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Ingeborg S. Skre', Magnus Karlsson', Juan D. Sanchez-Heredia?, Vebjorn S. Skre®, Peter A. Rasmussen' &
Mathilde H. Lerche’

Metabolic dysfunction and hepatocellular injury coexist in liver disease but remain difficult to
disentangle non-invasively. Hyperpolarized magnetic resonance imaging (HP MRI) enables in vivo
metabolic interrogation but has primarily been applied to rapid exchange pathways. Here we evaluate
whether complementary hyperpolarized molecular probes provide pathway-specific information on
hepatic injury and methyl-donor metabolism in a rat model of steatohepatitis induced by a methionine-

and choline-deficient diet. Hyperpolarized [1,4-"°C,]fumarate MRI detected robust conversion to
[1,4-"°C,]malate in diseased livers, reflecting injury-associated fumarate hydratase accessibility
following loss of membrane integrity. In the same animals, hyperpolarized °N,dg-betaine enabled
detection of downstream °N,dg-dimethylglycine as a readout of hepatic one-carbon metabolism over
a multi-minute timescale. While malate signal increased markedly in steatohepatitis, dimethylglycine
formation was reduced despite comparable parent betaine signal, indicating impaired metabolic
engagement rather than altered substrate delivery. These hyperpolarized contrast mechanisms
provide complementary metabolic readouts of hepatic injury and methyl-donor metabolism in vivo,
extending hyperpolarized MRI toward probing endogenous metabolic processes on extended

timescales.

Chronic liver diseases such as non-alcoholic fatty liver disease (NAFLD) and
its progressive form, non-alcoholic steatohepatitis (NASH), are character-
ized by the concurrent development of impaired hepatic metabolic function
and hepatocellular injury'. These processes are mechanistically distinct:
metabolic dysfunction reflects altered enzymatic capacity and substrate
handling, while cellular injury involves loss of membrane integrity, altered
compartmentalization, and inflammatory stress. Because they evolve
together, non-invasive imaging approaches frequently conflate functional
impairment with injury-associated changes, limiting biological interpret-
ability and complicating assessment of disease activity.

Hyperpolarized magnetic resonance imaging (HP MRI) enables
in vivo visualization of metabolism by transiently enhancing signal from
isotope-labeled substrates and their downstream products™’. In liver
disease, most HP MRI studies have relied on [1-"C]pyruvate to probe

exchange into lactate and alanine as markers of redox state and enzy-
matic activity*”. While informative, reported results using hyperpolar-
ized pyruvate differ markedly across dietary liver disease models. In
high-fat diet (HFD) models producing steatosis with relatively mild
inflammation, increased lactate-to-pyruvate and alanine-to-pyruvate
ratios have been reported at later disease stages“"’. In contrast, methio-
nine- and choline-deficient (MCD) diet models, which are commonly
used to induce steatohepatitis with inflammation and fibrosis have
shown reduced pyruvate-to-lactate and pyruvate-to-alanine conversion
despite evidence of increased ex vivo enzyme activity'’. These divergent
findings likely reflect fundamental biological differences between diet
models, including insulin resistance, substrate availability and cellular
injury, underscoring the need for complementary metabolic readouts
that probe distinct biological axes''.

'Section for Magnetic Resonance, Department of Health Technology, Technical University of Denmark, Kgs, Lyngby, Denmark. *Technical University of Cartagena
(UPCT), Cartagena, Spain. *Department of Electrical and Photonics Engineering, Technical University of Denmark, Kgs, Lyngby, Denmark.
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Two pathways of particular relevance to liver disease are hepatocellular
injury-associated metabolism and hepatic one-carbon metabolism.
Hyperpolarized [1,4-"C,]fumarate has been established as a sensitive
marker of cellular injury through its conversion to malate by fumarate
hydratase following loss of membrane integrity. This mechanism reflects
injury-associated enzyme accessibility rather than intact intracellular
metabolism and has been validated extensively in oncology, renal, and
ischemic injury models'>"". Recent work has further outlined a pathway
toward clinical translation of hyperpolarized fumarate, including bio-
compatibility and safety considerations®. However, application of
fumarate-to-malate imaging to chronic liver disease remains largely
unexplored.

In parallel, hepatic one-carbon metabolism represents a slower but
functionally central metabolic domain. Betaine serves as a major methyl-
group donor in the liver through its conversion to dimethylglycine
(DMG) by betaine-homocysteine methyltransferase (BHMT), an
enzyme highly expressed in hepatocytes”. This pathway supports the
methionine cycle and downstream biosynthetic and regulatory
processes'. Perturbations in betaine metabolism have been implicated in
experimental models of fatty liver disease, where disruption of one-
carbon metabolism alters hepatic lipid handling”*' and genetic or
dietary impairment of methyl-donor pathways, including BHMT-
mediated re-methylation, leads to steatosis and liver pathology in
rodents™”. Owing to its relatively slow turnover, however, hepatic
betaine metabolism has remained inaccessible to conventional
hyperpolarized ?C MRI approaches.

Long-lived hyperpolarized nuclei such as quaternary N provide an
opportunity to extend HP MRI toward such slower, capacity-limited
metabolic processes™. A central consideration in extending hyperpo-
larized MRI to these pathways is the choice of appropriate observables™.
Ratio-based metrics and kinetic modeling are widely used in hyperpo-
larized MRI to approximate metabolic conversion, but their inter-
pretation depends on assumptions about bolus delivery and timing,
polarization decay, excitation history, baseline product detectability, and
compartmental stability”’. When downstream metabolites are absent or
near the detection threshold in healthy tissue and become detectable
primarily in disease, map-based assessment of metabolite presence and
spatial distribution provides a more direct and conservative readout of
pathway engagement'””’. This distinction is particularly relevant under
limited temporal resolution and when the biological objective is to
delineate injury-associated accessibility (e.g., fumarate-to-malate con-
version) rather than to quantify rapid enzymatic flux. Given low SNR
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Fig. 1 | Characterization of liver disease following nine weeks on the MCD diet.
a Representative proton density fat fraction (PDFF) maps overlaid on anatomical
reference images, with a comparison of mean liver PDFF between MCD and control
rats. MCD rats exhibit markedly elevated Liver PDFF consistent with hepatic
steatosis. Error bars indicate the standard deviation. b Representative Hematoxylin
and eosin (H&E) and Sirius red stained liver sections from control and MCD rats,

and extended timescales, detectability provides a more robust and
interpretable readout than kinetic parameters, which would be highly
sensitive to noise and acquisition assumptions.

