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INTRODUCTION

In routine clinical MRI, the proton (1H) nucleus serves 
as the signal source due to its nearly 100% natural 
abundance and substantial gyromagnetic ratio, rendering 
it exceptionally responsive to magnetic fields. However, 
carbon (C), another important nucleus of the human body, 
has also garnered substantial research interest. Although 
carbon-12 (12C) has an abundance of 98.9%, its ground-
state nuclear spin is zero, rendering it inactive for MRI 
applications (Supplementary Fig. 1). In contrast, carbon-13 
(13C) possesses a ground-state nuclear spin of 1/2, 
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rendering it MRI-active. Nevertheless, 13C possesses only a 
quarter of the gyromagnetic ratio of 1H and a lower natural 
abundance of 1.1%. Consequently, to expand the utilization 
of 13C MRI in clinical scenarios, an essential process known 
as hyperpolarization is necessary to significantly enhance 
the signal of 13C. 

Dynamic nuclear polarization (DNP) is a hyperpolarization 
technique that has been successfully implemented in clinical 
human studies. It enhances the polarization of solid-state 
13C labeled compounds by subjecting them to extremely low 
temperatures and high magnetic fields, followed by rapid 
liquid dissolution (Supplementary Fig. 2) [1]. Hyperpolarized 
carbon-13 (HP 13C)-MRI has emerged as a promising method 
for metabolic imaging with clinical potential, significantly 
boosting the signal-to-noise ratio by up to 50000-fold. This 
enhancement facilitates the detection of probe signals and 
downstream metabolites in clinical MRI scanners, illustrating 
their potential impact in clinical settings. The primary probe 
frequently used in HP 13C-MRI is [1-13C]pyruvate, in which 
the 13C label is positioned at the C1 site of the pyruvate 
molecule. Once transported to cells via the monocarboxylate 
transporter 1 (MCT1), this compound is converted by lactate 
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The acquisition of HP 13C-MRI takes only a few minutes 
and can be seamlessly integrated into routine clinical MRI 
scans. In contrast, the most commonly used radiotracer in 
PET/CT, 2-deoxy-2-[18F]fluoroglucose (FDG), captures only 
cellular glucose uptake and the initial glycolysis step [4]. 
This limitation prevents the monitoring of downstream 
metabolism. HP 13C-MRI, on the other hand, features high 
spectral resolution, allowing for discrimination of the 
metabolic fates of [1-13C]pyruvate. This capability enables 
the monitoring of metabolic pathways beyond the initial 
step of glycolysis, thereby providing a more comprehensive 
understanding of metabolism. A comparison between HP 

dehydrogenase (LDH) into [1-13C]lactate. This metabolic 
pathway is a valuable indicator of the Warburg effect 
[2]. Concurrently, [1-13C]pyruvate can follow alternative 
metabolic routes, such as its conversion into [1-13C]alanine 
within the cytosol via alanine aminotransferase (ALT), 
or into 13C-bicarbonate within the mitochondria through 
pyruvate dehydrogenase (PDH). Notably, the C1 position 
of [1-13C]pyruvate remains uninvolved in the tricarboxylic 
acid (TCA) cycle. Consequently, monitoring the TCA flux can 
only be achieved indirectly by evaluating the pyruvate-to-
bicarbonate flux. In contrast, [2-13C]pyruvate, specifically 
labeled at the C2 position, directly enters the TCA cycle, 
facilitating the direct observation of TCA intermediates, as 
illustrated in Figure 1.

HP 13C-MRI provides unique benefits compared to other 
molecular imaging techniques, such as positron emission 
tomography (PET) [3]. Unlike PET, which depends on 
radioactive tracers, HP 13C-MRI employs non-radioactive 
compounds, thereby enhancing its safety and suitability for 
repeated imaging studies. Moreover, HP 13C-MRI provides 
sufficient spatial and temporal resolution, enabling the 
real-time visualization of metabolic flux in living organs. 

Fig. 1. Principal metabolic pathways of [1-13C]pyruvate and [2-13C]pyruvate that were detected by hyperpolarized 13C-MRI. For comparison 
of the metabolic fates of pyruvate’s C1 and C2, the C1 and C2 13C positions are indicated in yellow and orange, respectively. CA = carbonic 
anhydrase, PDH = pyruvate dehydrogenase, ALT = alanine transaminase, MCT = monocarboxylate transporter, LDH = lactate dehydrogenase

Table 1. Comparison between HP 13C-MRI and PET

HP 13C-MRI PET
Radiation No Yes
Procedure time, mins 2−3 30 
Multiple tracer Yes No
Downstream metabolism Yes No
Cost Very high High
Clinical applications Under research Well established

HP = hyperpolarized
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13C-MRI and FDG-PET is shown in Table 1.
To effectively implement HP 13C-MRI in clinical settings, 

specific hardware, pharmaceutical techniques, robust data 
acquisition approaches, and standardized analyses are 
essential. This article provides an in-depth review of the 
technical aspects and potential clinical uses of HP 13C-MRI.

Technical Considerations for Clinical HP 13C-MRI

Multidisciplinary Team for HP 13C-MRI
Initiating a clinical team for HP 13C-MRI necessitates 

the assembly of a proficient group of MRI physicists, 
pharmacists, and radiologists. Acquiring a research license 
for tracers is of paramount importance, particularly 
when focusing on the development of investigative 
medicinal products. Similar to the procedures followed 
for developing new PET tracers, the process of submitting 
an Investigational New Drug (IND) application for a 
novel 13C-labeled probe involves providing the FDA with 
comprehensive documentation, including chemistry, 
manufacturing, and control procedures; preclinical safety 
pharmacology and toxicology data; dosimetry data; and a 
clinical protocol. These submissions lay the groundwork for 
initiating human trials [5]. For probes that have already 
received IND approval, for example, [1-13C]pyruvate in 
the U.S., obtaining authorization for distribution in other 
countries still necessitates approval from the respective 
nation’s drug regulatory authorities. This ensures that 
safety and quality control standards are maintained during 
probe production at local manufacturing sites. In addition, 
to foster collaborative efforts, teams should establish a 
healthcare institution referral pathway and create a seamless 
network for research and development partnerships. While 
initial endeavors may revolve around research pursuits, 
the primary objective is to secure regulatory approval for 
diagnostic use, underscoring a commitment to compliance 
and upholding the highest standards of patient care 
throughout the process.

