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Abstract

:

The understanding of metabolic compartments involved in the survival, growth and invasion of tumours is important for modern cancer research. Deuterium metabolic spectroscopy (DMS) and metabolic imaging (DMI) have been demonstrated as robust, straightforward tools for visualising tumour metabolism in vivo. However, for them to become part of the cancer patient’s management pathway in a clinical setting, there remain many obstacles to overcome. Technological advancement in magnetic resonance imaging hardware and processing is needed. Further justification of DMI’s potential also requires more human study and multidisciplinary collaboration.
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1. Introduction


The understanding of metabolic pathways leading to tumour formation is of fundamental importance for modern cancer research. Tumour cells utilise nutrients such as glucose to produce adenosine 5′-triphosphate (ATP) at much higher rates than normal body cells [1] because malignant cells need more energy for aggressive proliferation. Variable molecules synthesised or consumed by tumour cells are potential biomarkers if their concentrations differ from that of normal body cells [1]. Change in biomarker level could indicate tumour progression or regression and thus has potential to be a monitoring tool. Complex metabolic processes involved in the survival, growth and invasion of tumours can also be the target of novel anti-cancer therapy.



In current clinical settings, positron-emission tomography (PET) technique is the standard of care for studying the uptake of glucose in patient’s body via 18F-fluorodeoxyglucose (FDG) injection. However, 18F-FDG-PET is affected by several factors including altered blood glucose levels, duration of fasting, muscle activation such as exercise and steroids [2]. Radiation exposure during the PET scan also limits the frequency of tumour assessment before and after cancer treatments [3]. In recent years, magnetic resonance spectroscopy (MRS) has gained popularity in research due to its non-ionising nature and can be a powerful tool for monitoring metabolic processes non-invasively. Proton magnetic resonance spectroscopic imaging (MRSI) can map metabolite concentrations but is unable to dynamically describe over time, the activity of metabolic pathways [4]. Dynamic 13C MRS following the injection of hyperpolarized 13C-enriched substrates is a powerful method for determining metabolic fluxes accurately in vivo [5]. However, this technique requires polarization to happen on-site and close to the scanner, which increases the expense, and it is technically demanding [6].



Recently, deuterium (2H) metabolic spectroscopy (DMS) and metabolic imaging (DMI) have been demonstrated as more straightforward alternatives to 13C MRS for imaging of tumour metabolism in vivo [7,8,9]. This article aims to explain the unique advantage of DMS and DMI, summarize and comment on the latest studies using DMI for cancer metabolic assessment and monitoring. Outlook and potential challenges for DMI’s clinical integration are also discussed to inspire and guide further research.




2. Development and Principle of DMS and DMI


The discovery of mass-2 hydrogen isotope was made by Urey et al. in 1931, who named it deuterium two years later [10]. In 1987, 2H MRS was developed with deuterated water as a tracer to measure blood flow and tissue perfusion; its potential for metabolism study was also briefly discussed [11]. In the same year, the first deuterium-based magnetic resonance imaging (MRI) experiment was described by Muller and Seelig who mapped the inflow of deuterated water in rat’s brains [12].



These early studies showed some favourable features of 2H nuclear magnetic resonance (NMR). 2H has a low natural abundancy of 0.0115% [13] and does not require water suppression or outer volume suppression to exclude lipid tissue contaminating signals. The low 2H Larmor frequency [14] means 2H MRS is minimally affected by magnetic field inhomogeneity. Furthermore, 2H generates a large quadrupolar magnetic moment which leads to relatively short T1 and T2 relaxation times. These relaxation properties favour rapid scanning which enhances the sensitivity of 2H MRI for brain applications by outer volume suppression [11,12].