In this study, we investigate whether complementary hyperpolarized
metabolic contrast agents can provide biologically interpretable and
pathway-specific information about hepatic function and injury in vivo
under these constraints. Using hyperpolarized '*N,d-betaine, we assess the
detectability of its downstream product *N,d¢-dimethylglycine as a readout
of hepatic one-carbon metabolism on a timescale of minutes. In the same
animals, we evaluate hyperpolarized [1,4-"C,]fumarate conversion to
[1,4-°C,Jmalate in the liver as an indicator of hepatocellular
injury-associated metabolic accessibility. By prioritizing metabolite-specific
signal maps and optimizing sensitivity for downstream products, we aim to
define robust and interpretable boundaries between healthy and diseased
tissue.

Results

MCD Model Characterization

After nine weeks on the MCD diet, rats exhibited a significant body
weight loss of 20.4 + 3.6% compared to baseline (p = 1.5 x 10, Supple-
mentary Fig. 1a), consistent with previous reports for this model'**. The
liver weight of MCD rats was significantly lower than controls after nine
weeks (MCD: 11.5+1.8 g, control: 18.8+1.8¢g, p=1.0x 10, Supple-
mentary Fig. 1b), while liver/body weight ratios were not significantly
different between groups (p=0.59, Supplementary Figure 1c). PDFF
measurements performed in a subset of animals for model validation
purposes confirmed hepatic steatosis in MCD rats (25.1 +4.4%, n=2;
Fig. la), with values markedly elevated relative to control animals
(3.0 + 1.0%, n = 4).

Histological examination of liver sections by hematoxylin and eosin
(H&E) staining showed preserved lobular structure and normal hepa-
tocyte morphology in normal chow-fed rats (Fig. 1b, control). In con-
trast, livers from MCD diet fed rats exhibited marked diffuse
hepatocellular steatosis, characterized by extensive macro- and micro-
vesicular lipid accumulation, distortion of hepatocytes, and compres-
sion of sinusoidal spaces (Fig. 1b, MCD). Sirius Red staining
demonstrated collagen predominantly confined to portal regions in
control livers, consistent with normal hepatic structure (Fig. 1b, con-
trol). In MCD-fed rats, Sirius Red staining showed portal collagen as well
as additional fine pericellular collagen fibers extending into the hepatic
parenchyma, indicative of early fibrosis accompanying severe steatosis
(Fig. 1b, MCD).

Sirius Red

H&E

Control

MCD

showing preserved lobular structure in chow-fed control rats and marked diffuse
hepatocellular steatosis in MCD diet fed rats. Sirius Red stained sections demon-
strate collagen largely confined to portal regions in control livers, with additional
subtle perisinusoidal and pericellular collagen deposition in MCD-fed livers, con-
sistent with early fibrosis. Scale bars at low magnification (200 pum) and zoom in
(50% for H&E stains and 200% for Sirius red stains) are shown in all four images.
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Fig. 2 | [1,4-°C,]-malate CSI reports hepatocellular injury-associated fumarate
hydratase accessibility. a Representative hepatic metabolic [1,4-"*C,]malate SNR
maps in a control and MCD rat. b Schematic of [1,4-C,]fumarate conversion to
[1,4-C,]malate by fumarate hydratase (FH), which becomes accessible upon loss of
cellular membrane integrity. ¢ Mean liver SNR for [1,4-"°C,]malate and [1,4-"C,]
fumarate, showing a robust and significantly higher malate SNR in the MCD group

(p=0.0012) and near-threshold signal in controls. With a very large effect size
(Cohen’s d = 3.87) and a mean difference of 8.86 (95% CI: 5.92-11.8).

d Representative slice-selective spectra from a control and MCD treated animal.

e Malate-to-fumarate ratio quantified from slice-selective spectra, with a sig-
nificantly higher ratio in the MCD group (p = 7.6 x 10*). p > 0.05 (ns), p < 0.01 (**),
P <0.001 (***). Error bars indicate the standard deviation.

[1,4-"°C,lfumarate Metabolic Imaging Detects

Hepatocellular Injury

Following intravenous administration of hyperpolarized [1,4-"*C,]fuma-
rate, high malate signal (up to SNR = 40) in the MCD rats was detected in
the liver with a spatial distribution consistent with surface coil sensitivity,
Fig. 2a, informing on fumarate hydratase availability, Fig. 2b. In MCD
animals the [1,4-"C,]malate signal was robust and reproducibly detectable
across the liver, whereas control animals exhibited markedly lower hepatic
malate signal, with SNR values at or below the detection threshold. Mean
hepatic [1,4-"C,]malate SNR was significantly higher in MCD rats (mean
SNR=11.8+3.3) compared with controls (mean SNR=297+0.26;
p=0.0012), Fig. 2¢, supporting sensitivity of malate detectability to hepa-
tocellular injury in this model. In contrast, [1,4-C,]fumarate signal was low
across all animals (mean liver SNR =4.35 + 0.74), see Supplementary Fig. 2
for representative metabolic SNR maps), consistent with the use of selective
[1,4-"C,Jmalate RF excitation and larger flip angles for downstream
metabolite detection. Mean fumarate SNR was slightly higher in control
animals than in MCD rats, but this difference was not significant (p = 0.15).
A comprehensive summary of liver SNR statistics for [1,4-"C,]malate and
[1,4-"C,]fumarate is provided in Supplementary Table 1. Slice-selective
spectra acquired immediately after CSI demonstrated a significantly higher
malate-to-fumarate ratio in MCD animals (0.207 + 0.064) compared with
controls (0.0190 +0.0050; p="7.6x 10 Fig. 2d, €). While this ratio is
reported for consistency with prior studies, interpretation in the present
work focuses on malate detectability rather than kinetic exchange.