Clinical Workflow of HP 13C-MRI
A clinical human HP 13C-MRI study requires specialized 

equipment, including a clinical polarizer to polarize 
13C-labeled probes and a multinuclear MRI scanner equipped 
with specialized radiofrequency (RF) transmit-receive coils 
tailored for 13C acquisition [6]. The polarizer is typically 
positioned near the MRI scanner to reduce the probe 
transportation time. The clinical workflow of HP 13C-MRI 

is well established and involves 1) probe preparation, 
2) hyperpolarization (DNP), 3) dissolution and quality 
control, 4) imaging acquisition, and 5) data analysis. The 
clinical workflow of HP 13C-MRI is summarized in Figure 2.

Probe Preparation
This process involves mixing good manufacturing practice-

grade 13C-labeled probes with electron paramagnetic 
agents (EPAs) and a minimal quantity of gadolinium-
binding contrast agent [7]. The mixture is then loaded 
onto a commercially available sterile fluid path designed 
for polarizer use. The preparation must adhere to sterile 
techniques and be conducted in a sterile clean room.

Hyperpolarization
Except for the initial investigation, the vast majority of 

clinical applications of HP 13C-MRI in human subjects utilize 
the SPINlab polarizer (GE Healthcare, Chicago, IL, USA) 
[6]. In a clinical polarizer, functioning at 0.8 K and 5T, the 
mixture exists in a solid state. Owing to the EPAs’ higher 
susceptibility to the magnetic field, an initial polarization 
build-up occurs within the EPAs. Subsequently, the 
polarization of the EPAs’ unpaired electrons is transferred 
to nearby 13C nuclei via microwave irradiation at a specific 
frequency [8]. This DNP process, taking approximately 2−3 
hours, results in a 20%−40% polarization level, leading to a 
signal amplification exceeding four orders of magnitude [1].

Dissolution and Quality Control
After the dissolution is initiated, pressurized and 

superheated sterile water is used to rapidly dissolve the solid-
state probe. The resulting solution is passed through a filter 
to remove the EPAs and neutralized with a buffer solution. 
Finally, the solution is passed through a sterile filter to remove 
potential pathogens. Before administration to the patient, 
the final solution undergoes rigorous quality control checks, 
including evaluation of temperature (25°C−37°C), pH (5−9), 
EPA concentrations (≤ 5 µM), pyruvate concentrations (200–
280 mM), and polarization levels (≥ 10%). In addition, the 
integrity of the sterile filter is verified using a bubble point 
test, ensuring that it exceeds 50 pounds per square inch (PSI) 
[9]. These measures ensure that the imaging probe is safe, 
effective, and of the highest quality for clinical applications. 
Notably, the utilization of deuterium oxide (D2O) as a 
solvent for [1-13C]pyruvate has recently been demonstrated 
to be a safe and practical approach for maintaining 
polarization and enhancing the signal-to-noise ratio [10].
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Imaging Acquisition
Prior to gathering data, it is essential to calibrate the 13C 

central frequency, fine-tune the transmit gain, and optimize 
the magnetic field through shimming [11,12]. After 
dissolution, the hyperpolarized state becomes transient 
and returns to its thermal equilibrium state after leaving 
the polarizer. This transition creates a limited time window 
of 2–3 min for signal acquisition, depending on the spin-
lattice relaxation time (T1). To maximize this brief window, 
flip angles usually range from 10° to 30° to manage the 
nonrecoverable hyperpolarized magnetization. Using small 
flip angles helps preserve the magnetization for longer 
experiments, albeit at the cost of signal strength and 
resolution [13].

The following MRI sequences are commonly used in HP 
13C-MRI. Fast spectroscopic imaging methods, such as 
echo planar spectroscopic imaging (EPSI), achieve a speed 
advantage with multi-echo readouts; however, they face 
compromises in spectral bandwidth, spatial resolution, and 
signal-to-noise ratio efficiency [14-17]. In contrast, model-
based imaging, such as Iterative Decomposition of water 
and fat with Echo Asymmetry and Least-square estimation 
(IDEAL) chemical shift imaging, accelerates spectral 
encoding and reduces scan times when metabolite chemical 
shifts and the B0 field map are known. However, this method 
carries the risk of noise amplification and is vulnerable 
to motion and frequency shifts [18]. Another option, 
metabolite-specific imaging, is an extremely fast technique 

Fig. 2. Clinical workflow of hyperpolarized 13C-MRI. A: In a controlled, clean room equipped with a laminar flow hood, the drug was 
prepared by blending a 13C-labeled probe with EPAs and gadolinium. B: The pre-mixed drug was introduced into a sterile fluid path 
assembly, which included a dissolution syringe (containing sterile water for injection), a sample vial (housing the probe), an EPA filter, 
a receiver vessel (containing buffer solution), and an administration syringe for injection. C: A clinical polarizer, designed for human 
research, operates within a high magnetic field and an ultra-low-temperature environment. The buildup of polarization typically takes 
2−3 hours to reach a polarization level of 20%−40%. D: Following the initiation of dissolution, superheated and pressurized water 
dissolved the solid-state sample, and the resulting solution underwent filtration and buffering processes. The solution, comprising the 
hyperpolarized probe, underwent meticulous quality control measures. E: The hyperpolarized probe was subsequently transported to an 
MRI scanner for administration in human subjects. The 13C signal was promptly and efficiently acquired using optimized pulse sequences. 
EPA = electron paramagnetic agent
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that uses spectral-spatial (SPSP) RF pulses to excite a single 
metabolite, followed by a rapid imaging readout, such as 
echoplanar or spiral [19,20]. The acquisition then shifts the 
center frequency to the next metabolite and cycles through 
the resonances of each metabolite of interest. The use of 
variable flip-angle schemes can be used to enhance the 
signal-to-noise ratio of the metabolic products because each 
metabolite is excited separately [21]. The advantages and 
challenges of these sequences are summarized in Table 2.