In 2017, Lu et al. [8] demonstrated DMS for the first time with deuterated glucose ([6,6′-2H2] glucose) as tracer to study rat brain metabolism at a magnetic field strength of 16.4 T. After deuterated glucose is taken up in cells, [2H]-labelling is firstly incorporated into pyruvate through glycolysis [15]. Under aerobic conditions, pyruvate turns into [2,2-2H] acetyl coenzyme A in mitochondria, catalysed by pyruvate dehydrogenase. Labelled acetyl coenzyme A enters tricarboxylic acid cycle and produce intermediates such as alpha-ketoglutarate which consequently lead to production of [4,4′-2H2]-glutamate and [4,4′-2H2]-glutamine. From the tricarboxylic acid cycle, [2H]-labelling can exchange with the protons in water molecules to generate labelled water. Labelled-pyruvate can also be metabolized to [3,3-2H]-lactate anaerobically, catalysed by lactate dehydrogenase. Therefore, Lu et al. [8] were able to monitor dynamic changes of labelled glucose, glutamate + glutamine (Glx) and water contents in the brain and obtain dynamic DMS in just 15 s (0.3 s repetition time (TR) with 50 averages). The data can be translated to quantitative values with metabolic modelling for metabolic pathway fluxes such as tricarboxylic acid cycle.



Soon following the demonstrations of DMS, Feyter et al. [7] tested the idea of DMI and non-invasively generated steady-state metabolic maps to show the metabolic fate of several 2H-labeled substrates (Figure 1) [9]. According to Warburg effect, instead of oxidative glucose metabolism like in normal tissue, tumour cells shift to glycolytic metabolism in the presence of sufficient oxygen [16]. Tracking of lactate and Glx can generate a Warburg effect (Lac/Glx) map and was used in the study of De Feyter et al. [7] to show pronounced metabolic differences between tumour and normal tissue.




3. In Vivo Tumour Detection Using DMI


Since DMI was first introduced in 2018, its application in cancer research is still at an early preclinical stage with most experiments carried out in rodent models only. Different tumour subtypes can be induced in mice and thus, provide sufficient evidence as proof-of-concept studies and are the only feasible method for testing the utility and safety of deuterium labelled compounds.



De Feyter et al. [7] investigated brain tumours in their pioneer study. Since then, DMI has also been used to investigate other types of cancer. Markovic et al. [17] induced pancreatic ductal adenocarcinoma (PDAC) in mice with two different mutations to mimic the diversity of human pancreatic cancer aetiology. The DMI acquisitions were carried out with slice-selective 2D chemical-shift imaging (CSI) and a repetition time of 95 ms. For both models, DMI detected the presence of the tumours bigger than 5mm due to the generation of deuterated lactate. However, the ability to detect smaller tumour is limited by the nominal in-plane resolution of 5 mm. No significant difference was observed between the rates of glucose to lactate conversion in two tumour models. Markovic et al. [17] consequently developed a kinetic model that describes the dynamic change of the metabolites. The statistically different clearance rates of lactate and glucose obtained from the two models can help to distinguish their unique vasculatures. This study highlighted the potential of DMI for tumour characterisation, but also the need for higher spatial resolution for visualisation of heterogeneities in glucose uptake and in lactate production. Recognizing this opportunity, Peters et al. implemented a multi-echo balanced steady-state free precession (ME-bSSFP) approach to enhance signal-to-noise ratio of DMI versus a CSI based approach while achieving spectral isolation of the metabolic precursors and products. DMI with ME-bSSFP at 15.2 T enabled an increase in spatial resolution of 16 versus CSI based DMI and facilitated imaging of lactate generated in a transgenic mouse model of pancreatic ductal adenocarcinoma [18]. A sensitivity gain was also achieved in 3D DMI although the scanning time is significantly longer versus 2D acquisitions. Veltien et al. [19] performed 3D DMI for renal tumours in mice at 11.7 T field and was able to obtain high nominal resolution of 8 µL in 37 min. A lower resolution around 50 µL was achieved in 24 min.



