences
between organs. In a patient with pancre-
atic ductal adenocarcinoma, relative PME
signals were qualitatively higher than those
in healthy pancreatic tissue, suggesting po-
tential utility of PME elevation as a marker
of malignant transformation.*® However, sys-
tematic investigation of pancreatic cancer
using *'P-MRS has not yet been reported in
the literature.

Technical limitations constrain the clinical
applicability of *'P-MRS for certain hepatopa-
ncreatobiliary organs. Because commercially
available coils are surface coils, deep-seated
organs such as the pancreas and small-vol-
ume tumors such as gallbladder carcinomas
pose considerable detection challenges due
to limited penetration depth and SNR; they
are, therefore, considered inherently diffi-
cult targets for clinical *'P-MRS application. It
should be noted that all existing pancreatic
*P-MRS data derive from feasibility studies
conducted at UHF (7T), and evidence ob-
tained using commercially available surface
coils at standard clinical field strengths is en-
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tirely lacking. Accordingly, the applicability
of these preliminary findings to surface coil-
based imaging in routine clinical settings re-
mains to be established.

Biological significance of sodium in human
physiology

Sodium is a vital component of the hu-
man body involved in osmoregulation

and pH regulation as well as in cell physi-
ology through the regulation of the trans-
gradient.*>°

membrane electrochemical

Figure 8. *'P-MRS in a male patient in his 70s with liver metastases from esophageal squamous cell
carcinoma (squamous cell carcinoma), confirmed by liver biopsy. (a) Coronal T2-weighted image, (b) axial
fat-suppressed T2-weighted image, (c) diffusion-weighted image, and (d) apparent diffusion coefficient
map, all demonstrating a large liver metastasis (arrows). (e) Multi-voxel *'P-MRS acquired using 2D-CSI.
Voxels 1, 2, 4, and 5 predominantly contain tumor tissue, whereas voxel 3 corresponds to the hepatic
parenchyma; the remaining voxels were excluded due to excessive noise. Notably, voxel 4 demonstrates a
marked elevation of both phosphomonoester (PME) and phosphodiester (PDE) peaks, reflecting enhanced
phospholipid membrane synthesis and degradation associated with rapid tumor cell proliferation and
turnover. The elevated PME/PDE ratio in the tumor-containing voxels is consistent with previously reported
3IP-MRS findings in hepatic malignancies. *'P-MRS, phosphorus-31 magnetic resonance spectroscopy; 2D,
two dimensional; CSI chemical shift imaging.
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Figure 9. Overlaid *'P-MRS spectra from three selected voxels in the same patient as Figure 7 (male patient
in his 70s with hepatic metastases from esophageal squamous cell carcinoma). Spectra from two tumor-
containing voxels (tumor 1 and tumor 2) and one normal hepatic parenchyma voxel (normal tissue) are
displayed for direct comparison. In both tumor voxels, the inorganic phosphate (Pi) peak is markedly
elevated compared with normal tissue. The intracellular pH calculated from the Pi chemical shift is lower
in the tumor voxels than in the normal parenchyma, indicating an acidic intracellular environment in the
metastatic lesions. These findings may reflect enhanced glycolytic activity and the Warburg effect in the
tumor tissue, which is consistent with increased lactate production and subsequent intracellular proton
accumulation. *'P-MRS, phosphorus-31 magnetic resonance spectroscopy.
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Tissue sodium concentration (TSC) is tightly
regulated by healthy cells and is altered by
energy status and cellular integrity, making
it an effective marker for disease states. Cells
maintain a low intracellular Na* concentra-
tion by actively pumping Na* ions out via the
Na*/K* ATPase channel > Under normal phys-
iological conditions, the intracellular sodium
concentration is maintained at approximate-
ly 10-15 mM, whereas the extracellular con-
centration is 140-150 mM.5*52 Any pathologi-
cal process that compromises cellular energy
metabolism or membrane integrity disrupts
this gradient, increasing TSC detectable by
Na-MRlI.5354

Drastic metabolic alterations occur in ma-
lignant tumors, often to account for hypoxic
intratumor conditions, leading to a decrease
in cytosolic pH. To compensate, Na* ions
from the extracellular space are exchanged
for protons via the Na*/H* antiporter.® This
mechanism creates a characteristic elevation
of intracellular sodium in malignant tissue,
forming the basis for ?Na-MRI as a cancer
biomarker.*®

Scan sequences for sodium-23 magnetic
resonance imaging: characteristics, advan-
tages, and limitations