Data Analysis
In the quantification of dynamic 13C spectral data 

acquired through HP 13C-MRI, two prevalent methodologies 
are often employed: kinetic modeling and model-free 
metrics (Fig. 3). Kinetic modeling entails the development 
of a mathematical model that delineates the rates at 
which 13C-labeled probes undergo conversion into products, 
accounting for factors such as relaxation and RF pulse 
effects. For example, for [1-13C]pyruvate, the pyruvate-to-
lactate conversion rate constant, commonly denoted as kPL, 
is frequently used to characterize glycolytic activity [22]. 
Beyond the two-site exchange model, more intricate models 
have been devised to accommodate additional factors, such 
as vascular perfusion and cellular uptake, rendering them 
more physiologically realistic. However, because of the 
increased number of parameters, these models can become 
more susceptible to instability during model fitting [23].

Model-free metrics have gained traction as viable 
alternatives to kinetic models. Among these metrics, 
metabolite ratios have emerged as the predominant choice, 
in which the substrate or total 13C signal is used as the 
denominator. In the context of dynamic 13C spectra, the area 
under the curve (AUC) is a fundamental tool for calculating 
ratios [24]. These ratios provide a straightforward approach 

for assessing metabolic conversion and possess inherent 
normalization, rendering them highly resilient to fluctuations 
in polarization levels, RF coil sensitivities, and perfusion. 
However, it is important to note that these AUC ratios may 
require correction in instances where variable flip angles are 
employed during the acquisition process.

Clinical Applications

The first human HP 13C-MRI using [1-13C]pyruvate was 
a significant milestone in medical imaging and cancer 
research. This study, conducted in 2013, involved patients 
with prostate cancer and demonstrated the feasibility 
and safety of this technique. Subsequently, this approach 
has been applied to various organs and diseases. Table 3 
summarizes the clinical applications of HP 13C-MRI, and 
Supplementary Table 1 contains the in-depth quantitative 
results from human studies [25-56].

Brain
Tailored imaging and treatment strategies are essential 

for brain tumors because of their diverse behaviors, 
emphasizing the need for ongoing research and innovative 
approaches, such as HP 13C-MRI. Miloushev et al. [25] 
conducted the first study on the human brain, discovering 
non-uniform lactate production from pyruvate, with 
increased levels observed in the cortical and subcortical 
regions. Additionally, they noted variability in glycolytic 
activity across various gliomas and brain metastases. 
Meanwhile, Autry et al. [26] conducted a pivotal study of HP 
13C-MRI in brain tumors involving five patients with glioma 
and three healthy volunteers. Their findings affirmed HP 
13C-MRI’s reliability in providing data on pyruvate conversion 
to lactate and bicarbonate within the brain tissues. Notably, 

Table 2. Comparison of pulse sequences in hyperpolarized 13C-MRI

Sequence Advantages Challenges
Fast spectroscopic 

imaging
Faster by employing multi-echo readouts; 

still providing continuous spectral coverage; 
robust for frequency shifts

Limited spectral bandwidth, spatial resolution, and SNR 
efficiency; relatively slow because of the requirement 
for phase encoding; susceptible to motion

Model-based 
imaging

More efficient phase encoding because only relative 
metabolite chemical shift required

Requires prior knowledge of both metabolite chemical 
shifts and B0 field map; lower temporal resolution 
compared to metabolite-specific imaging; susceptible 
to both motion and frequency shifts

Metabolite-specific 
imaging

Fastest acquisition method for single metabolite; 
robust to motion

Requires spectra with sparce and well separated peaks; 
easy for variable flip angle schemes; susceptible to 
frequency shifts

SNR = signal-to-noise ratio
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treatment with bevacizumab, an anti-vascular endothelial 
growth factor (VEGF) antibody, increased pyruvate 
conversion rates, which was attributed to its impact on the 
blood-brain barrier.

Gliomas with isocitrate dehydrogenase (IDH) mutations 
have a favorable prognosis. In IDH-mutant glioblastomas, 
higher pyruvate-to-lactate conversion rates were observed, 
with the contrast-enhancing region showing a higher 
conversion rate than the T2 hyperintense region [26,30]. 
Conversely, IDH wild-type glioblastomas show lower pyruvate-
to-lactate conversion [29]. Nevertheless, multiple studies 
have consistently reported reduced bicarbonate production 
in brain tumors compared to normal brain tissue [26,29,30]. 
These studies indicate that HP 13C-MRI has the potential to 
evaluate intertumoral heterogeneity in tumor metabolism. 
Furthermore, the application of 13C-MRI extends beyond 
glioblastomas to pediatric brain tumors, including diffuse 
intrinsic pontine gliomas, demonstrating the safe and 

efficient use of this novel technique in pediatric patients 
[27]. Additionally, Lee et al. [28] studied intracranial brain 
metastases and used pre-treatment HP 13C-MRI lactate 
signals to predict tumor progression after stereotactic 
radiosurgery, achieving a positive predictive value of 0.8 
(Fig. 4A).

The blood–brain barrier’s permeability to pyruvate 
has been confirmed by the detection of both lactate and 
bicarbonate signals in the human brain following intravenous 
[1-13C]pyruvate injection, with metabolite signals being 
more prominent in the cortex than in the white matter 
[31,32,34]. An investigation demonstrated consistently 
elevated lactate and bicarbonate signals in specific cerebral 
regions, such as the precuneus, cuneus, and lingual gyrus, 
which were segmented according to the Human Brain Atlas. 
This highlights HP 13C-MRI’s capability to assess spatial 
metabolic variations in the human brain, suggesting its 
potential as an alternative to traditional functional brain 
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Fig. 3. Representative data and key quantitative methods for pyruvate-to-lactate conversion in hyperpolarized 13C-MRI. A: A representative 
single timepoint 13C spectrum was dominated by the resonance from [1-13C]pyruvate (171 ppm), [1-13C]lactate (183 ppm), [1-13C]pyruvate 
hydrate (179 ppm), and [13C]bicarbonate (164 ppm). B: Stacked plot of dynamic 13C spectra with a temporal resolution of 2 s. C: Kinetic 
modeling involves creating a mathematical model to describe the conversion rates of 13C-labeled probes into various products. The 
conversion rate constant, often denoted as kPL, serves as a key parameter for characterizing the speed of the pyruvate-to-lactate flux. 
D: Metabolite ratios, often in the form of AUC ratios, employ the AUC of the product as the numerator and either the substrate or the 
total 13C signal as the denominator, offering an alternative approach to evaluate the pyruvate-to-lactate flux. AUC = area under the curve
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MRI [32]. In patients with mild traumatic brain injury, focal 
changes at the injured site revealed decreased bicarbonate 
levels and increased lactate production without apparent 
anatomical alterations [33]. Uthayakumar et al. [35] 
employed HP 13C-MRI to measure the whole-brain metabolism 
in individuals of various ages. Their findings showed a 7% 
decrease in lactate and a 9% decrease in bicarbonate levels 
per decade, with distinct spatial variations in the rates of 

change among different brain regions.