Other than glucose metabolism, increased choline uptake is another hallmark of tumour development [20]. In this early feasibility study, it was demonstrated that the deuterated choline and glucose signals are well separated in a 2H MR spectrum of an 8 µL voxel in the DMI and they also observed a resolved signal for deuterated lactate. It is worth noticing that the averaged tissue concentrations of [2H] choline over the time course of DMI accumulated in different tumours are different with variable spatial distributions. It is possible that when more labelled substrates are seen, metabolic heterogeneities are more likely to be observed to aid future characterisation of tumours. For these progresses to have an impact in clinical settings, similar experiments should be carried out at a clinical magnetic field strength, i.e., 3T. To apply DMI of choline and glucose at lower field strengths, their signals need to be resolved from each other. Veltien et al. [19] hypothesized that glucose and choline signals can be distinguished at 7 T with sufficient spectral separation. At 3 T distinguishability for instance may depend on magnetic field shimming conditions, although time difference between different signals appearances should also be considered. Testing this hypothesis warrants further research.




4. In Vivo Treatment Response Monitoring Using DMI


DMS and DMI not only hold potential for tumour identification and characterisation, understanding of cancer metabolism can also contribute to treatment monitoring. For most solid tumours, the current clinical standard for treatment response evaluation is measurement of tumour size using computed tomography (CT) or MRI [21]. Early stage molecular response usually happens quicker following treatment than morphological changes and might more accurately reflect tumour regression [22]. Therefore, imaging techniques that can detect biomarkers of cancer response are of great interest for assessing treatment efficacy, optimizing personalised medicine, and reducing the burden of unnecessary treatments



Measurements of 2H labelled fumarate conversion to 2H-labeled malate can be used to detect tumor cell death, as demonstrated by the in vivo study from Hesse et al. [23]. DMI at 7 T could detect the increase in malate production in necrotic tumour tissue. The malate/fumarate ratio increased more than 10 folds in murine lymphoma, human breast and colorectal xenografts after drug treatment and was correlated with increased levels of tumour cell death measured in excised tumor sections. Similar results can be obtained using 13C MRS [24]. However, since the DMI technique does not require a hyperpolarizer, it is a less expensive option. For possible future clinical implementation, detection of fumarate and malate at 3 T should be tested and the safe dosage of fumarate needs further investigation. A recently published study by Taglang et al. [25] explored the link between glycolytic flux in tumour cells and relevant genetic pathway in more detail with DMS. Telomeres are protective structures at the ends of cell chromosomes and cancer cells often have genetic mutations to maintain telomere length for uncontrolled proliferation. Taglang et al. [25] identified a mechanistic link between telomere maintenance and elevated glycolysis in astrocytoma models. The exact pathway is beyond the scope of this article, however, they provided a more fundamental explanation to the importance of monitoring glucose flux to lactate, instead of steady-state lactate, for accurate astrocytoma progression monitoring which is challenging for conventional MRI [26]. Furthermore, with DMS they were able to demonstrate that [6,6′-2H]-glucose flux to lactate is reduced following cancer treatment and DMI enables visualization of treatment induced tumour lesion that cannot be distinguished from tumour by standard MRI.



Telomere maintenance is determined by more than one genetic pathway so, more potential tags exist than just [6,6′-2H]-glucose. Batsios et al. [27] evaluated the utility of [U-2H]-pyruvate as a DMI agent after establishing the mechanism of another pathway for telomere maintenance. Even when clinically feasible MRI field strength of 3 T was applied, significant reduction in [U-2H]-pyruvate metabolism to lactate can be observed at day 5 ± 2 following chemotherapy treatment, prior to tumour volume shrinkage. This suggests early potential promise for clinical translation.




5. Future Perspectives for Clinical Implementation and Challenges


Preclinical studies summarized above have highlighted the potential of DMS and DMI for cancer research. For them to be integrated into clinical setting and become part of the cancer patient’s management pathway, there remains many steps and challenges to overcome. We hereby suggest a few directions that future research might focus on.




