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COMMENTARY

Toward next-generation molecular imaging
Boyd M. Goodsona  and Eduard Y. Chekmenevb,1

The advent of molecular imaging has revolutionized person-
alized medical care for a wide range of diseases. Positron 
emission tomography (PET) is the leading clinical molecular 
imaging modality, enabling whole-body imaging of biochem-
ical processes via radioactive tracers in tissues deep within 
the body. An ever-expanding palette of PET tracers has been 
developed over the past few decades to help diagnose, stage, 
and monitor the response to treatment of various diseases. 
Indeed, 2 million PET scans are performed in the United States 
annually. By far, 18F-labeled [18F-]-fluorodeoxyglucose (FDG) 
is the most widely employed clinical PET tracer. The block-
buster success of FDG-PET relates to its ability to image aber-
rant cellular glucose uptake, which is up-regulated in many 
metabolically challenged diseases—including many cancers 
(1). Importantly, changes in cellular metabolism often occur 
before significant anatomical changes take place [typically 
captured by a computed tomography (CT) scan]. As a result 
of this powerful “glimpse into the future” that such metabolic 
information can provide, modern cancer care heavily relies 
on FDG-PET molecular imaging to stage cancer patients and 
monitor their treatment response (1). Despite the high cost 
of an FDG-PET scan (several thousand USD), it provides valu-
able information regarding treatment efficacy, allowing doc-
tors to discontinue treatments that may be ineffective or even 
detrimental—as well as cost orders of magnitude more than 
the scan itself. In the United States, the medical treatment 
costs for cancer alone approach $200 billion per year (2), not 
counting an additional annual cost of $150 billion in lost pro-
ductivity to the US economy (3).

Despite the transformational impact of FDG-PET on cancer 
care, this lifesaving exam has several notable disadvantages. 
First, it employs ionizing radiation, derived both from the 
injected FDG itself and from accompanying anatomical CT 
scans; therefore, whole-body PET-CT scanning comes with a 
cancer risk (4), and these examinations must be clinically jus-
tified. This limitation is exacerbated by the requirement that a 
baseline scan be performed before a cancer patient begins a 
given treatment regimen. In practice, the scan may need to be 
repeated, multiple times per year in some cases. Second, the 
FDG-PET exam is time-consuming, often requiring the patient 
to fast for several hours before the exam—with approximately 
1 h for the tracer uptake and clearance from the surrounding 
tissues, and with the scan itself taking half an hour. Third, the 
compounding effect of the above limitations makes it chal-
lenging to perform frequent follow-up FDG scans or perform 
molecular imaging scans with other 18F-labeled tracers—
despite the fact that information gained about other molecular 
pathways could further improve treatment outcomes. Fourth, 
FDG administration often yields a strong PET background sig-
nal in many organs at the time of the scan (most notably in the 
brain, heart, and prostate) making it practically unusable in 
these organs for the associated diseases.

A next-generation molecular imaging technology is being 
developed to address the limitations of FDG-PET exams. In 
PNAS, Lindale et al. (5) present a major breakthrough in the 
development of this new clinical technology. The new molec-
ular imaging technology employs MRI scans, which do not 
expose patients to ionizing radiation. Before continuing, it is 
important to note that the sensitivity of conventional MRI is 
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Fig. 1.   The concept of metabolic imaging using HP MRI contrast agents and 
a schematic of SABRE hyperpolarization. Metabolic mapping of injected HP 
[1-13C]pyruvate and downstream metabolites enables imaging of aberrant 
metabolic fluxes in cancer and other metabolically challenged diseases. 
Simultaneous chemical exchange of parahydrogen (the source of NMR 
hyperpolarization) and a to-be-HP substrate (i.e., a contrast agent molecule) 
with a metal center results in hyperpolarization of “free” contrast agent 
molecules in solution over multiple exchange cycles.
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normally too low to track metabolic transformations in vivo: 
MRI works by detecting the magnetic response of nuclear 
spins and usually the degree of alignment (called polarization) 
of nuclear spins is minuscule—even within the strong magnet 
of an MRI scanner. Thus, the anatomical images from most 
MRI scans are actually provided by species whose concentra-
tions are high enough to outweigh that low polarization (i.e., 
the body’s water and fat). However, one can exploit “tricks” 
from quantum physics to transiently increase the nuclear spin 
polarization (P) far from its normal equilibrium value, a pro-
cess dubbed hyperpolarization. Indeed, several hyperpolari-
zation techniques have been developed that can increase P 
by 4 to 6 orders of magnitude, resulting in correspondingly 
massive gains in MRI detection sensitivity (6, 7). As a result, it 
has now become possible to image low-concentration mole-
cules in deep tissue. Indeed, hyperpolarized (HP) 129Xe gas, 
which can be inhaled and used for lung imaging, recently 
became the first FDA-approved HP MRI contrast agent. 
Moreover, HP [1-13C]pyruvate is now under evaluation in over 
50 clinical trials according to clinicaltrials.gov.

When injected, HP [1-13C]pyruvate is rapidly metabolized 
into HP [1-13C]lactate, [1-13C]alanine, and [13C]bicarbonate 
via several metabolic pathways (8, 9). The injected HP [1-13C]
pyruvate and the produced HP metabolites can be distin-
guished from one another by their different frequencies 
and separately imaged, allowing maps of each HP substance 
to be created (Fig. 1). In so doing, one can also obtain the 
metabolic fluxes of each substance within a given tissue in 
real time, as opposed to the more limited information 
regarding tracer uptake provided by FDG-PET (8, 9). It has 
been shown that an HP [1-13C]pyruvate MRI scan can probe 
the response to cancer treatment similarly to an FDG-PET 
scan (10). Moreover, as a result of the described technology 
advantages, a HP MRI molecular imaging scan can be per-
formed in only about a minute—even in the presence of 
background HP [1-13C]pyruvate signals from the surround-
ing tissues.