Heart and Skeletal Muscle
Cunningham et al. [36] performed the first human heart 

HP 13C-MRI utilizing the electrocardiogram (EKG)-gated fast 
metabolic imaging technique (SPSP) in healthy volunteers. 
They observed the downstream metabolism of pyruvate 
with lactate in both chambers and the myocardium, and 

Table 3. Summary of clinical applications from the human studies using hyperpolarized 13C-MRI

Authors N Targets Clinical applications
Brain

Miloushev et al., 2018 [25]   4 Glioma and metastasis 1st human brain tumor study
Autry et al., 2020 [26]   8 Infiltrative glioma Post radio-chemotherapy follow-up
Autry et al., 2021 [27] 10 Pediatric brain tumor Tumor vs. normal brain, safety profile 
Lee et al., 2021 [28] 11 Intracranial metastasis Prediction of radiotherapy response
Chen et al., 2021 [29]   3 Glioblastoma Tumor vs. normal brain
Zaccagna et al., 2022 [30]   8 Glioblastoma Tumor vs. normal brain
Grist et al., 2019 [31]   4 Normal brain Technical feasibility in human brain
Lee et al., 2020 [32] 14 Normal brain Metabolite topography in human brain
Hackett et al., 2020 [33]   2 Brain trauma Traumatic brain injury
Ma et al., 2022 [34]   4 Normal brain Technical feasibility in human brain
Uthayakumar et al., 2023 [35] 35 Brain aging Metabolic changes in brain aging

Heart and skeletal muscle
Cunningham et al., 2016 [36]   4 Heart 1st human healthy heart study
Rider et al., 2020 [37] 10 Heart Healthy heart vs. diabetic heart
Park et al., 2020 [38]   9 Heart Cardiotoxicity of doxorubicin
Ma et al., 2022 [39]   3 Heart End diastolic vs. end systolic
Park et al., 2021 [40]   9 Calf skeletal muscle Rest vs. exercise vs. recovery

Body and oncology
Woitek et al., 2020 [41]   1 Breast cancer Post neoadjuvant chemotherapy follow-up
Woitek et al., 2021 [42]   7 Breast cancer Very early neoadjuvant chemotherapy response 
Tran et al., 2019 [43]   1 Renal cell carcinoma Intratumoral metabolic heterogeneity
Tang et al., 2021 [44] 11 Renal cell carcinoma Tumor grade and histopathologic type
Ursprung et al., 2022 [45]   9 Renal cell carcinoma Prediction of tumor grade
Lee et al., 2022 [46] 13 Liver, kidney, pancreas, spleen Normal intrabdominal solid organs
Stødkilde-Jørgensen et al., 2020 [47]   2 Pancreatic cancer Tumor vs. normal
Gordon et al., 2023 [48]   6 Pancreatic cancer Tumor vs. normal, early response prediction
Nelson et al., 2013 [49] 31 Prostate cancer 1st human study, safety profile, tumor vs. normal 
Aggarwal et al., 2017 [50]   1 Prostate cancer Early response for androgen deprivation therapy
Chen et al., 2020 [51]   6 Prostate cancer, metastatic 

castration-resistant
Feasibility in bone and liver metastasis 

Granlund et al., 2020 [52] 12 Prostate cancer Tumor grade of prostate cancer
de Kouchkovsky et al., 2021 [53]   1 Prostate cancer, metastatic 

castration-resistant
Early immunotherapy response assessment

Chen et al., 2022 [54]   5 Prostate cancer Integration with MR/TRUS fusion-guided biopsy
Sushentsev et al., 2022 [55] 10 Prostate cancer, intermediate risk Metabolic phenotyping in intermediate risk 

  prostate cancer
Lin et al., 2024 [56]   6 Cervical cancer Immune activation of spleen 

N = number, TRUS = transrectal ultrasound
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bicarbonate only in the myocardium. This finding highlights 
the significance of bicarbonate in the assessment of 
cardiac metabolism. Meanwhile, in a study comparing heart 
metabolism in healthy volunteers and patients with type 2 
diabetes mellitus (DM), a significant reduction in pyruvate-
to-bicarbonate flux was observed in the hearts of patients 
with type 2 DM, and an oral glucose challenge before HP 
13C-MRI was found to enhance bicarbonate production 
[37]. Similarly, EKG gating’s importance in imaging heart 

metabolism was emphasized in a dual-phase acquisition 
study at the end systolic and diastolic phases, with the 
bicarbonate-to-lactate ratio being significantly smaller at 
end diastolic phase, influenced by coronary flow and cyclical 
metabolic changes [39]. Transitioning to monitoring tumor 
metabolism, HP 13C-MRI can assess cancer treatment-related 
adverse events, as observed in a study by Park et al. [38] 
investigating doxorubicin-induced cardiotoxicity in breast 
cancer patients. They observed a decrease in the bicarbonate 

Brain 
metastasis

Pyruvate Lactate

Breast 
cancer

Renal cell 
carcinoma

A

B

C

Fig. 4. Examples of clinical applications of hyperpolarized 13C-MRI, where pyruvate and lactate maps are overlayed with anatomic 1H-MRI. 
A: Right cerebellar metastasis from renal cell carcinoma (arrows) (Adapted from Lee et al. J Neurooncol 2021;152:551-557 [28], with 
permission of CC BY 4.0 license). B: Right breast cancer (arrows) (Adapted from Woitek et al. Radiol Imaging Cancer 2020;2:e200017 [41], 
with permission of Radiological Society of North America). C: Renal cell carcinoma in the right kidney (Adapted from Ursprung et al. 
Cancers (Basel) 2022;14:335 [45], with permission of CC BY 4.0 license).
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signal after doxorubicin treatment, indicating its potential to 
improve patient care. Furthermore, in another study by Park 
et al. [40], the impact of exercise on pyruvate metabolism 
in human skeletal muscles was investigated. They found 
that in the imaged calf muscles, bicarbonate production 
increased 8.4-fold after exercise and returned to baseline 
after resting, whereas lactate continued to rise, increasing 
by 3.3-fold compared to baseline, even after resting.