®N,de-betaine MRS Captures Hepatic Methyl-Donor Metabolism
Dynamic “N-MRS acquisitions following injection of hyperpolarized
N,dy-betaine consistently revealed the appearance of an 8.2 ppm upfield
signal in control animals approximately one-minute post-injection,
enabling tracking of metabolic conversion over time (Supplementary Fig. 3).
Summation of liver spectra over the five-minute acquisition period (Fig. 3a)
confirmed a signal at 40.7 ppm. High field NMR on an authentic standard
referenced to "N-glycine confirmed this signal to be *N,dg-DMG, (Sup-
plementary Fig. 4). This metabolite is the expected first downstream product
of *N,dy-betaine governed by the enzyme betaine-homocysteine methyl-
transferase (BHMT), Fig. 3b. "°N,d,-betaine molecular imaging one-minute

post-injection showed predominant liver localization, indicating that the
measured °N,d¢-DMG signal was also localized to this region (Supple-
mentary Fig. 5b).

Summation of *N,dg-DMG spectra over the five-minute acquisition
period vyielded higher mean DMG SNR in control animals
(SNR=11.7 +3.9) compared with MCD rats (SNR = 6.8 + 3.0; p = 0.036;
Fig. 3c). Similarly, "N,ds-DMG peak integrals were reduced in MCD ani-
mals relative to controls (0.00275+ 0.00079 vs. 0.00397 + 0.00089;
p = 0.032; Fig. 3d). In contrast, no group differences were observed in parent
"*N,do-betaine signal, neither as SNR (p = 0.60; Fig. 3c) nor as peak integral
(p = 0.46; Fig. 3d), indicating comparable delivery and polarization across
groups. It should be noted that four of six MCD animals had DMG SNR < 7
(4.8; 6.0; 6.4; 3.4, indicated by open circles in Fig. 3d). All data points were
retained in the statistical analysis to avoid bias introduced by threshold-
based exclusion. These findings demonstrate that hyperpolarized *N,do-
betaine MRS enables noninvasive access to downstream hepatic betaine
metabolism on a timescale of minutes. A comprehensive summary of SNR
and peak-fitting parameters for the summed spectra is provided in Sup-
plementary Table 2. Importantly, under the present acquisition conditions,
the observed "*N,ds-DMG signal reflects pathway engagement over a multi-
minute timescale, constrained by polarization lifetime and signal-to-noise
limitations and should thus not be interpreted as a direct quantitative
measure of BHMT-mediated enzymatic flux.

Complementary Metabolic Signature
Complementary metabolic signature between groups was demonstrated
when hepatic [1,4-C,]malate SNR was plotted against hepatic *N,ds-
DMG SNR, Fig. 4a. While group separation is primarily driven by the large
dynamic range of malate signal, the inclusion of DMG provides an addi-
tional orthogonal dimension reflecting metabolic pathway engagement,
enabling differentiation of animals with similar injury levels but differing
metabolic responses. MCD animals exhibited a high-malate/low-DMG
pattern, whereas control animals showed a low-malate/higher-DMG pat-
tern, reflecting the orthogonal biological processes probed by the two
metabolic contrast agents.

To evaluate whether group differences could be explained by variations
in injected polarization, timing, or concentration, early parent signal
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Fig. 3 | Dynamic ""N-MRS reveals slow hepatic betaine metabolism in vivo.

a Mean summed DMG spectra in the control and MCD groups, where means are
marked in solid lines and the shaded areas represent the standard deviation.

b Conversion of "°N,dy-betaine to °N,ds-dimethylglycine via betaine-homocysteine
methyltransferase (BHMT), chemical shift referenced to *N-glycine at 33.6 ppm.
¢ DMG SNR was significantly reduced in the MCD group (MCD SNR = 6.8 + 3.0)
versus control (SNR control = 11.7 + 3.9; p = 0.036) despite comparable parent

betaine signal in the two groups (p = 0.60). With a large effect size (Cohen’s d = 1.36)
and a mean difference of 4.81 (95% CI: 0.24-9.38). d DMG peak integrals were
higher in control animals (0.00397 + 0.00089) than in MCD animals

(0.00275 +0.00079, p = 0.032), with no difference in betaine peak integrals

(p =0.46). DMG integrals with SNR < 7 are marked as open circles in (d). p > 0.05
(ns), p<0.05 (¥).
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Fig. 4 | Complementary hyperpolarized metabolic contrast agents reveal ortho-
gonal hepatic phenotypes. a Scatter plot of mean hepatic [1,4-"°C,]malate SNR

versus "°N,dg-DMG SNR per animal, demonstrating a consistent high-malate/low-
DMG pattern across groups in MCD rats and a low-malate/higher-DMG pattern in
controls. b Residualized [1,4-"C,]malate and '*N,ds-DMG SNR after adjustment for

(adjusted for early fumarate SNR)

parent-signal covariates, confirming that group separation is not driven by differ-
ences in delivery or polarization. Residuals indicate deviations from values predicted
by parent signal (negative: lower than predicted; positive: higher than predicted).
¢ Early parent signal SNR used for covariate adjustment. p > 0.05 (ns).

measures acquired at the end of injection were used as covariates rather than
denominators. Adjusting for early [1,4-"C,]fumarate SNR using covariate-
based residualization did not alter the malate group separation, suggesting
that the observed differences were not driven by variability in injected signal,
delivery, or polarization (R* = 0.0003, p = 0.95). Similarly, adjusting for early
"N,do-betaine reference signal preserved the direction of the group differ-
ence, with only a weak, non-significant dependence observed (R*=0.066,
p = 0.42; Supplementary Table 3). Residualized [1,4-"’C,]malate and **N,d¢-
DMG values preserved the group-level phenotype with only mild reshaping

(Fig. 4b), indicating that the observed signature reflects metabolic changes
rather than trivial variations in input signal, delivery, or polarization.

