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Molecular imaging of tumor metabolism: Insight from 
pyruvate-  and glucose- based deuterium MRI studies
Elton T. Montrazi1, Keren Sasson2, Lilach Agemy2, Avigdor Scherz2, Lucio Frydman1*

Cancer diagnosis by metabolic MRI proposes to follow the fate of glycolytic precursors such as pyruvate or glu-
cose, and their in  vivo conversion into lactate. This study compares the 2H MRI outlooks afforded by these 
metabolites when targeting a pancreatic cancer model. Exogenously injected [3,3′,3″-  2H3]- pyruvate was visible 
only briefly; it generated a deuterated lactate signal throughout the body that faded after ~5 min, showing a minor 
concentration bias at the rims of the tumors. [6,6′-  2H2]- glucose by contrast originated a lactate signal that local-
ized clearly within the tumors, persisting for over an hour. Investigations alternating deuterated and nondeuter-
ated glucose injections revealed correlations between the lactate generation and the glucose available at the 
tumor, evidencing a continuous and avid glucose consumption generating well- localized lactate signatures as 
driven by the Warburg effect. This is by contrast to the transient and more promiscuous pyruvate- to- lactate trans-
formation, which seemed subject to transporter and kinetics effects. The consequences of these observations 
within metabolic MRI are briefly discussed.

INTRODUCTION
By detecting an increase in glucose uptake, molecular imaging mo-
dalities like positron emission tomography (PET) have become key 
players in the fight against cancer (1). In these scans, PET usually 
operates on the basis of the injection of a positron- emitting analog 
of glucose, which is avidly taken up by tumors having a sufficient 
perfusion. This reflects an up- regulated glucose metabolism, which 
coupled to the preferred production of lactate even in the presence 
of aerobic conditions that are hallmarks of the so- called Warburg 
effect (2, 3). Stimulated by PET’s success but also in view of PET’s 
limitations and its inability to unambiguously stage a variety of cancers, 
recent years have seen extensive efforts to create alternative molecular 
imaging cancer diagnosis options based on magnetic resonance im-
aging (MRI) (4). Most remarkable among these are approaches that, 
based on dissolution dynamic nuclear polarization (dDNP), have 
enabled the in vivo MRI mapping of glycolytic fluxes (5, 6). dDNP 
relies on the injection of hyperpolarized [1-  13C1- pyruvate] and then 
monitoring its conversion to lactate, alanine, and other hyperpolarized 
metabolites that report on normal and abnormal pathway activities. 
These metabolites can be distinguished and imaged individually by 
13C magnetic resonance spectroscopic imaging (MRSI) (7, 8); dDNP 
has led to several clinical trials (6, 8–10), whose efforts have been 
recently complemented by the execution of similar experiments 
based on para- hydrogen–driven hyperpolarization (11). Regardless 
of how it is generated, the metabolic fate of hyperpolarized [1-  13C1- 
pyruvate] can only be visualized over ~1 min, as after this time the 
hyperpolarization is lost and sensitivity becomes insufficient. This 
limits the achievable in- plane spatial resolution of the ensuing im-
ages; numerous biological transport and metabolic processes taking 
longer than a couple of minutes are simply outside the realm of this 
modality. Alternative routes to map cancer- related metabolic changes 
by MRI rely on following the fate of glucose itself under conven-
tional, thermal polarization. Chemical exchange saturation transfer 
(CEST) MRI of glucose (“glucoCEST”) offers a route of doing so: 

While unable to monitor metabolic products, glucoCEST imparts 
information about glucose’s local concentration onto surrounding 
waters, which can then be used to acquire quality high- resolution 
MR images mapping the glucose distribution (12, 13). Still, the spec-
tral proximity between the glucose and the water resonances have 
limited the scope of such studies—particularly if aimed at organs 
outside the brain, subject to motion and susceptibility broadenings. 
Alternatively, MRI experiments targeting the hydrogen isotope deu-
terium, 2H, have also been recently proposed as potential reporters 
of metabolism (14). In these deuterium metabolic imaging (DMI) 
experiments, [6,6′-  2H2]- glucose is administered, and both its uptake 
and its resulting deuterated products are mapped by 2H MRSI. In 
particular, it was observed that, if selectively enriched glucose is ad-
ministered, it will convert into [3,3′-  2H2]- lactate in tumors as a reflec-
tion of the Warburg effect, into 2H- water (HDO) as a metabolic 
end- product of a variety of pathways, and, in brain, into deuterated 
glutamate species (15–18).