»Na-MRI can be implemented using sev-
eral ultrashort echo time (UTE)-based acqui-
sition strategies. Non-Cartesian techniques
such as 3D radial UTE, twisted projection
imaging, and 3D cone trajectories enable
submillisecond echo times and provide rel-
atively high SNR efficiency, making them
well suited to the extremely short transverse
relaxation time (T2) and effective transverse
relaxation time (T2*) of sodium. These ap-
proaches are widely used for quantitative
TSC mapping but often require specialized
reconstruction methods and are primarily
available in research settings.*®** Cartesian
UTE sequences based on a spoiled gradi-
ent-echo (GRE) framework offer simpler and
more robust implementation, albeit with
lower SNR efficiency.*® Balanced steady-state
free precession UTE, known as balanced fast
field echo UTE (bFFE-UTE) in some systems,
theoretically provides high SNR efficiency
but is sensitive to static magnetic field (BO)
inhomogeneity and banding artefacts, with
its practical advantage reduced in 2Na-MRlI
due to the very short T2*. Spoiled GRE-based
UTE sequences, such as turbo field echo UTE
(TFE-UTE), are more robust to off-resonance
effects and, therefore, may be advantageous
in regions with BO inhomogeneity, although
their theoretical SNR is lower than that of bal-
anced steady-state approaches.®*>

In clinical practice, where commercially
available sodium coils are used, the applica-
ble sequence options are determined by the
MRI vendor’s platform. The two principal can-
didates are bFFE-UTE and TFE-UTE, each with
distinct physical characteristics and practical
trade-offs. bFFE-UTE is based on a bSSFP
framework, which theoretically offers high
SNR efficiency by utilizing both longitudinal
and transverse magnetization, along with
T1/T2-weighted contrast. However, its practi-
cal SNR advantage is diminished in 2Na-MRlI
because the extremely short T2* of sodium
prevents full steady-state formation before
signal decay onset. Moreover, bSSFP-based
sequences are inherently sensitive to BO
inhomogeneity and prone to banding arte-
facts, which can substantially degrade image
quality in anatomically challenging regions
such as the upper abdomen.*’*°

TFE-UTE is based on a spoiled GRE frame-
work, offering considerably greater robust-
ness against off-resonance effects and immu-
nity to banding artefacts. These properties
better equip TFE-UTE for abdominal *Na-
MRI, where achieving uniform magnetic field
conditions is inherently difficult. Its primary
limitation is a lower theoretical SNR than
bFFE-UTE; however, given that the steady-
state transverse magnetization of *Na is
negligible due to its short T2*, the practical
SNR difference between the two sequences
may be smaller than theoretical predictions
suggest. Ernst angle optimization remains
important to maximize signal efficiency.>>*

In summary, although bFFE-UTE offers
higher theoretical SNR under favorable field
homogeneity conditions, TFE-UTE provides
superior practical stability in the upper abdo-
men, and the SNR disadvantage of TFE-UTE is
partially offset by the intrinsic T2* limitations
of ®Na-MRI.
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Phantom-based validation of the sodium
coil for sodium-23 magnetic resonance im-

aging

To confirm the capability of the sodi-
um coil to detect and differentiate sodium
concentrations, phantom imaging was per-
formed using solutions of varying sodium
concentrations ranging from 10 to 300 mM
using regulatory-approved Na coils. On both
T1- and T2-weighted images acquired with a
conventional proton coil, no discernible dif-
ferences in signal intensity were observed
among phantoms of differing sodium con-
centrations (Figure 10). In contrast, 2Na im-
ages acquired using the dedicated sodium
coil clearly depicted concentration-depen-
dent signal variations, with higher sodium
concentrations corresponding to greater
signal intensity (Figures 10e, f). Quantita-
tive analysis confirmed a strong linear re-
lationship between sodium concentration
and >Na MR signal intensity for both bFFE
and TFE acquisition sequences (Figure 11),
demonstrating that the sodium coil pro-
vides reliable and quantitative detection of
sodium concentration differences across a
physiologically and clinically relevant range.
These findings validate the fundamental ca-
pability of the sodium coil for subsequent in
vivo “Na-MRI applications.

Sodium-23 magnetic resonance imaging in
the normal liver

When the upper abdomen is surveyed us-
ing this commercially available *Na coil, high
sodium signal intensity is readily detected in
the gallbladder bile, costal cartilage, and re-
nal parenchyma—structures known for their
elevated sodium content—whereas the he-
patic parenchyma exhibits considerably low-
er 2Na signal intensity relative to these struc-
tures (Figure 12). These findings demonstrate
that the Na-140-Flex surface coil is capable of
capturing physiologically meaningful sodi-
um contrast across clinically relevant upper
abdominal organs without requiring cus-
tom-built or research-grade hardware.