For clinical studies (11, 12), HP [1-13C]pyruvate is currently 
produced via a technique called dissolution dynamic nuclear 
polarization (d-DNP). d-DNP has proven to be a powerful 
and general hyperpolarization technology for a wide range 
of prospective biomedical applications, enabling amazing 
progress to date (8). However, d-DNP technology is slow 
(requiring roughly an hour to produce HP [1-13C]pyruvate), 
suffers from low throughput and high cost (the hyperpolar-
izer device alone can cost $2M) and has complex siting 
requirements due to the reliance on high-field supercon-
ducting magnets and cryogenic temperatures (11, 12). Thus, 
alternative hyperpolarization technologies are being actively 
pursued to enable efficient, low-cost production of HP  
[1-13C]pyruvate and other HP molecular imaging probes (13). 

One such technology is signal amplification by reversible 
exchange (SABRE), which relies on simultaneous chemical 
exchange of parahydrogen—a “spin isomer” of ordinary 
molecular hydrogen (H2) gas—and to-be-HP molecules with 
a metal-based ligating catalyst (14). The pure spin order of 
parahydrogen acts as a reservoir of hyperpolarization, which 
can be spontaneously transferred to the nuclear spins of 
the to-be-HP molecules via spin–spin couplings established 
during the transient formation of the SABRE-active complex 
(Fig. 1). Following polarization, the exchangeable HP sub-
strate is then released into the solution phase. Multiple 
cycles of the SABRE process subsequently lead to the accu-
mulation of bulk hyperpolarization in the free substrate 
molecules in solution—usually in under a minute.

In PNAS, Lindale et al. (5) greatly expand our knowledge  
of how polarization can be efficiently transferred from 
parahydrogen-derived hydrides to the spins of X-nuclei (typi-
cally 13C or 15N nuclei) within the exchangeable substrate mol-
ecules—a process dubbed X-SABRE. Unlike hydrogen nuclei 
(1H), 13C and 15N nuclei can retain the HP state for minutes 

in vivo, which is sufficiently long to probe metabolic 
fluxes. Thus, X-SABRE hyperpolarization of 13C and 
15N nuclear spins in biocompatible molecules has 
been a highly active area of research (15, 16). The 
X-SABRE process is most efficient in ultraweak 
microtesla magnetic fields (i.e., a field that is much 
less than even the Earth’s field) (15, 16), where the 
energetics of parahydrogen and “X” spin flips can 
be properly matched, and both static and alternat-

ing fields can be readily controlled in multiple spatial directions. 
However, the X-SABRE polarization process can be surprisingly 
complex, as the P evolution reflects a sensitive interplay of the 
underlying spin dynamics and the rapid chemical exchange  
of the various species involved. Lindale et al. employ a novel 
evolutionary strategy algorithm for numerical optimization of 
X-SABRE hyperpolarization processes (5). Specifically, Lindale 
et al. have developed an approach called multi-axis computer-
aided heteronuclear transfer enhancement for SABRE, or 
MACHETE-SABRE (5). Despite the fact that the computer-aided 
MACHETE-SABRE pulse sequences are far from intuitive in their 
design, they result in substantially more efficient hyperpolar-
ization of the targeted X-nuclei. Indeed, Lindale et al. demon-
strate that the efficiency of X-SABRE hyperpolarization can be 
improved by as much as sevenfold using the new MACHETE-
SABRE approach, compared to that attained using a static 
microtesla field alone (5). This finding is important because the 
degree of polarization of the X-nucleus is a critical factor deter-
mining the successful utilization of HP [1-13C]pyruvate and 
other metabolic HP probes in vivo: The resolution and the 
quality of the metabolic mapping scan is directly proportional 
to the 13C polarization (P13C). Thus, to increase the HP signal 
readout, one has to maximize P13C—ideally to the order  
of unity. The MACHETE-SABRE approach demonstrated by 
Lindale at al. thus addresses a critical translational challenge 
of SABRE technology for production of HP [1-13C]pyruvate con-
trast agent, as well as for other emerging molecular imaging 
probes (17).

The SABRE process is remarkably fast and simple in 
terms of experimental requirements. Indeed, HP solutions 
of [1-13C]pyruvate are produced near room temperature in 

In PNAS, Lindale et al. greatly expand our 
knowledge of how polarization can be efficiently 
transferred from parahydrogen-derived hydrides 
to the spins of X-nuclei (typically 13C or 15N nuclei) 
within the exchangeable substrate molecules—a 
process dubbed X-SABRE.
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only a minute, using hardware components costing less 
than $10,000 (18–20). The utility of SABRE hyperpolarization 
for production and in vivo molecular imaging of HP [1-13C]
pyruvate has been recently demonstrated (21, 22), thus 
potentially making SABRE a game-changing technology for 
enabling next-generation MRI-based molecular imaging 
modalities. The ongoing research and commercialization 
work in this rapidly expanding field aims to develop clinical 
production of HP [1-13C]pyruvate and other emerging 
molecular probes, thereby providing robust, inexpensive, 
and scalable access to HP agents for a wide range of stake 

holders—ranging from scientists, to doctors, and patients. 
All in all, SABRE hyperpolarization technology has the poten-
tial to revolutionize molecular imaging and treatment of a 
wide range of metabolically challenged diseases, most nota-
bly including cancer, diabetes, and various neurodegener-
ative disorders.
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