A unique opportunity presented by deuterated species as meta-
bolic imaging reporters is their ability to probe the fate of different 
biomolecules—both for enhancing our understanding of organ-  and 
tumor- specific metabolic fluxes and to enhance MRSI’s diagnostic 
potential. The present study exploits this opportunity by comparing 
the pictures that 2H MRSI provides, on the same pancreatic cancer 
model, upon examination using glucose and pyruvate as initial sub-
strates. This tumor model was here chosen because of the dire need to 
perfect methods for the early detection of pancreatic ductal adeno-
carcinoma (PDAC), which is now the third most common cause of 
cancer- related deaths and is predicted to become the number one 
cause by the end of the decade (19, 20). PDAC’s lethalness is largely 
due to the difficulties arising in imaging and diagnosing this disease 
before it has metastasized (21). Recently, it has been shown for different 
PDAC cases that both hyperpolarized 13C MRSI (22–24) and glucose- 
based DMI approaches (25, 26) could provide indication about the 
presence of these tumors, via the generation of lactate. In the former 
case, an increase in the ratio between hyperpolarized lactate/pyruvate 
was detected preferentially at the tumors, while in the latter case, the 
presence of deuterated lactate in the tumor could be clearly ascertained 
following the [6,6′-  2H2]- glucose injection. In addition to different 
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timescales, differences arose between the two approaches when trying 
to distinguish pancreatic tumors from pancreatitis (27)—with deuterated 
glucose providing a more accurate differential identification. The 
present study attempts to further understand these differences, both 
from the standpoint of the metabolic dynamics that they reflect and of 
their potential use in cancer diagnosis. To this effect, the pictures that 
injections of deuterated pyruvate and deuterated glucose provide for 
the same type of PDAC tumor were examined by 2H MRSI at 
15.2 T. These experiments were complemented by alternated injec-
tions of the deuterated and protonated precursors at different dosages, 
which revealed both different specificities for the two kinds of meta-
bolic probes and different spatiotemporal patterns for the biosynthesis 
of their deuterated products. In unison, these experiments present a 
consistent picture about the different metabolic processes reflected by 
glucose and pyruvate when used as molecular imaging agents, and on 
the different usefulness that these two probes may have in diagnosing 
and prognosing pancreatic cancer and tumors in general.

RESULTS
Glucose versus pyruvate: The 2H MRSI outlook
Figure 1 summarizes prototypical results obtained upon investigating 
the generation of deuterated lactate and HDO, following the injection 
of deuterated pyruvate (Fig.  1, A to C) and of deuterated glucose 
(Fig. 1, D to F). For each case, the panels present an anatomical 1H 
image highlighting the tumor of these PDAC- implanted animals, a 
series of nonlocalized 2H NMR spectra and of metabolic 2H maps col-
lected for the various metabolites as a function of post- injection times, 
and the metabolic concentrations computed over these times using 
the initial intensity of natural abundance HDO [as well as the 
sequence parameters (26)] as internal concentration reference. All 
plots are depicted for regions of interest (ROIs) centered on the tumor 
and on a kidney used as reference of healthy tissue; all these data are 
shown after performing a subtraction of the fat signal, which in these 
abdominal studies will otherwise provide a broad contribution centered 
at ~1.1 parts per million (ppm); see section S1.

The nonlocalized spectra in Fig. 1B reveal that the injected pyru-
vate is immediately converted into lactate and HDO. Before the 
[3,3′,3″-  2H3]- pyruvate injection, only the natural abundance HDO 
peak is present in the fat- suppressed spectra; 30 s after the pyruvate 
injection, the 2H spectrum shows an increase in this HDO peak, 
along with the appearance of peaks at 2.2 and 1.2 ppm. Even at these 
short times, the lactate peak is already higher than the pyruvate 
peak, reflecting the high rate at which pyruvate is converted in vivo 
into lactate. Both peaks have already disappeared from the NMR 
spectrum by the time the first of the 2H MRSI acquisitions has com-
pleted, ~6 min post- injection. The intensity of the [3,3′,3″-  2H3]- 
pyruvate is too low, and its rate of consumption is too fast to be 
scanned with sufficient sensitivity by our MRI setup. Deuterated water 
is also rapidly generated, increasing ~50% from its initial natural 
abundance value within the first image acquisition and staying at a 
steady level thereafter. Lactate also increases transiently, presenting 
both spectroscopic and imaging patterns that are very similar to 
those observed on healthy control animals (see section  S2 and 
fig. S4). In the sole 2H image that chemical shift imaging–steady- state 
free precession (CSI–SSFP) MRSI captures for the lactate peak, this 
metabolite appears at first randomly distributed throughout the 
sensitivity region captured by the 2H surface coil. Despite this apparent 
lack of specificity, distinctions begin to emerge when data processing 