Discussion

This study demonstrates the feasibility and conceptual value of using
complementary hyperpolarized MRI metabolic contrast agents to inter-
rogate distinct biological dimensions of liver disease in vivo under explicitly
defined technical constraints. By combining hyperpolarized °N,do-betaine
with hyperpolarized [1,4-°C,]fumarate, we sought to disentangle readouts

npj Imaging| (2026)4:44


www.nature.com/npjimaging

https://doi.org/10.1038/s44303-026-00180-9

Article

related to hepatic metabolic capacity from those associated with hepato-
cellular injury. Rather than pursuing kinetic quantification, the present work
focuses on what can be robustly and reproducibly interpreted using current
hyperpolarized MRI methodology, emphasizing spatially resolved detect-
ability of pathway-specific metabolites.

A central consideration in interpreting the present data is the nature of
the measurable observables. Detection of °N,ds-DMG reflects engagement
of hepatic one-carbon metabolism within the temporal window afforded by
the long polarization lifetime of the parent '*N,dy-betaine, and should
therefore be interpreted as metabolite detectability within the experimental
window rather than a direct quantitative measurement of methylation flux.
Similarly, [1,4-"C,Jmalate signal following hyperpolarized [1,4-"C,]
fumarate administration reflects injury-associated fumarate hydratase
accessibility that arises from loss of cellular membrane integrity, consistent
with prior work establishing fumarate as a necrosis-sensitive probe'>'*"”. In
neither case do we interpret the measurements as quantitative enzymatic
rates. Instead, the emphasis is placed on the presence or absence and
detectability of downstream products under controlled acquisition condi-
tions, which provides biologically meaningful information while avoiding
overinterpretation.

A key distinction between the approach presented here and prior
hyperpolarized metabolic imaging studies is the timescale over which it can
be interrogated. The BHMT-mediated conversion of betaine to DMG
proceeds over minutes and has therefore remained inaccessible to non-
invasive hyperpolarized readouts. Recent advances have demonstrated the
feasibility of in vivo metabolic imaging using hyperpolarized *N-labelled
probes, including enzyme-responsive agents based on "N tagging
strategies™. However, these approaches primarily target rapid or enzyme-
triggered processes. In contrast, the present work demonstrates in vivo
detection of a native metabolic pathway over a multi-minute timescale,
highlighting the potential of long-lived N hyperpolarization to access
endogenous, low-turnover metabolism. The observation of hyperpolarized
"N,d¢-DMG is notable because it represents a downstream product of a
regulated, low turn-over enzymatic reaction that only becomes observable
within the extended lifetime of the hyperpolarized signal afforded by the
quaternary "N environment of "“N,dg-betaine. In contrast to most
hyperpolarized C metabolic contrast agents, which are limited to fast
enzymatic exchanges within tens of seconds, "N,dy-betaine enables inter-
rogation of metabolic processes unfolding on a multi-minute timescale™.
Absence or reduced “N,ds-DMG detectability in MCD animals should
therefore, at this stage be interpreted as diminished pathway engagement
within this extended window, rather than as a definitive suppression of
enzymatic flux.

Reduced ""N,ds-DMG detectability is consistent with altered engage-
ment of the hepatic BHMT-linked methyl-donor pathway but does not by
itself establish reduced BHMT enzymatic flux. DMG formation may also be
influenced by intracellular substrate availability, such as changes in
homocysteine or methionine cycle intermediates that directly influence
BHMT activity’>”". It may further reflect hepatocellular injury-associated
compartmental disruption”” and broader perturbations of one-carbon
metabolism™ in the MCD model. Previous studies have demonstrated that
one-carbon metabolism is substantially altered in fatty liver disease,
including in MCD models, with reported changes in methyl-donor avail-
ability and BHMT pathway activity and expression’>”. Disruption of
methyl-donor pathways and homocysteine handling may influence
BHMT-mediated conversion of betaine to DMG, thereby affecting down-
stream metabolite detectability’’ without necessarily reflecting a propor-
tional change in enzymatic flux.

The comparatively short T; of “N,d¢-DMG (= 30s) relative to the
parent "*N,do-betaine (= 5-10 min in vivo) imposes additional sensitivity
constraints on downstream metabolite detection. In the present study, this
was mitigated by selectively exciting °"N,ds-DMG with a 90° flip angle,
thereby depleting the newly produced, rapidly decaying "°N,ds-DMG signal
within each TR, while minimizing the excitation for long-lived *N,do-
betaine. As a result, total RF-induced depletion of the parent pool was

limited to ~8% over the five-minute acquisition, supporting sustained
metabolic conversion over several minutes. Under these conditions, the
detection of *N,d¢-DMG does not reflect steady-state accumulation, but
rather continuous enzymatic turnover during each TR sustained within the
extended hyperpolarized lifetime of the parent *N,dy-betaine signal.

Future acquisition strategies could further enhance DMG detectability
through optimized timing and parameter selection, informed by careful
in vivo characterization of DMG kinetics and relaxation properties. Future
work could also explore dose-response relationships and assess whether
alternative infusion protocols may improve detection sensitivity. If infusion
protocols other than the bolus approach typically used in hyperpolarized
MRI studies are adopted, strategies to prolong the T, of °N,dy-betaine may
be particularly beneficial, for example through further deuteration of the
methylene protons and/or EPA filtration as recently documented™ thereby
extending the accessible window for detection of downstream metabolites.
These considerations mirror early developments in “C hyperpolarized
imaging, where acquisition strategies evolved in tandem with understanding
of downstream metabolite lifetimes™.