Breast
Gallagher et al. [57] demonstrated HP 13C-MRI’s potential in 

breast cancer grading by analyzing lactate-to-pyruvate ratios 

(Lac/Pyr), with all grade 3 tumors showing lactate signals, 
but not grade 2 tumors. In subsequent studies aimed at the 
early prediction of treatment response, Lac/Pyr was found to 
increase 7–11 days after neoadjuvant chemotherapy, and a 
20% threshold increase in Lac/Pyr effectively differentiated 
responders from non-responders (Fig. 4B) [41,42]. These 
studies underline HP 13C-MRI’s potential to enhance treatment 
response prediction in breast cancer. 

Liver, Kidney, and Pancreas
Conducting HP 13C-MRI in the liver presents a challenge 

because of the dual perfusion system of the portal vein and 

HP 13C-MRI

HP 13C-MRI 18F-FDG PET/CT

Pathology
5 mm

A

B

Fig. 5. Aligning HP 13C-MRI with established diagnostic procedures. A: The lactate signal-to-noise ratio map in the HP 13C-MRI (left 
panel) correlates to the histopathology analysis (right panel) and distinctly showcases a stronger lactate signal in the grade 3 prostate 
cancer located in the left peripheral zone, as opposed to the weaker signal observed in the grade 1 prostate cancer in the right transition 
zone, which illustrates of the correlation of the Warburg effect and the tumor grade (Adapted from Sushentsev et al. Nat Commun 
2022;13:466 [55], with permission of CC BY 4.0 license). B: Comparative analysis of HP 13C-MRI and 18F-FDG PET/CT in assessing the left 
neck metastatic lymph node (level IV) from a patient with head and neck cancer. It shows a [1-13C]pyruvate map superimposed on a fat-
suppressed T2-weighted image (right panel), alongside an 18F-FDG map overlaid on a CT scan (left panel). HP = hyperpolarized, FDG = 
2-deoxy-2-[18F]fluoroglucose
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hepatic artery. Peak perfusion of the liver occurs during the 
portovenous phase, typically 70–90 s after administration 
of the contrast medium. Unfortunately, this time limit is 
suboptimal for achieving the most advantageous acquisition 
window for the HP 13C signals. In addition, on HP 13C-MRI 
of the abdomen, it was evident that the liver exhibited 
a lower metabolite signal than the kidney, pancreas, and 
spleen. Nevertheless, the liver is a highly metabolic organ, 
displaying the highest rates of pyruvate-to-lactate and 
pyruvate-to-alanine conversion among intra-abdominal 
solid organs [46]. The use of HP 13C-MRI to study liver 
parenchymal diseases, including hepatic steatosis, fibrosis, 
and malignancies, is presently undergoing thorough 
investigation [58].

Studies have suggested that HP 13C-MRI can provide 
valuable metabolic information for diagnosing and grading 
renal tumors. Tran et al. [43] demonstrated intratumoral 
metabolic heterogeneity in human renal cell carcinoma 
(RCC). Similarly, Tang et al. [44] used HP 13C-MRI to assess 
the lactate-to-pyruvate ratio in various RCC subtypes, 
with chromophobe RCC having the highest ratio, followed 
by grade 3 clear-cell RCC and grade 2 clear-cell RCC. 
Additionally, Ursprung et al. [45] confirmed the correlation 
between increased kPL values and higher tumor grade 
in RCC (Fig. 4C) and noted that renal liposarcomas and 
pheochromocytomas had metabolic activity similar to that of 
grade 4 RCC, while benign oncocytomas had lower kPL values.

Despite the technical challenge of the decreased signal-
to-noise ratio of the pancreas due to its central location in 
the abdomen, Stødkilde-Jørgensen et al. [47] successfully 
acquired metabolic signals from pancreatic cancers in 
two patients. The alanine signal primarily originated from 
the tumor and the lactate signal was distributed in both 
cancerous and normal pancreases. Subsequently, Gordon et 
al. [48] demonstrated comparable findings, revealing lower 
alanine-to-lactate ratios in cancerous pancreatic tissues than 
in healthy pancreatic tissues. Additionally, initial metabolic 
responses observed four weeks after post-chemotherapy were 
found to correlate with later changes in tumor size.

Prostate
Prostate cancer, the second most prevalent cancer 

among men worldwide, presents diagnostic and treatment 
complexities primarily owing to its varying clinical 
manifestations, ranging from indolent to highly aggressive 
tumors with the potential to metastasize. Nelson et al. [49] 
performed the first-in-human study of 31 patients with 

prostate cancer using [1-13C]pyruvate and demonstrated the 
safety and potential of characterizing tumor metabolism. 
They observed increased pyruvate-to-lactate conversion in 
cancerous areas, encouraging further HP 13C-MRI clinical 
trials. Subsequently, Chen et al. [51] extended the use of 
HP 13C-MRI to assess bone and liver metastases in prostate 
cancer. They found a higher pyruvate-to-lactate conversion 
in metastatic tumors than in primary tumors, indicating a 
higher tumor grade. Additionally, chemotherapy led to a 
reduction in pyruvate-to-lactate conversion in treated liver 
metastases.

Early response assessment is crucial in cancer care and 
in guiding treatment adjustments to enhance patient 
outcomes and survival. Aggarwal et al. [50] showed a 
substantial reduction in pyruvate-to-lactate flux in prostate 
cancer after anti-androgen therapy despite limited tumor 
size changes on T2-weighted images and modest changes 
in apparent diffusion coefficient images. HP 13C-MRI offers 
promise for early metabolic assessment and prediction of 
treatment responses. Assessing the treatment response in 
bone metastases using traditional imaging is challenging 
because of bone sclerosis and unreliable size measurements. 
A previous study demonstrated kPL reduction in bone 
metastases after 8 weeks of immune checkpoint inhibitor 
therapy, preceding observable size changes [53]. This study 
also highlighted the value of HP 13C-MRI for early response 
assessment.