includes fat subtraction. These highlights are easiest to appreciate 
when considering the one- dimensional (1D) 2H NMR spectra (e.g., 
Fig. 1B versus section S1 and fig. S2), but they are also observed in 
the 2D 2H MRSI images. Fat suppression reveals the presence of a 
“ring” of lactate forming around the tumor region. This is a noisy 
pattern, but it was observed, consistently, in nearly all the [3,3′,3″-  
2H3]- pyruvate injection experiments that were performed on the 
different animals (see, for instance, figs. S3 and S5). Note that none 
of our experiments evidenced a peak at 1.4 to 1.5 ppm, which could 
have been ascribed to deuterated alanine—an alternative byproduct 
of pyruvate via transamination (28).

By contrast to pyruvate’s behavior, when [6,6′-  2H2]- glucose was 
administered, this precursor could be observed throughout the 
body for more than 1 hour. This injected glucose eventually be-
comes preferentially located in a rim surrounding the tumor region 
(Fig.  1D; see also section  S5). The injected glucose is consumed 
slowly compared to the pyruvate, and its disapparition is accompa-
nied by a concurrent increase in the HDO signal intensity, which 
extends over several hours. At first sight, the 2H images seem to 
suggest an enhanced concentration of this metabolically generated 
HDO in the tumor region; however, upon accounting for the differ-
ent relaxation times in the tumor and nontumor regions (the tumor 
having longer T2s than healthy tissues, which ends up biasing up the 
SSFP signal intensity), these differences revealed only a limited sta-
tistical significance: The 

[HDO]tumor

[HDO]kidney
 ratio over n = 8 analyzed animals 

was 1.3  ±  0.2. The glucose- derived lactate signal is often hard to 
observe in the nonlocalized 2H NMR spectra, which are signal averaged 
for only 30 s; in the longer times that it takes to collect the meta-
bolic maps, however, lactate signals clearly show up and exclusively 
appears inside the tumor region. This agrees with the extensive data 
in (25–27). Although pyruvate is present in the metabolic pathway 
leading from glucose to lactate, its signature peak does not appear 
in either the MRSI images nor the nonlocalized 2H spectra; this 
probably reflects, once again, the short lifetime and low concentration 
achieved by the deuterated pyruvate arising from the glucose 
injection.

As the differences between the 2H MRSI reflected by the pyruvate 
and glucose injections shown in Fig. 1 could also reflect the fact that 
these experiments were run on different animals, biological variability 
was assessed by conducting the experiments on the same animal. To 
this end, a PDAC- implanted mouse was tail vein cannulated, injected 
initially with a dose of [3,3′,3″-  2H3]- pyruvate and, subsequently, 
with a dose of [6,6′-  2H2]- glucose. Figure  2 summarizes the results 
from such experiment, which are essentially the same to those that 
were revealed in Fig. 1 on two different animals: No initial pyruvate 
signal could be captured by the metabolic maps, which did however 
reveal the formation of deuterated lactate throughout the body. Despite 
this relatively uniform spread, a ring of pyruvate- derived lactate 
could still be discerned forming in the periphery of the tumor upon 
fat subtraction; this deuterated lactate decayed back to baseline levels 
after ~10 min. Pyruvate’s rapid catabolism is also reflected in a rapid 
increase of the HDO concentration, which remains steady after the 
first couple of images. Thereafter, when [6,6′-  2H2]- glucose is injected, 
the results exhibit a behavior that is very much akin to that shown in 
Fig. 1B. Also, in this case, glucose remained throughout the body for 
an extended period, including an initial accumulation in the kidney 
and eventually an enhanced concentration on a rim around the tumor. A 
lactate 2H signal appeared inside the tumor reaching its peak ~45 min 
after the glucose injection, having a spatial distribution that is distinctly 
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different from that arising from the [3,3′,3″-  2H3]- pyruvate injection. All 
these changes are accompanied by a steady increase in the HDO con-
centration, which lasts for over two hours. No differences in the 2H studies 
arising from the [3,3′,3″-  2H3]- pyruvate or [6,6′-  2H2]- glucose injections 
could be noticed regardless of whether animals were fed ad libitum 
or fasted 4 hours before the experiments (section S3).