Beyond DMG, betaine metabolism offers several additional down-
stream targets of potential relevance to liver disease, including sarcosine,
glycine, and serine. While detection of these metabolites is currently chal-
lenging due to low concentrations and/or spectral overlap, advances in
spectral encoding or higher field strengths may enable their interrogation. In
a longer-term perspective, hyperpolarized strategies aimed at probing the
balance between S-adenosylmethionine (SAM) and S-adenosylho
mocysteine (SAH) could provide particularly meaningful insight, as the
SAM/SAH ratio is a central determinant of hepatic methylation capacity
and has been associated with steatohepatitis and fibrosis progression™.
Alterations in one-carbon metabolism have also been reported in human
liver disease, where disruptions in methyl-donor balance are associated with
steatohepatitis progression and fibrosis, underscoring the clinical relevance
of this pathway™. More broadly, altered betaine metabolism may reflect
shifts in the one-carbon metabolism that accompany liver diseases.
Experimental studies indicate that methyl-donor deficiency and impaired
folate-dependent re-methylation can increase reliance on the betaine-
dependent BHMT pathway, with reported changes in hepatic BHMT
expression in rodent models”**. Although these factors were not directly
targeted in the present study and folate concentrations have been reported to
remain unchanged in the MCD model, they highlight the potential of
hyperpolarized °N,dy-betaine to probe coordinated methyl-donor meta-
bolism rather than isolated enzymatic flux.

For assessment of fumarate-to-malate conversion in the liver, we relied
on a single time-point metabolic map of malate acquired over an extended
temporal window using a robust 2D CSI acquisition. This approach enabled
reliable and spatially resolved separation of the closely spaced resonances of
symmetric [1,4-"°C,]fumarate and the [1,4-"°C,]malate doublet, rather than
pursuing a time-resolved imaging strategy. Given that the fumarate
hydratase reaction is effectively an on-off marker of compromised mem-
brane integrity, rather than a finely graded enzymatic process, the loss of
dynamic information may be less critical for biological interpretation. This
approach aligns with the majority of prior hyperpolarized [1,4-"°C;]fuma-
rate studies, where analysis is typically based on the total malate signal
accumulated over a specified period (typically as a malate-to-fumarate ratio)
rather than time-resolved kinetic modeling'****.

Under these conditions, optimization of downstream product sensi-
tivity becomes important. We therefore prioritized [1,4-"C,]malate signal
using metabolite selective excitation and larger flip angles, while preserving
[1,4-"C,]fumarate signal with smaller flip angles to provide contextual
reference. This design increases sensitivity to downstream [1,4-"°C,]malate
detection at the expense of parent fumarate signal, introducing a controlled
bias toward the biologically relevant endpoint while improving interpret-
ability in the context of injury-associated metabolite emergence. In future
work, the use of variable flip-angles for [1,4->C,]malate across the acqui-
sition could enable more favorable k-space weighting and further improve
point spread function characteristics. Additionally, future implementations
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could place greater emphasis on fumarate sensitivity to enable a more
balanced assessment of fumarate and malate. These design choices collec-
tively favor robustness and interpretability over maximal signal capture,
ensuring that observed differences reflect biologically meaningful variation
rather than acquisition-dependent bias.

For clinical translation, alternative acquisition strategies will likely be
required, as the larger spatial coverage and matrix sizes needed in these
settings make conventional CSI increasingly impractical. Future work could
explore alternative, more efficient strategies, such as IDEAL encoding which
has been explored in a few prior rodent studies for [1,4-"C,]fumarate
metabolic imaging'*™", potentially in combination with multiband excita-
tion, which has recently been applied in pig studies for other closely spaced
"C metabolite pairs*'. Deuteration of the fumarate backbone represents
another promising avenue, given reported long fumarate T, (76 s at 3 T)"".

The resulting metabolite maps emphasize spatial patterns and relative
signal presence rather than ratios or kinetic parameters. This approach is
conceptually aligned with other imaging biomarkers of tissue injury that rely
on map-based or threshold guided interpretation. In clinical liver imaging,
multiparametric MRI (MP MRI) is increasingly used to generate spatially
resolved parametric maps that characterize tissue composition and disease
burden across the liver. Also, hepatocyte-specific contrast agents such as
gadoxetate disodium are used to assess hepatocellular function and uptake,
providing complementary information to structural and quantitative ima-
ging markers®. Techniques such as PDFF, corrected T;, T, diffusion-
weighted imaging, and MR elastography are interpreted primarily through
the magnitude and spatial distribution of abnormal values rather than
primarily through kinetic modeling or ratio-based metrics”. Such maps
enable assessment of disease extent, heterogeneity, and longitudinal change,
supporting clinical decision-making without reliance on dynamic para-
meters. Similarly, while absolute thresholds will depend on acquisition and
analysis parameters, the present results suggest that malate detectability may
serve as a robust indicator of hepatocellular injury within a defined
experimental context. Importantly, this interpretation does not require
assumptions about enzyme upregulation but instead reflects altered com-
partmental accessibility associated with cellular damage.