Figure 10. 2Na-MRI phantom study demonstrating sodium concentration-dependent signal intensity. (a)
Schematic diagram of the phantom configuration containing solutions of varying sodium concentrations
(10-300 mM). (b) Photograph of the phantom. (c) T2-weighted image. (d) T1-weighted image. (e) Grayscale
ZNa image. (f) Color-mapped *Na image. Although differences in sodium concentration are not discernible
on conventional T2-weighted or T1-weighted images (c, d), Na-MRI clearly depicts concentration-
dependent signal variations (e, f), with higher sodium concentrations corresponding to greater signal
intensity. ?Na, sodium-23; *Na-MRI, sodium-23 magnetic resonance imaging.
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Recent technical advances in *Na-MRI
have enabled quantification of mean he-
patic TSC in healthy volunteers, reported as
approximately 20 mM?®*—consistent with
the known physiology of normal liver tissue,
in which sodium is predominantly localized
to the extracellular compartment (approx-
imately 140 mM) and the extracellular fluid
fraction comprises 15%-20% of liver vol-
ume.”

Mechanisms of sodium accumulation in liv-
er fibrosis and chronic liver disease

Experimental evidence supporting the
potential of 2Na-MRI for detecting acute
hepatocellular injury was derived from a rat
model of carbon tetrachloride (CCl,)-induced
hepatotoxicity. Using a dual-tuned 'H/*Na
birdcage coil, Towner et al.®® demonstrated
that within 1-2 hours of CCl, administration,
a localized increase in the *Na signal was
observed in the periportal region, spatially
corresponding to edematous tissue iden-
tified on co-registered 'H MRI. This finding
reflects disrupted transmembrane sodium
homeostasis and increased Na* flux associ-
ated with early hepatocellular membrane in-
jury. Notably, pretreatment with alpha-phe-
nyl-tert-butyl nitrone, a free radical spin trap,
substantially attenuated both the edema-
tous response on 'H MRI and sodium signal
elevation on *Na-MRI, providing direct in
vivo evidence that free radical intermedi-
ates—arising from CCl, metabolism—are
key mediators of membrane dysfunction and
subsequent sodium dysregulation.®

Using the regulatory-approved Na-140-
Flex surface coil, an elevated *Na signal was
observed in the resection margin of a patient
who had undergone partial hepatectomy,
with persistent edema at the surgical margin
2 months postoperatively (Figure 13). This
observation suggests that ?Na-MRI with a
commercially available surface coil may be
capable of detecting prolonged sodium ac-
cumulation associated with post-procedural
inflammatory and edematous changes in
hepatic tissue, consistent with the disrupted
sodium homeostasis observed in experimen-
tal hepatocellular injury models.®

The theoretical rationale for elevated he-
patic TSCin chronic liver disease is supported
by several complementary pathophysiologi-
cal mechanisms. First, fibrosis-related ex-
pansion of the extracellular matrix increases
the extracellular volume fraction;®' since the
extracellular sodium concentration (approx-
imately 140 mM) is approximately 10-fold
higher than the intracellular concentration
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Figure 11. Relationship between sodium concentration and signal intensity. The phantom shown in
Figure 10 was imaged using two acquisition sequences: balanced fast field echo (bFFE) and turbo field echo
(TFE). The graph demonstrates a strong linear relationship between sodium concentration and magnetic
resonance signal intensity for both sequences, confirming the quantitative capability of ?Na-MRI using a
commercially available sodium coil. ?Na-MRI, sodium-23 magnetic resonance imaging.
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Figure 12. 2Na-MRI in a healthy male volunteer in his 30s. (a) Axial T2-weighted image of the upper
abdomen. (b, ¢) Na-MRI acquired with the surface coil placed in two different positions. A high sodium
signal is detected in the bile within the gallbladder, costal cartilage, and renal parenchyma, demonstrating
the capability of the regulatory-approved surface coil to detect tissue sodium concentration in clinically
relevant upper abdominal structures. ?Na-MRI, sodium-23 magnetic resonance imaging.
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Figure 13. ®Na-MRI in an 80-year-old man with hepatitis C virus-related chronic hepatitis following partial
hepatectomy of segment 5. (a) Fat-suppressed T2-weighted image demonstrating a subtle, ill-defined area
of T2 hyperintensity along the hepatic surface of segment 4, consistent with postoperative change. (b) ZNa-
MRI with a color overlay showing elevated tissue sodium concentration (TSC) in the region corresponding
to the postoperative changes, exceeding that of the surrounding hepatic parenchyma. This focal sodium
elevation is consistent with increased TSC secondary to cellular injury and disruption of Na*/K*-ATPase
pump function in the affected tissue. An elevated sodium signal is also noted in the costal cartilage, as
expected given its known high sodium content. ?Na-MRI, sodium-23 magnetic resonance imaging; ATP,
adenosine triphosphate.
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(approximately 10-15 mM), this composi-
tional shift could theoretically increase TSC
by 50%-100% relative to the normal liver.t"
Second, chronic inflammation and oxidative
stress impair Na*/K*-ATPase pump function,
leading to intracellular sodium accumula-
tion.**%5 Third, portal hypertension and in-
terstitial fluid retention in decompensated
cirrhosis further elevate total tissue sodium
content via activation of the renin-angioten-
sin-aldosterone system.% Finally, hepatocyte
necrosis and apoptosis cause collapse of ion-
ic gradients, with sodium concentrations in
necrotic cells approaching extracellular lev-
els (approximately 140 mM).¢”%8 Collectively,
these mechanisms suggest that >Na-MRI-de-
rived TSC may serve as a sensitive biomarker
reflecting the severity of hepaticinjury across
the full spectrum of chronic liver disease.