The higher specificity with which [6,6′-  2H2]- glucose reveals the 
presence of tumors could be reflecting several factors—including 
the loss of the pyruvate’s deuterons by spontaneous exchanges with 
the water protons driven by keto- enol tautomerism or by transamination 
reactions, as well as the different concentrations used in the pyruvate 
vis- à- vis glucose injections. The latter values are limited by physiological 

Fig. 1. Summary of the 2H MR results obtained upon injecting into PDAC- implanted mice. (A to C) With [3,3′,3″-  2h3]- pyruvate. (D to F) With [6,6′-  2h2]- glucose. Shown 
in the top left of each dataset [(A) and (d)] are the metabolic maps for hdO, pyruvate/glucose, and lactate resolved by cSi- SSFP, for the indicated post- injection times (6 and 
42 min, respectively). All these 2h images are also shown overlaid on the 1h anatomic images [(c) and (F)]. Shown to the right of each dataset [(B) and (e)] are nonlocalized 
2h nMR spectra collected at the displayed post- injection times. Graphs underneath these spectra depict the time- dependent metabolic concentrations obtained from the 
metabolic maps for tumor and kidney ROis (indicated in the 1h images), as resolved for each chemical shift. concentrations are derived from the initial hdO map, as de-
scribed in (26) and in Methods. the animals were fasted for 4 hours before the studies.
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issues, as injections of concentrated pyruvate proved toxic to the 
animals. Still, an experiment was carried out whereby 0.5 ml of a 0.73 M 
[3,3′,3″-  2H3]- pyruvate solution in phosphate- buffered saline (PBS) 
was infused over 5 min in a PDAC- implanted mouse. The animal 
survived this 40- mg sodium pyruvate injection, leading to higher 
in vivo concentrations of deuterated lactate and of HDO. However, 
little additional specificity was obtained from this higher concentration 
experiment, in connection to highlighting the tumor itself (fig.  S6). 
Additional potential factors that could rob the pyruvate experiments 
from specificity, including the back- conversion of deuterated lactate 
into pyruvate and/or the creation of an additional intermediate from 
the [3,3′,3″-  2H3]- lactate, were also explored; however, none of these 
processes was experimentally observed (section S4).

Warburg response as a function of glucose concentration
In addition to the different spatial distributions characterizing the 
lactate emanating from the deuterated pyruvate and glucose injec-
tions—with the latter eliciting a more localized, tumor- specific lactate 
production—the most remarkable difference between the two sets of 
studies resides in the very different rates at which precursors are con-
sumed and products are generated. When [3,3′,3″-  2H3]- pyruvate is 
injected, it is swiftly metabolized, and deuterated lactate shows up for 
~5 to 10 min before it becomes invisible; a similar rapid change happens 
in the HDO signal but none thereafter. Similarly, boluses of 130 mM 
[3,3′,3″-  2H3]- lactate were metabolized in healthy animals within ~10 min 

after their injection (fig. S7). By contrast, the deuterated lactate signal 
remains long after the [6,6′-  2H2]- glucose bolus has been injected, with 
a steady increase in the HDO signal intensity that extends for hours 
after the injection. The rapid disappearance of deuterated lactate—
whether it has been infused (fig. S7) or been generated by the [3,3′,3″-  
2H3]- pyruvate—suggests that this metabolite is rapidly consumed and/
or washed out. This in turn raises the question of why, once the [6,6′-  
2H2]- glucose resonance signal diminishes to barely detectable levels 
in the metabolic maps (≥90 min after the initial administration), the 
lactate signal does not similarly vanish. This is also connected to the 
question of what defines the detection limits for the deuterated glucose 
observed in these MRSI experiments. To investigate this further, the 
protocol presented in Fig. 3 was assayed. In it, a mouse (which in this 
case happened to have two metastases of the primary cancer, with all 
three tumors lying within the coil- targeted area) was injected with four 
different aliquots, while 2H NMR and MRSI data were continuously 
recorded. The first injection was our standard [3,3′,3″-  2H3]- pyruvate 
aliquot; [6,6′-  2H2]- glucose at different concentrations (17, 40, and 60 mg, 
respectively) was subsequently injected every 3.5 hours. As before, the 
pyruvate injection led to lactate spreading evenly throughout the 
body, with a slight specificity in the peripheries of the metastatic tumors. 
Lactate had returned to baseline by the time the first of the [6,6′-  2H2]- 
glucose injections was dispensed, which led to a steady increase in both 
the overall HDO signal, as well as in the deuterated lactate generated 
by all three PDAC tumors. This pattern was repeated, with increased 