Interpretation of hyperpolarized metabolic imaging in liver disease is
strongly influenced by the choice of experimental disease model, as different
models perturb distinct aspects of hepatic metabolism and injury. High fat
diet (HFD) and methionine- and choline-deficient (MCD) models probe
fundamentally different biological states, despite both being used to study
steatohepatitis''. HFD models primarily reflect overnutrition and insulin
resistance with relatively preserved hepatocellular integrity, whereas MCD
feeding induces methyl-donor deficiency, oxidative stress, inflammation,
and progressive cellular injury. These differences likely arise from distinct
alterations in insulin signaling, substrate availability, redox balance, and
cellular composition underscoring that no single hyperpolarized readout
can be universally interpreted across disease contexts. Such model-specific
features have direct implications for interpretation of the hyperpolarized
readouts. The pronounced hepatocellular injury in the MCD model is
expected to enhance fumarate-to-malate conversion through increased
membrane permeability and fumarase accessibility, potentially amplifying
the observed malate signal relative to more gradual or heterogeneous injury
patterns in human MASLD/MASH. In contrast, the absence of insulin
resistance and the presence of systemic methyl-donor deficiency in the
MCD model may fundamentally alter one-carbon metabolism, including
substrate availability and BHMT pathway engagement. As a result, reduced
®N,ds-DMG detectability may reflect model-driven perturbations of
methyl-donor metabolism that are not directly representative of the meta-
bolic context in human disease. In this light, divergent hyperpolarized
pyruvate findings, such as increased pyruvate-to-lactate exchange in HFD
models® and reduced exchange in MCD-induced steatohepatitis'® should
not be viewed as conflicting results, but rather as model-specific metabolic
signatures. Accordingly, while the present findings demonstrate the feasi-
bility of probing complementary biological processes, the relative magni-
tude and balance of these readouts may differ in human MASLD/MASH,

where metabolic dysfunction is driven primarily by insulin resistance and
lipid excess rather than methyl-donor deficiency™.

Within this framework, the present study highlights the value of
combining hyperpolarized metabolic contrast agents that target orthogonal
biological processes. Hyperpolarized pyruvate predominantly reflects
cytosolic redox balance and transporter mediated exchange, whereas
hyperpolarized [1,4-"’C,]fumarate reports on injury associated membrane
permeability, and hyperpolarized "*N,do-betaine probes longer timescale
methyl-donor metabolism. Other metabolic contrast agents, including
hyperpolarized a-ketobutyrate” and dehydroascorbate’ have likewise been
applied in the MCD model, further illustrating how distinct aspects of liver
pathology can be selectively emphasized. Although the MCD model has
limitations with respect to weight loss and direct translational relevance to
metabolic syndrome, its reproducible induction of hepatocellular injury and
methyl donor stress makes it a powerful model for mechanistic imaging
studies. In this setting, the use of complementary hyperpolarized metabolic
contrast agents provides a more complete depiction of disease-associated
metabolic remodeling than any single readout alone.

Several limitations of this study should be acknowledged. The mea-
surements do not provide quantitative flux estimates and may therefore be
more sensitive to acquisition design choices, including flip angle selection,
frequency-dependent excitation, and timing. The findings are also specific
to the disease models and time points studied. A further consideration is the
variability and signal-to-noise limitations associated with detection of
*N,ds-DMG. Several MCD animals exhibited DMG SNR values close to the
detection threshold, reflecting the challenges of probing low-turnover
metabolic processes within the constraints of hyperpolarized signal lifetime.
While group differences remained statistically significant and effect sizes
were large, low SNR may increase sensitivity to noise and fitting uncertainty
and should be considered when interpreting individual measurements.
Importantly, all data points were retained in the analysis to avoid bias from
threshold-based exclusion, and the observed group-level trends were robust
to this variability. This variability may also reflect biological heterogeneity in
metabolic engagement within the MCD model, in addition to measurement
sensitivity constraints. Further development may include longitudinal
imaging across disease progression, integration with perfusion and struc-
tural MRI, and refinement of pulse designs to better balance sensitivity
across metabolites. As longer-lived hyperpolarized metabolic contrast
agents are further developed, it will also be important to validate that iso-
topic strategies such as deuteration, used here to extend the lifetime of the
hyperpolarized state of "°N,dy-betaine, do not alter enzymatic affinities or
turnover kinetics. Nevertheless, this work establishes a principled frame-
work for extending hyperpolarized MRI beyond fast metabolic processes
toward biologically interpretable imaging of slow metabolism and cellular
injury in liver disease. Detection of "N,dg-DMG represents an entry point
into a new temporal regime for hyperpolarized MRI, analogous to the early
expansion of '’C imaging beyond pyruvate. Just as that expansion required
careful consideration of what could and could not be interpreted, the present
findings underscore the need for similarly rigorous development as long-
lived hyperpolarized metabolic contrast agents are applied to complex
metabolic systems.

Overall, this work demonstrates how complementary hyperpolarized
metabolic imaging can provide pathway specific information on hepatic
metabolic function and cellular injury. Our results highlight how long-lived
hyperpolarized °N nuclei enable access to endogenous metabolic processes
occurring on extended timescales in vivo, extending hyperpolarized MRI
beyond rapid exchange reactions toward biologically relevant pathway
engagement rather than instantaneous flux.

Methods

Animal Model

All animal experiments were performed in accordance with EU directive
2010/63/EU on the protection of animals used for scientific purposes and
approval was granted by the Animal Experiment Inspectorate in Denmark
(permit number 2025-63271). A total of twelve male Sprague-Dawley rats,
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aged 10 weeks at diet initiation (422 + 12 g), were included in the study. The
rats were divided into two groups: six rats were placed on a methionine- and
choline-deficient (MCD) diet (Teklad, TD.90262; Envigo, Indianapolis, IN,
USA) for nine weeks, a frequently used and well-characterized model of
steatohepatitis'*****. Six rats received standard chow in the same time per-
iod. Animals were allocated to either MCD diet or standard chow groups
before diet initiation without formal randomization. Animals were housed
under standard institutional conditions with ad libitum access to food and
water and were allowed to acclimatise for 7 days before diet initiation. Body
weight was monitored weekly. Investigators were not blinded to group
allocation during animal handling or MRI acquisition because the diet
intervention caused visible body-weight differences, however, image and
spectroscopy analyses were performed using predefined ROI and fitting
procedures. All animals completed the study and were included in the
analyses. No animals or data points were excluded from the primary
analyses.