Prostate cancer varies from low-risk indolent tumors to 
aggressive malignancies, and intratumoral heterogeneity 
challenges the accuracy of biopsies. HP 13C-MRI exhibits 
promise in assessing this complexity. Granlund et al. [52] 
showed that lactate levels increase with the Gleason 
tumor grade in prostate cancer, a process driven by MCT1 
and associated with PTEN loss. Similarly, Sushentsev et 
al. [55] studied patients with intermediate-risk prostate 
cancer (Gleason 7; PSA < 20 ng/mL). They found a positive 
correlation between lactate signal-to-noise ratio and Gleason 
pattern 4, suggesting HP 13C-MRI’s value in distinguishing 
significant from indolent prostate cancers (Fig. 5A). 
Transitioning to alternative approaches, magnetic resonance 
imaging (MRI)-guided transrectal ultrasound (TRUS) biopsy 
combines MRI and TRUS guidance to obtain prostate tissue 
samples for cancer detection and treatment planning. 
Nevertheless, HP 13C-MRI is an emerging technique for the 
detection of hidden prostate cancer. Notably, Chen et al. 
[54] integrated HP 13C-MRI and conventional MRI to guide 
TRUS biopsy, achieving success in five patients using a kPL 
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value above 0.02 as a cancer marker. As a result, half of 
the analyzed 13C-positive biopsy cores were found to be 
cancerous. This approach enhances the detection accuracy 
of MRI-guided TRUS biopsies. 

Future Directions of HP 13C-MRI
Beyond pyruvate, a diverse array of innovative agents has 

either received clinical approval or are currently considered to 
have clinical potential, as summarized in Table 4 [59-68]. For 
instance, the metabolic activity of the TCA cycle in healthy 
human brains was investigated by analyzing the conversion 
of [2-13C]pyruvate to [5-13C]glutamate [61]. Additionally, 
[13C,15N2]urea administered without subsequent metabolism 
has been identified as a valuable tool for assessing tissue 
perfusion dynamics [62,63]. The IDH mutation, a critical 
biomarker in glioblastoma, is specifically interrogated using 
[1-13C]α-ketoglutarate, which transforms into [1-13C]2-
hydroxyglutarate [64]. Moreover, intratumoral pH is a 
crucial indicator of tumor aggressiveness, and [1-13C]1,2-
glycerol carbonate serves as a non-invasive pH imaging 
probe [65,66]. Furthermore, [2-13C]dihydroxyacetone was 
designed to evaluate hepatic glycolysis, gluconeogenesis, 
and glycerol synthesis [67], whereas [1,4-13C2]fumarate has 
been used to probe necrosis [68]. 

Introducing copolarization as an innovative technique 
allows the simultaneous investigation of multiple metabolic 
pathways in a single HP 13C-MRI. For instance, the 
copolarization of [1-13C]pyruvate and [13C,15N2]urea provides 
comprehensive data on both pyruvate metabolism and 
tumor perfusion [62,63]. Overall, as research progresses, 
the clinical utilization of HP 13C-MRI is expanding, as 
exemplified by the current exploration of HP 13C-MRI for 
evaluating the immune potential in the spleen [56] or neck 

lymph nodes (Fig. 5B). 

CONCLUSIONS

In summary, HP 13C-MRI is an emerging technique with 
significant potential in the field of radiology. With its 
ability to monitor real-time metabolic changes, this imaging 
method can revolutionize disease diagnosis and treatment. 
Although still in its early developmental phases, initial 
studies have indicated its capacity to differentiate between 
benign and malignant tumors, monitor treatment responses, 
and potentially forecast patient outcomes. The ongoing 
evolution and increasing accessibility of this technology 
suggest a growing role for HP 13C-MRI in the diagnosis, 
treatment, and care of patients with cancer. However, further 
research is required to optimize its functionality and validate 
its clinical usefulness. Despite the need for refinement, the 
prospective advantages are evident, indicating a promising 
future for this technology. 
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Table 4. 13C-labeled probes and their potential applications

Probes Potential clinical applications
[1-13C]pyruvate* Glycolysis
[2-13C]pyruvate* [59-61] Glycolysis, TCA cycle
[13C,15N2]urea* [62,63] Perfusion
[1-13C]α-ketoglutarate* [64] TCA cycle, IDH
[1-13C]1,2-glycerol 
  carbonate* [65]

pH imaging

[13C]bicarbonate [66] pH imaging
[2-13C]dihydroxyacetone [67] Hepatic glycolysis, gluconeogenesis, 

  and glycerol synthesis
[1,4-13C2]fumarate [68] Necrosis

*Indicate probes that have been clinically validated for human use.
TCA = tricarboxylic acid cycle, IDH = isocitrate dehydrogenase
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SUPPLEMENTS

Supplementary Table 1. Summary of quantitative results from human studies using HP 13C-MRI

Authors* Clinical applications Quantitative results Additional results
Brain

Miloushev et al., 2018 [25] 1st human brain tumor study Kinetic modeling 
Whole brain: kPL = 0.12

Higher production of Pyr and Lac in normal cortical/subcortical regions; glycolytic heterogeneity 
among different brain tumors

Autry et al., 2020 [26] Post radio-chemotherapy follow-up in infiltrative glioma Kinetic modeling 
Glioma patient
Normal brain: kPL = 0.020, kPB = 0.006; normal brain post bevacizumab: 

kPL = 0.047, kPB = 0.011; glioma (contrast enhancing): kPL = 0.032–0.041; 
glioma (T2 hyperintense): kPL = 0.024

Healthy volunteer
Normal brain: kPL = 0.018, kPB = 0.004

Global elevation of kPL and kPB post bevacizumab; elevated kPL and kPB in progressive disease

Autry et al., 2021 [27] Pediatric brain tumor vs. normal brain, pediatric safety 
profile 

Model free 
Whole brain: SNRPyr = 7.85 x 102−3.52 x 105, SNRLac = 1.75 x 102−7.20 x 104, 

SNRBic = 64–1.52 x 104

Safety of HP 13C-MRI in pediatric patients

Lee et al., 2021 [28] Prediction of radiotherapy response in intracranial 
metastases

Model free 
z-score = -2.33−3.74

Tumors with highest z-scores are associated with radiotherapy failure

Chen et al., 2021 [29] Glioblastoma vs. normal brain Model free 
Glioblastoma: Lac/TC = 0.310, Bic/TC = 0.086; normal brain: Lac/TC = 0.246, 

Bic/TC = 0.108 

1st vs. 2nd injections: metabolites/TC were insignificantly higher in 2nd injection