Fig. 2. Metabolic study based on subsequent deuterated pyruvate and glucose injections, executed on the same PDAC- implanted mouse. the tumor ROi is outlined 
by a white line in the colored 2h MRSi maps (top); red and blue lines in the metabolic concentrations curves (bottom) correspond to tumor and kidney ROis, as outlined in 
the 1h anatomic image (grayscale). Also indicated by dashed lines were the times at which the deuterated pyruvate (3.5 mg) and the glucose (15 mg) were tail vein injected; 
each point in the metabolic curves is spaced ~6 min apart, and all concentrations are calibrated according to the pre- injection hdO intensity. notice the small transient 
instability in the hdO signal upon administering the glucose; this was observed in ~50% of the animals analyzed and its origin is unclear. the mouse was fed ad libitum.



Montrazi et al., Sci. Adv. 10, eadm8600 (2024)     13 March 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

5 of 9

intensity, each time that the [6,6′-  2H2]- glucose dose was incremented. 
For one of the tumors lactate production appeared saturated after the 
40- mg glucose injection, but for the other two tumors, the lactate con-
centration continued to grow every time that the increasing glucose 
doses were administered. Notice that in the last two [6,6′-  2H2]- glucose 
injections, and particularly in the last one, the ability of the animal to 
assimilate the glucose is overwhelmed, as evidenced by an excess of 
[6,6′-  2H2]- glucose spilling directly into the bladder. Notice as well that 
despite the increasing glucose doses, the lactate produced concentrates 

exclusively in the tumor regions. The conclusion is that the tumor 
never ceases to consume glucose and that lactate will be produced 
as long as glucose is available: The amount of generated lactate seems 
limited only by the amount of glucose available to the tumor.

Washout experiments confirm a continuous glucose 
consumption and rapid lactate turnover
Two conclusions arise from the aforementioned results. The [3,3′,3″-  
2H3]- pyruvate injections imply that once the originating substrate is 