Histology

After nine weeks on the diets and following completion of MRI experiments,
the animals were euthanized and livers were rapidly excised, weighted,
sectioned into 0.3-0.5 cm slices, fixed in 10% neutral buffered formalin, and
embedded in paraffin for histological analysis. 5 um sections of the paraffin
blocks were cut and stained with hematoxylin and eosin (H&E) and Sirius
Red. H&E-stained sections were examined qualitatively for liver archi-
tecture, steatosis, hepatocyte injury, and necrosis. Sirius Red-stained sec-
tions were assessed for collagen deposition and fibrosis, with attention to the
distribution of collagen within portal regions and hepatic parenchyma.
Representative images were acquired at low and high magnification.

MR Hardware

MRI and magnetic resonance spectroscopy (MRS) were performed on a
clinical 3 T MR system with multinuclear capabilities (SIGNA Premier, GE
Healthcare). For proton imaging, a 21-channel receive-only head-and-neck
coil (GE Healthcare) was used.

C and "N transmission was done using a custom-designed dual-
tuned volume coil for °N and "’C (diameter = 160 mm, length = 150 mm),
with two single-tuned saddle coils geometrically decoupled (rotated 90
degrees). Active tuning was implemented in both channels, so that the final
decoupling between the two coils was better than -70 dB. Reception was
done using separate single-channel loop coils placed anteriorly over the
liver, with diameters 20 mm and 25 mm for °C and "N, respectively. These
surface coils were receive-only and implemented active decoupling as
described in®’. The surface coil electronic board included an integrated first-
stage Low Noise Amplifier (LNA), both for *C (WMA32C, Wantcom,
USA), and ®N (elcry2-u, EICry, Denmark).

Magnetic Resonance Imaging

Rats were anesthetized with isoflurane (1.5-2.5%, 1.5 L/min) and positioned
supine in the scanner. Temperature and respiration were continuously
monitored and used to adjust isoflurane dose and animal heating®. After
completion of MRI experiments, animals were euthanized under deep
anesthesia by overdose of pentobarbital, according to the approved animal
license, and livers were rapidly excised for histology. An overview of the
experimental setup is given in Supplementary Fig. 6.

Initial scout images were acquired using a standard 'H 2D FGRE
sequence. A 2D SSFSE sequence was used for anatomical reference to the *C
and "N acquisitions (FOV =200 x 200 mm’, matrix = 384 x 244, slice
thickness = 3 mm, 10 signal averages).

Liver proton density fat fraction (PDFF) was quantified in a subset of
animals (two MCD rats, four controls) using a 3D IDEAL IQ sequence with
6 collected echoes (TR =6.87 ms, TE; = 0.9 ms (range = 0.9-4.6 ms), flip
angle = 3°, echo train length = 3, FOV = 160 x 160 mm’, matrix = 64 x 64,
slice thickness = 5.0 mm, 5 signal averages).

[1,4-C,]fumarate was prepared and hyperpolarized as previously
described for rodent sample sizes” obtaining a liquid state polarization at

time of injection of approximately 30% and injected intravenously over 6 s
(40 mM; 3.0 + 0.1 mL/kg). 20 s after beginning of injection, [1,4-"°C,]malate
distribution was imaged from a 20 mm slice covering the liver with 2D
phase-encoded chemical shift imaging (CSI) (TE/TR=10.5/163.2 ms,
FOV=70x70mm?  matrix=20x20, center flip angle=10°
bandwidth = 1000 Hz, number of points = 128). This imaging window was
determined from pilot experiments (Supplementary Fig. 7) to provide the
most reproducible [1,4-”C,]malate signal detectability across animals
rather than peak signal in individual animals. This choice increases sensi-
tivity to consistently detectable malate signal at the group level, while
potentially underestimating peak signal in individual animals, thereby
reducing bias toward outlier responses and improving interpretability of
cohort-level comparisons.

A spectral-spatial radiofrequency (RF) excitation pulse (~90Hz
FWHM, see Supplementary Fig. 8 for spectral-spatial profile characteriza-
tion), centered between the two malate resonances, was used instead of a
conventional soft pulse to reduce RF depletion during the MRSI acquisition
to improve [1,4-°C,]malate image quality. This design prioritizes sensitivity
to the biologically interpretable endpoint, emergence of [1,4- BC,]malate,
while accepting near-threshold fumarate signal as a deliberate trade-off,
consistent with the interpretation of fumarate-malate conversion as an
injury-associated accessibility marker rather than a dynamic metabolic
exchange. Technically, simulations supported this design showing that it
leads to more favorable k-space weighing and a reduced effective point-
spread function broadening for [1,4-"C,]malate (Supplementary Fig. 9).
Slice-selective spectra were collected before (at end of injection) and
immediately after CSI acquisition (~90s post-injection) from the same
acquisition volume as the CSI (flip angles before/after = 2°/90°, spectral
bandwidth = 1000 Hz, 512 spectral points).

Following “C-MRI, the Rx coil was exchanged to allow for
*N-acquisitions. "N,dy-betaine was synthesized, prepared and hyperpo-
larized as previously described*, obtaining a liquid state polarization at time
of injection of approximately 25%. A single dissolved "°N,dy-betaine dose
(80 mM; 5.9 +0.3 mL/kg) was administered intravenously as two equal
bolus injections (3.0 + 0.1 mL/kg per injection), each delivered over 6s.