Zaccagna et al., 2022 [30] Glioblastoma vs. normal brain Kinetic modeling (x10-3)
Glioblastoma: kPL = 16.1, kPB = 1.7; normal brain: kPL = 16.5, kPB = 2.4
Model free 
Glioblastoma: Lac/Pyr = 0.34, Bic/Pyr = 0.06; normal brain: Lac/Pyr = 0.36, 

Bic/Pyr = 0.10

Bic/Pyr negatively correlates with lesion volume and volume of enhancing tissue; Bic/Pyr 
positively correlates with percentage of non-enhancing core; LDHA positively correlates with 
Lac/Pyr; MCT4 positively correlates with Bic/Pyr and Bic/Lac

Grist et al., 2019 [31] Technical feasibility in healthy human brain Kinetic modeling 
Whole brain: kPL = 0.012, kPB = 0.002

Higher metabolites signal in gray matter compared to white matter

Lee et al., 2020 [32] Metabolite topography in healthy human brain Not available Lac topography unveils a region-specific distribution of Lac in the brain, which is consistent 
across individuals

Hackett et al., 2020 [33] Traumatic brain injury Model free 
Patient 1: trauma vs normal: Bic/TC = 0.027 vs. 0.059, Lac/TC = 0.236 vs. 0.191
Patient 2: trauma vs normal: Bic/TC = 0.025 vs. 0.047, Lac/TC = 0.164 vs. 0.162

Mild traumatic brain injury without discernible anatomic change or hemorrhage on MRI

Ma et al., 2022 [34] Technical feasibility in healthy human brain Kinetic modeling 
Whole brain: kPL = 0.014–0.018, kPB = 0.004–0.006
Model free 
Whole brain: Lac/TC = 0.21–0.24, Bic/TC = 0.065–0.091

Lac/TC and Bic/TC linearly correlate with fractional gray matter volume

Uthayakumar et al., 2023 [35] Metabolic changes in brain aging Model free 
A 7% ± 2% decrease per decade for Lac and a 9% ± 4% decrease per decade for Bic

Variability in aging-related metabolic changes is observed across different brain regions

Heart and skeletal muscle

Cunningham et al., 2016 [36] 1st human healthy heart study Model free 
SNRPyr = 115, SNRBic = 56, SNRLac = 53

Pyr signal observed only in cardiac chamber, Bic only in myocardium, Lac in both chamber and 
myocardium

Rider et al., 2020 [37] Healthy vs. diabetic heart Model free (x 10-2)
Healthy heart: Bic/Pyr = 0.84, Lac/Pyr = 5.16, Ala/Pyr = 3.17; 

diabetic heart: Bic/Pyr = 0.16, Lac/Pyr = 8.51, Ala/Pyr = 3.82

Significantly increased Pyr-to-Bic flux after oral glucose challenge 

Park et al., 2020 [38] Cardiotoxicity of doxorubicin Model free 
Before doxorubicin: Bic/TC = 0.036, Lac/TC = 0.448, Ala/TC = 0.045; 

after doxorubicin: Bic/TC = 0.032, Lac/TC = 0.440, Ala/TC = 0.045

Hemoglobin, high-sensitivity troponin, and left ventricular global longitudinal strain also 
change after chemotherapy

Ma et al., 2022 [39] End diastolic vs. end systolic in healthy heart Model free 
End diastolic to end systolic: Bic/Lac = 21.6 decrease, Bic/Ala = 9.4 decrease

The decrease in Bic/Lac from end diastolic to end systolic occurs prominently in the mid-
anterior and mid-inferoseptal segments of heart 

Park et al., 2021 [40] Rest vs. exercise vs. recovery in healthy calf skeletal muscle Model free 
Rest: Lac/TC = 0.18, Bic/TC = 0.004; exercise: Lac/TC = 0.31, Bic/TC = 0.036; 

recovery: Lac/TC = 0.42, Bic/TC = 0.002

TC (perfusion) at rest increases to 2.8-fold with exercise and to 3.2-fold during recovery 

Body and oncology

Woitek et al., 2020 [41] Post neoadjuvant chemotherapy follow-up in breast cancer Kinetic modeling 
37% decrease in kPL after neoadjuvant chemotherapy
Model free 
34% decrease in Lac/Pyr after neoadjuvant chemotherapy

After neoadjuvant chemotherapy 76% decrease in tumor volume but 132% increase in Ktrans and 
31% increase in kep; pathologic complete response after neoadjuvant chemotherapy

Woitek et al., 2021 [42] Very early neoadjuvant chemotherapy response assessment 
in breast cancer

Kinetic modeling 
Breast cancer post chemotherapy
kPL = 0.0064 → 0.0079
Model free 
Breast cancer post chemotherapy: SNRPyr = 19.7 → 16.5, SNRLac = 7.0 → 4.5, 

Lac/Pyr = 0.28 → 0.34

≥ 20% increase of Lac/Pyr predicts pathologic complete response

Tran et al., 2019 [43] Intratumoral metabolic heterogeneity of RCC Not available Variability in Lac signal correlates with Lac levels in tumor samples on LC-MS analysis

Tang et al., 2021 [44] Tumor grade and histopathologic type of RCC Model free 
Lac/Pyr: chromophobe RCC > grade 3 ccRCC > grade 2 ccRCC

Demonstration of good reproducibility of HP 13C-MRI by performing 2 acquisitions in the same 
day

Ursprung et al., 2022 [45] Prediction of tumor grade of RCC Kinetic modeling (median)
kPL: ccRCC = 0.0065, normal kidney = 0.0043, liposarcoma = 0.0152, 

pheochromocytoma = 0.0086, oncocytoma = 0.0022
Model free (median)
SNRPyr: ccRCC = 26.7, normal kidney = 30.1, liposarcoma = 31.9, 

pheochromocytoma = 34.0, oncocytoma = 12.3; SNRLac: ccRCC = 5.7, 
normal kidney = 3.4, liposarcoma = 10.5, pheochromocytoma = 6.0, 
oncocytoma = 1.0; Lac/Pyr: ccRCC = 0.13, normal kidney = 0.14, 
liposarcoma = 0.35, pheochromocytoma = 0.17, oncocytoma = 0.14