Fig. 3. Selected metabolic maps, plots of overall metabolic concentrations over time, and accompanying 1H anatomic image, arising from experiments on a mouse 
having three PDAC tumors, subjected to different deuterated pyruvate and glucose injection protocols over the course of a 10- hour experiment. the colors (red, orange, 
purple, and blue) reflect signals arising from the corresponding regions marked on the 1h anatomical image; dotted lines indicate the moments of the various injections. the 
concentration dependencies also indicate the timing and the amounts of glucose injected over the course of this experiment. notice the different patterns evidenced by the 
deuterated lactate produced by the pyruvate and glucose injections, the different color maps accompanying each set of injections, as well as the growing amounts of lactate 
produced from increasing amounts of glucose injection: Only the tumor circled in purple exhibits some sort of “saturation” between the second and third injections.
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consumed, the deuterated lactate that had been generated will disap-
pear rapidly from the system—either by consumption (fig.  S7) or 
wash- out. As for the [6,6′-  2H2]- glucose injections, their results sug-
gest that as long as the tumor has this substrate available, it will con-
tinually use it to produce lactate. These two features combined suggest 
that the long timescales over which deuterated lactate is observed in 
the glucose- based DMI experiments reflect the underlying presence 
of deuterated glucose and/or of deuterated derivatives in the system. 
This hypothesis implies that if the [6,6′-  2H2]- glucose or its deuterated 
derivatives could be suddenly removed from the body, the deuterated 
lactate signal would also rapidly disappear. While removing glucose 
from the body is not straightforward, it is to some extent possible to 
mimic the effects of such elimination, by following the administration 
of [6,6′-  2H2]- glucose with a dose of nondeuterated (i.e., protonated) 
glucose: This “cold” precursor should displace the deuterated “hot” 
substrate and induce changes in the 2H MRSI experiment. Figure 4 
shows the results emerging from of such “hot/cold” chasing experi-
ment, which included an initial injection of [3,3′,3″-  2H3]- pyruvate, 
alternated with the administration of deuterated and protonated glucose 
doses. As before, the deuterated lactate originating from the [3,3′,3″-  
2H3]- pyruvate spreads throughout the body—with both the lactate 
and pyruvate signatures disappearing in a few minutes. As a 200- μl 
bolus containing [6,6′-  2H2]- glucose (2 g/kg) is injected into the body, 
a clear concentration in the kidney arises, because of the relatively 
high dose used; progressively larger amounts of deuterated lactate 
also appear in the tumor. On the basis of the measurements previously 
described, this lactate signal would be expected to persist for over an 
hour; however, the injection of protonated (cold) glucose induces a 
sudden drop of this tumor 2H- lactate signal, which disappears within 
a matter of minutes. Section  S6 presents a similar experiment but 
without the initial [3,3′,3″-  2H3]- pyruvate injection and using smaller 
doses of [6,6′-  2H2]- glucose. The overall behavior shown in that addi-
tional dataset is like that in Fig. 4: The glucose uptake is eventually 
saturated, but the generation of deuterated lactate at the tumor site 
increases with every [6,6′-  2H2]- glucose injection—until the cold, all-  
1H- glucose, is applied. At this point, the tumor continues metabolizing 
glucose into lactate, but since the former is now protonated, the 
[6,6′-  2H2]- glucose is displaced and the deuterated lactate signature 
drops rapidly. Notice as well that, immediately after the injection of 
the protonated glucose, there is a small but consistent increase in the 
[6,6′-  2H2]- glucose signal visible in the kidney (Fig. 4 and fig. S9). We 
ascribe this to the fact that, as protonated glucose is injected and the 
overall glucose level throughout the animal’s circulation system rises, 
the kidney proceeds to filter out the excess of glucose it already had 
(which was deuterated) and expel it as urine. An increase of deuterated 
glucose in the bladder upon injecting the 1H- glucose is indeed also 
visible (e.g., final glucose images in fig. S9). Notice as well the distinct 
behavior of the HDO signal, which increases more or less steadily 
throughout the experiment both inside and outside the tumor.

DISCUSSION
The present study was elicited by the ability demonstrated by both 
pyruvate- based hyperpolarized 13C MRSI and glucose- based 2H 
MRSI experiments to highlight noninvasively the presence of meta-
bolically active tumors. The question naturally arises on how these 
approaches compare. This work explored such aspect using a 
representative pancreatic cancer model, in a series of tests which 
substantiated very different characterization abilities for the two 

precursors. In agreement with what had been previously seen by 
hyperpolarized 13C MRSI, 2H MRSI experiments also evidenced 
the ability of the pyruvate ➔ lactate conversion process to high-
light tumors. The rapid timescales revealed by 2H MRSI for this 
metabolic process were also consistent with those observed by 
hyperpolarized MRSI. This conversion, however, had a relatively 
weak specificity: pyruvate converted into lactate throughout the 
animal body, with a relatively weak (≈twofold) bias toward a lactate 
enhancement in the periphery of the tumors. Most likely, given the 
relatively low resolution of our previous hyperpolarized 13C MRSI 
experiments—~4 mm in- plane versus 1.25 mm in the present 2H 
work—this led to the appearance of a high lactate/pyruvate ratio 
centered on the tumor region. While it is reasonable to assume that 
the details of this specificity and of the spatial distribution will 
depend on the tumor’s characteristic, it is also clear that pyruvate 
will in general also be rapidly consumed and transformed into lactate 
and other metabolites by healthy tissues, thereby limiting its ensuing 
cancer reporting abilities based solely on changes in the lactate/
pyruvate ratio. Moreover, the fast timescales of the pyruvate ➔ 
lactate conversion imply that—as was the case in hyperpolarized 
13C MRSI—also these 2H experiments will be dominated by fore-
most by a transport kinetics dictated by monocarboxylate trans-
porters, as well as by changes lactate dehydrogenase activities (29, 
30). By contrast, the generation of the lactate arising from deuterated 
glucose reflects overall changes in the glycolysis process (31, 32) 
including, very clearly, the onset of the Warburg effect. This is re-
flected in the tumors’ avidity to convert glucose into lactate and in 
a continuous increase in deuterated lactate observed upon per-
forming multiple [6,6′-  2H2]- glucose injections, evidencing how 
tumors will keep on consuming glucose with almost no sign of 
satiation. The ensuing generation of deuterated lactate ended up 
evidencing the PDAC- affected regions much more clearly than the 
uptake of glucose itself, which only showed an accumulation 
throughout the tumors’ periphery. Such “rim effects” have also 
been noticed in PET analyses of certain cancers, when monitoring 
the uptake of fluorinated deoxy- glucose (FDG) (33–35); these rim 
effects were then ascribed to the presence of a necrotic center, 
where the administered FDG would not reach easily. However, 
while necrosis and/or cysts may be present in larger tumors, these 
were unlikely in our relatively small (≈3 to 5 mm in diameter) tumors, 
which also showed similar rim effects in their deuterated glucose 
images. In consequence, we are inclined to ascribe in these cases 
the drop of glucose within the tumor to an enhanced rate of glucose 
➔ lactate conversion within the PDAC itself, hence rationalizing 
both the drop in the glucose concentration and the lactate enhance-
ment resulting from the Warburg effect. Regardless of interpreta-
tions, it is clear that since glucose, like pyruvate, will be consumed 
more or less homogeneously by many metabolically active tissues, 
including the brain and tissues subject to inflammations, approaches 
that like PET rely solely on glucose uptake—as opposed to approaches 
that like DMI reflect glucose’s metabolic products—will be limited 
in their ability to provide optimal molecular images of cancer.