The first bolus served quality-control purposes. Immediately at end of
injection, a slice-selective spectrum was acquired from a 35 mm slab cov-
ering the liver to accurately determine the °N,dy-betaine center frequency
for subsequent acquisitions and to provide a reference measure of polar-
ization level (flip angle =2°, spectral bandwidth = 1000 Hz, 512 spectral
points). To further verify efficient hepatic delivery, *N,do-betaine 3D
molecular imaging of the entire liver was performed 1 min post-injection
(voxel size=2.3x23x27mm’)*. These images show liver localized
homogeneous distribution of the ’N,dy-betaine signal in both diseased and
healthy animals and thus warrant liver origin of the *N,do-DMG MRS
signal, see Supplementary Fig. 5b. This first bolus injection thereby ensured
consistent frequency calibration and delivery verification across animals
prior to metabolic acquisition. This approach reduces potential bias arising
from inter-animal variability in delivery and polarization.

The second bolus injection was used to probe metabolic conversion to
N,d¢-dimethylglycine (DMG) using dynamic slice-selective MRS (35 mm
slice, TR = 5 s, 60 acquired spectra) with a spectral-spatial RF pulse centered
at the "*N,ds-DMG resonance frequency ( ~ 100 Hz FWHM, flip angle =
90° for ¥N,dg-DMG, 3° for *N,dg-betaine, see Supplementary Fig. 10 for
spectral-spatial profile characterization). A noise-only measurement
acquired with matched center frequency, bandwidth, and spectral sampling
to the "N MRS experiment showed no detectable narrowband interference
within the analysis bandwidth (acquisition-matched noise power spectrum
in Supplementary Fig. 11).

Data Analysis
Mean PDFF values were calculated within manually defined liver regions-
of-interest (ROI) drawn on the corresponding water image.

Peak fitting of [1,4-°C,]fumarate and [1,4-"C,]malate was performed
in time-domain on the CSI data using an AMARES-based algorithm®,
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implemented in the OXSA Matlab toolbox". This yielded voxel-wise signal-
to-noise ratios (SNR), defined as the fitted peak amplitude (evaluated in
frequency domain) divided by the standard deviation of the noise, estimated
from the real part of the residual spectra in frequency regions remote from
the [1,4-C,]fumarate and [1,4-C,]malate resonances. Total [1,4-C,]
malate SNR maps were defined as the root-sum-of-squares of the voxel-wise
SNR maps of the two malate resonances. Liver ROIs were delineated on
anatomical 'H reference images and used to compute mean hepatic SNR for
[1,4-"C,]fumarate and [1,4-"C,Jmalate. AMARES peak fitting was also
performed on the slice-selective spectra acquired after the MRSI acquisition
(~90 seconds post-injection), and the fitted time-domain amplitudes were
used to compute the malate-to-fumarate ratio. An example illustrating the
voxel-wise AMARES-fitting procedure for metabolite quantification is
given in Supplementary Fig. 12.

N,dy-betaine spectra were summed over the 5-minute acquisition to
improve SNR. Owing to the orders of magnitude higher “N,do-betaine
signal, residual "N, do-betaine signal removal was performed prior to "°N,de-
DMG quantification to improve robustness, as the DMG resonance lie on
the broad spectral “tail” of the *N,dy-betaine peak. Residual °’N,dy-betaine
signal was removed using Hankel singular value decomposition (HSVD)*, a
method used for residual water removal in 'H MRS, to provide a model of
the betaine contribution that was subsequently subtracted from the FID.
HSVD-based suppression was used conservatively to model only the
dominant betaine contribution and did not introduce signal at the DMG
resonance, thereby improving the robustness of subsequent downstream
metabolite fitting without affecting quantitative measures. Frequencies
within a + 50 Hz window around the °N,dy-betaine resonance were used
for peak modeling, with a model order of 10 found to be sufficient in
most cases.

A 2 Hz exponential time-domain apodization was applied to the
®N,dy-betaine-suppressed free induction decays (FIDs). Spectra were then
zero-order phase corrected by selecting the phase that minimized the resi-
dual sum of squares of a Lorentzian fit to the *N,ds-DMG resonance within
a + 20 Hz window, after baseline correction using a cubic smoothing spline.
The resulting phased, baseline-corrected spectra were used to compute SNR
and to estimate °N,ds-DMG peak area from Lorentzian fitting, Peak fitting
was performed by minimizing the residual sum of squares using MATLAB’s
fminsearch function (Nelder-Mead simplex algorithm). Corresponding
SNR values and Lorentzian-fitted peak integrals were also computed for the
N,do-betaine spectra, with the same level of apodization applied. An
example of the ’N,dy-betaine-removal and ""N,d¢-DMG peak fitting pro-
cedure is given in Supplementary Fig. 13.

Statistics

Group differences were assessed using an unpaired two-sided Welch’s t-test,
with statistical significance defined as p < 0.05. Within-group changes over
time were assessed using a paired t-test. Data are reported as mean +
standard deviation.

Effect sizes (Cohen’s d) and corresponding 95% confidence intervals
for group differences were calculated to complement p-values and provide a
quantitative estimate of the magnitude and uncertainty of observed effects,
as recommended in reporting guidelines™. 95% confidence intervals for
group differences were calculated using the standard error of the difference
and the t-distribution.

Direct metabolite-to-parent ratios were avoided, as fumarate signal
approached the noise floor (Supplementary Table 1) while betaine signal
was large across animals, and both situations can introduce bias through
noise-driven ratio inflation and dynamic-range compression. To account
for variability in substrate delivery, polarization level, and injection timing
without relying on metabolite-to-parent ratios, early parent signal measures
were incorporated as covariates. Separate linear regression models were
fitted for each metabolic pathway across all animals (n = 12), with parent
SNR used to estimate the expected downstream metabolite SNR. Residuals
were computed as the difference between the observed metabolite SNR and
the value predicted by this model.

Data analysis was performed in MATLAB (R2025b, MathWorks), and
covariate-adjusted linear regression was performed in GraphPad Prism 10.

Data availability

All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information. Raw data are available
from the corresponding author on request. Custom analysis code is available
from the corresponding author upon reasonable request.

Code availability

Custom analysis code is available from the corresponding author upon
reasonable request.
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