	
Identifying more biomarkers: Deuterated glucose was the first and commonly injected label for DMS and DMI study. However, as demonstrated by other recent studies [25,27], identification of other appropriate biomarkers and thorough understanding of their journey through relevant metabolic pathways is crucial for DMI to become a powerful tool in cancer management. Adoption of strategies described in the imaging biomarker development roadmap [28] should provide guidance on a robust translational path and ensure clinical adoption based on the quality of evidence generated from clinical studies [29]. Even if some biomarkers become unsuccessful for clinical translation, they could still be valuable in basic and translational research for monitoring metabolic pathways that novel treatment agents could target. Other 2H-labeled tracers that might be taken into consideration include but not limited to acetate, fumarate, succinate… [30].



	
Imaging optimisation: Early preclinical studies should further refine and improve DMI acquisition techniques to provide an effective and technically achievable method to be used in subsequent clinical trials. Dynamic DMI measurements of [6,6′−2H2]-labelled glucose with a high temporal (10 min) and spatial resolution (2.96 mL) of healthy human brain is achievable as demonstrated by Ruhm et al. [31] However, the dedicated coil design and the ultrahigh field strength of 9.4 T make the setting less available routinely in a hospital. The sensitivity of MRI and MRS improves with higher magnetic fields [32,33] but there are other optimization methods to mitigate this requirement. De Graaf et al. [34] showed that with optimal multi-receiver arrays, a nominal 1 mL resolution DMI acquisition is feasible at 7 T and proposed that clinical use field strength of 3 T should allow for a nominal 4–8 mL DMI acquisition. Kaggie et al. [35] attempted taking DMI of human brain at 3 T for the first time recently. Although there was spectral overlap between metabolites, their DMS was able to distinguish metabolic peaks corresponding to water, glucose, Glx, and lactate. Other techniques such as multi-echo balanced steady-state free precession instead of CSI [18] or deployment of deep learning [36] during data acquisition should be further tested to improve the signal to noise ratio of DMI at 3T.



	
Establish reliability and repeatability: At this stage, most DMI experiments carried out are small-scaled animal studies. Animal studies provide the opportunity to better understand fundamental aspects of biochemistry and the effect of gene mutation, therapy, environmental factors on tumour pathology which is unethical to be tested in real patients. These early preclinical feasibility studies should also include tests of repeatability and precision to measure the variability of DMI results. However, ultimately, the most robust evidence for successful clinical implementation of DMI can only be established in human trials on a multi-institutional level. Early clinical trials should validate DMI against an accepted reference standard for safety, tumour characterization, monitoring and standardise the report of adverse events. Later down the line, multicentre clinical trials must be established, and appropriate investigative but pragmatic MR protocols need to be developed.



	
Complementary value with other imaging modalities: Decision about the suitable imaging technique for clinical use depends not purely on the sensitivity or robustness of the method but also the cost effectiveness and accessibility of the imaging tool compared to its potential alternatives. It is plausible that optimal imaging strategy for particular clinical challenge lies with combination of complementary modalities. The availability of 2H RF coils is still very limited. If only a 1H coil is available, quantitative exchanged-labelled turnover MRS is a method presented by Rich et al. [37] which enables 2H glucose be indirectly detected via 1H MRS. The experimental sensitivity of non-hyperpolarized 13C MRSI and DMI were compared by de Graaf et al. [34] showing a higher sensitivity for DMI. However, Kaggie et al. [35] suggested that when DMI is compared with hyperpolarized 13C MRSI, 13C MRSI could probe early rapid lactate production, and DMI probe the later slower production of Glx. Therefore, 13C MRSI and DMI could have complementary role in cancer metabolism studies. A comprehensive comparison between different MRS methods concerning the sensitivity of the detection of the different labelled metabolites is still missing and should be addressed in future research studies.