Despite the promising theoretical ratio-
nale and preliminary technical feasibility
data, clinical translation remains at a very
early stage, and all published abdominal
»Na-MRI studies to date have focused exclu-
sively on healthy volunteers; no patient data
correlating hepatic TSC with the histological
fibrosis stage, inflammatory grade, or clinical
outcomes exist.

Therefore, further prospective studies
with histological validation are warranted
to establish the diagnostic utility of hepatic
ZNa-MRL. It should be noted that the evi-
dence base for Na-MRI in chronic liver dis-
ease remains substantially more limited than
that for *'P-MRS, for which multiple clinical
studies across diverse hepatic disorders have
been conducted. The former currently rests
on pathophysiological rationale and preclin-
ical data alone.

Clinical utility of sodium-23 magnetic reso-
nance imaging in hepatocellular carcinoma

HCC represents a compelling target for
BNa-MRI, as the intracellular sodium con-
centration in HCC cells is 8-10 times high-
er than that in normal hepatocytes.®® This
marked ionic imbalance partially arises from
the Warburg effect, whereby aerobic gly-
colysis drives lactate overproduction and
subsequent Na* accumulation via Na*/H* ex-
changer activity.* From a broader oncolog-
ical perspective, Leslie et al.”* demonstrated
that elevated tissue Na* concentration is a
consistent hallmark of solid malignancies
detectable at the cellular, tissue, and organ-
ism (patient) levels, with 2Na-MRI encoding
biologically relevant information beyond
conventional morphological imaging. Early
preclinical work demonstrated that Na-MRI

could serially track HCC tumor growth in an-
imal models and that the implantation site
and growth kinetics influenced sodium sig-
nal characteristics.”

Importantly, the elevated intracellular
sodium state of HCC cells may itself consti-
tute a therapeutic vulnerability. Clemente
et al.®® demonstrated that pharmacological
augmentation of intracellular Na* using the
ionophore monensin selectively induced cell
death in HCC cells while sparing normal he-
patocytes, with tumor shrinkage confirmed
in murine allograft models. Ashkar et al.”* fur-
ther positioned sodium homeostasis disrup-
tion as a novel therapeutic target in the clin-
ically urgent context of MASH-related HCC.
Nevertheless, all existing evidence for **Na-
MRI in HCC remains preclinical; no clinical
data acquired with commercially available
surface coils in patients with HCC have been
reported to date. Translation to human imag-
ing will require overcoming the considerable
technical challenges inherent to abdominal
“Na-MRI, and the diagnostic and therapeutic
utility of this approach in HCC has yet to be
established in clinical studies.

This review summarizes current evidence
on the clinical applications of *P-MRS and
ZNa-MRI in upper abdominal imaging. Ac-
cumulated research demonstrates that both
techniques provide metabolic and physio-
logical information beyond what conven-
tional proton MRI can offer, particularly in
the assessment of diffuse liver disease and
hepatic tumors. However, it must be ac-
knowledged that the majority of these find-
ings were derived from custom-built coils
requiring specialized research infrastructure
or UHF systems, limiting their broader clini-
cal applicability.

A critical next step will be to determine
the extent to which diagnostically mean-
ingful signals can be obtained using these
newly approved coils and to systematically
accumulate methodological insights and
preliminary clinical findings. Concurrently,
standardization of acquisition protocols,
quantification methodologies, and inter-
pretation criteria represents an essential
unmet need. No consensus currently exists
regarding voxel localization strategies, flip
angle calibration, or disease-specific diag-
nostic thresholds, and inter-site reproducibil-
ity data are largely absent. Addressing these
gaps through multicenter collaborative stud-
ies will be a prerequisite for broader clinical
adoption.
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