Increasing kPL correlates with higher tumor grade; Lac/Pyr negatively correlates with ADC; 
MCT1 expression (but not MCT4) positively correlates with kPL; MCT1 expression independently 
predicts overall survival of RCC patients

Lee et al., 2022 [46] Comparison among normal intrabdominal solid organs: 
liver, kidney, pancreas, spleen

Kinetic modeling 
kPL: liver = 0.019, kidney (R) = 0.0036, kidney (L) = 0.0033, pancreas = 0.0063,  

spleen = 0.0096; kPA: liver = 0.012, kidney (R) = 0.0011, kidney (L) = 0.00087, 
pancreas = 0.0034, spleen = 0.00073 

The liver exhibits a comparatively lower absolute metabolite signal, yet the highest metabolite 
conversion rates

Stødkilde-Jørgensen et al., 
2020 [47]

Tumor vs. normal in pancreatic cancer Model free 
Pancreatic cancer: Ala/Lac = 0.33; normal pancreas: Ala/Lac = 0.23

Ala/Lac as a potential biomarker to detect pancreatic ancer

Gordon et al., 2023 [48] Tumor vs. normal, early response prediction in pancreatic 
cancer

Model free 
Pancreatic cancer: Lac/Pyr = 0.30–1.65, Ala/Pyr = < 0.01–0.14, 

Ala/Lac = < 0.01–0.46; normal pancreas: Lac/Pyr = 0.20–0.27, 
Ala/Pyr = 0.06–0.15, Ala/Lac = 0.24–0.79

Early metabolic response at 4 weeks correlates with subsequent tumor response 

Nelson et al., 2013 [49] Tumor vs. normal in prostate cancer Kinetic modeling 
Prostate cancer: kPL = 0.013 

1st human study in prostate cancer, safety profile

Aggarwal et al., 2017 [50] Early response for androgen deprivation therapy in prostate 
cancer

Kinetic modeling 
Prostate cancer post androgen deprivation therapy: kPL = 0.025 → 0.007 

Only modest changes in tumor size and ADC value

Chen et al., 2020 [51] Feasibility in bone and liver metastasis in castration-
resistant prostate cancer 

Kinetic modeling 
Bone metastases: kPL = 0.020; liver metastases: kPL = 0.026; liver metastasis post 

chemotherapy: kPL = 0.026 → 0.015
Model free 
Bone metastasis: SNRTC = 117; liver metastasis: SNRTC = 85

RNA-seq found higher LDHA expression relative to the dominant isoform of LDH

Granlund et al., 2020 [52] Tumor grade of prostate cancer Model free 
max Lac/TC = 0.35
Time to max Lac/TC = 44 s

Lac increases with Gleason tumor grade; regions exhibiting high Lac also show high MCT1 
expression and loss of PTEN

de Kouchkovsky et al., 
2022 [53]

Early immunotherapy response assessment in castration-
resistant prostate cancer

Kinetic modeling 
Prostate cancer post immunotherapy: kPL = 0.0273 → undetectable, 

kPL = 0.0147 → 0.0006

Metabolic response is more significant than morphologic response 

Chen et al., 2022 [54] Integration with MR/TRUS fusion-guided biopsy in prostate 
cancer

Kinetic modeling 
kPL > 0.02 as biomarker of suspected cancer; prostate cancer:
kPL = 0.0319; normal prostate: kPL = 0.0110 

4 of 6 kPL targets on HP 13C-MRI did not correlate to PIRDAS targets on conventional MRI

Sushentsev et al., 2022 [55] Metabolic phenotyping in intermediate risk prostate cancer Kinetic modeling 
Prostate cancer: kPL = 0.011 
Model free 
Prostate cancer: SNRLac = 12, SNRPyr = 33, SNRTC = 53 

SNRLac positively correlates to % Gleason pattern 4 and mean ADC values 

Lin et al., 2024 [56] Immune activation of spleen post chemoradiotherapy Model free (x 10-2)
Responder: Pyr/TC = 91.5, Lac/TC = 3.6; nonresponder: Pyr/TC = 74.4, Lac/TC = 19.9

Lower baseline metabolism in spleen correlates with better response to chemoradiotherapy

Unless specified otherwise, data are presented as mean values. 
*The numbers enclosed in brackets correspond to the numbers of the articles listed in the reference section of the main paper.
HP = hyperpolarized, Pyr = pyruvate, Lac = lactate, Ala = alanine, Bic = bicarbonate, TC = total carbon, SNR = signal-to-noise ratio, LDH = lactate dehydrogenase (isoform: LDHA), MCT = monocarboxylate transporter (isoform: MCT1, MCT4), RCC = renal cell carcinoma, cc = clear 
cell, ADC = apparent diffusion coefficient, TRUS = transrectal ultrasound



Supplementary Fig. 1. Fundamental principles of nuclear spin. A: Nuclear spin is an intrinsic property of particles, always manifesting 
as either +1/2 or -1/2. B: In nature, nuclear spin results from the combined spins of protons and neutrons, existing exclusively in the 
ground state (I) with values such as 0, 1/2, 1, 3/2, and so on. C: The ground state comprises “2I + 1” sublevels. Upon the application of 
a magnetic field, slight energy differences arise between these sublevels, leading to Zeeman splitting. Nuclei with I = 0 exhibit only one 
sublevel, lack Zeeman splitting, and remain inactive in MRI (12C), whereas nuclei with I ≠ 0 (1H and 13C) are nuclear magnetic resonance 
active due to having multiple sublevels. Notably, nuclei with higher gyromagnetic ratios (γ) experience more significant splitting when a 
magnetic field is applied.
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Supplementary Fig. 2. Basic concepts of DNP. A: Polarization is a function of gyromagnetic ration (γ), magnitude of magnetic field (B0), 
and temperature (T). To polarize nuclei with lower γ, higher magnetic field and lower temperature environment are required. For example, 
clinical polarizer SPINlabTM operates at B0 = 5T and T = 0.8 k. B: Directly polarizing the 13C nucleus (the brute force method) presents 
an engineering challenge and is time-consuming, making it impractical for clinical use. Electrons have a high γ of 28025 and are more 
amenable to polarization. DNP offers a clinically feasible solution by transferring polarization from electrons to 13C nuclei, achieving 
20%−30% 13C polarization (equivalent to > 10000 signal enhancement) within 2−3 hours. DNP = dynamic nuclear polarization
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