	
Radiofrequency detectors for 2H sensitivity enhancement: One current road blocker and practical obstacle for clinical translation of 2H MR is the lack of appropriate radiofrequency (RF) MR detectors. This need continues to motivate new research on multi-channel RF arrays which would help to enhance sensitivity and to lower detection thresholds [38,39,40,41]. Research directions include anatomically adaptive, lightweight, elastically stretchable or flexible configurations that perfectly conform to the human body to enhance SNR through improving the filling factor. Another area of current intense research is the development of multi-purpose, modular RF receiver arrays, which may eliminate the need for RF coil arrays dedicated to specific anatomy, targets or 2H DMI/DMS applications. Figure 2 shows an example of a multi-purpose, modular transmit/receive RF array which supports 2H DMI/DMS. This is an extension of previous developments tailored for 1H MRI but uses hexagonal building blocks to form an array [42]. Each building block comprises 4 RF elements. It can be driven in the parallel transmission mode but also supports excitation using a single feeding RF channel. For the latter fixed phase settings are used for each element for transmission field (B1+) shaping depending on the target anatomy. Phase setting can be conveniently changed and hardware adapted by replacing the phase shifter module of the universal interface which is used to connect the RF array with the MR scanner.








	
Extreme field MRI at 14.0 T or 20.0 T: The future of human MRI will not end at 7.0 T and the field is moving apace in this direction. The recent progress of probing the local concentrations of deuterium and other x-nuclei at 7.0 T provides convincing reasons for wide bore magnets with B0 ≥ 7.0 T which spurred the installation of a 10.5 T whole-body MR system suitable for body MRI [43]. Physicists, engineers, and pioneers from related disciplines have already taken further steps into the future. This envisions human MR at 14.0 Tesla and at 20.0 Tesla and is an important conceptual leap [44,45]. These fields will span even more of the crucial “resolution gap” in our understanding of cancer biology. Low frequency X-nuclei MR such as 2H MR would particularly benefit from the signal-to-noise ratio (SNR) gain at higher magnetic fields because SNR scales supra-linearly with the magnetic field strength [46]. This would help to lower detection levels and reduce scan times. An SNR gain of two would translate into a scan time reduction of a factor of four. The resonance frequency of 2H at 20.0 T is approximately 131 MHz, which is similar to the resonance frequency of 1H at a clinical magnetic field strength of 3.0 T. This makes technology established for 1H MR at 3.0 T ideal candidates to be perfected and fine-tuned for 2H MR at 20.0 T.



	
Collaborations: From a research perspective, MR physicists, biochemists, biomedical scientists, clinical oncologists, radiologists, engineers, and computer scientists should come together to optimise the utility of DMS and DMI as described above. From a clinical adoption standpoint, opinions from patients, and various stakeholders involved in the multidisciplinary team is essential for the development of a new imaging modality.







6. Conclusions


The development of more sophisticated DMS and DMI workflows is still at an early stage. However, the huge potential of DMI being a robust, readily available method to map the metabolism of tumours non-invasively in 3D should not be overlooked. More technological advancement in the direction of imaging optimisation, RF detector enhancement and increasing field strength is needed. Successful clinical implementation of DMI requires more human study and collaboration between different teams.
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Figure 1. Workflow of a DMI study: Deuterated substrate can be administered orally or intravenously. Substrate is metabolised in the cells to downstream products while the test subject relaxes outside the MRI, or inside the MRI if there is an interest to follow the formation of metabolic products over time. Consequently, DMI data is generated by quantification of the deuterium spectra at each spatial location by spectral fitting [9]. 
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Figure 2. Lightweight and modular Radiofrequency (RF) transceiver array tailored for 2H MR. This configuration uses a hexagonal building block comprising 4 RF channels. This modular setup is scalable from 4 to 32 RF channels to conform to various target anatomy. Owing to its adaptable and multi-purpose design it supports for example 2H MR of the C-spine and neck, the musculoskeletal system, the heart, the liver, the spine, and the abdomen. The modular multi-purpose RF array configuration supports translation of 2H MR from basic research to clinical science and application. It bodes very well to substitute an arsenal of specific RF coils. This approach benefits cost reduction for equipment and maintenance. Images are courtesy of MRI.TOOLS GmbH, Berlin, Germany. 
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