Another aspect worth discussing is the steady increase in 
glucose- derived lactate, demonstrated by the DMI experiments. 
While lactate appears to increase for 45 to 60 min following the 
[6,6′-  2H2]- glucose injections, both the pyruvate- based and the 
protonated glucose chasing experiments reveal that lactate’s lifetime 
within the tumor is relatively short and is eliminated within just a 
few minutes. The long lifetimes that we observe for the deuterated 
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lactate could in part reflect the higher glucose concentrations used 
in the 2H MRSI experiments: 0.4 to 1 M versus. ~0.1 M for the 
deuterated pyruvate. Most likely, however, the long- lifetime behavior 
is also reflecting the different steady- state concentrations that will 
be present for pyruvate and glucose following the initial bolus 
injection: Pyruvate is an important intermediate in several meta-
bolic pathways, and as such, its concentration at any given time is 
relatively low (~0.1 mM). Glucose by contrast is a precursor that 
is present at ~10- fold higher concentrations, and hence, its longer 
lifetime throughout the circulatory system is understandable. This 

also helps understand: (i) the relative independence of the observed 
results on whether the animals were administered the [6,6′-  2H2]- 
glucose in the presence or absence of fasting; (ii) our previous 
failure to notice any differences in the buildup of deuterated lactate, 
depending on whether the glucose was injected all at once or in 
aliquots distributed over several minutes (36); and (iii) the HDO 
signal behavior, which is seen to grow in these experiments throughout 
several hours after the [6,6′-  2H2]- glucose injections.

In summary, the present study demonstrated the superior ability of 
glucose- based 2H MRSI experiments to highlight the presence of 

Fig. 4. Selected metabolic maps and metabolic time dependencies observed in deuterated/protonated pyruvate/glucose chasing studies performed on a 
PDAC- implanted animal fed ad libitum. After an initial 5- mg [3,3′,3″-  2h3]- pyruvate injection, lactate is observed spreading throughout the body. A subsequent 18- mg 
[6,6′]-  2h2- glucose injection elicits a clear lactate signal inside the tumor. After a 1- hour period, the injection of 42 mg of protonated glucose results in a rapid drop in the 
tumor’s lactate and to a temporary increase in the deuterated glucose arising from the kidney. dotted vertical lines indicate the instant at which the injections were made. 
See section S6 for a slightly different but consistent hot/cold chasing experiment.
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pancreatic tumors on animals vis- à- vis pyruvate- based counterparts, 
thanks to the particular metabolic information that these mea-
surements carry. The translation of these experiments and insight 
onto humans and the unraveling of their information into fluxes ca-
pable of serving biological, prognostic, and diagnostic purposes are 
in progress.

METHODS
[3,3′,3″-  2H3]- pyruvate preparation
Pyruvic acid (2 g, 22.7 mmol) was dissolved in D2O (85 ml) and heated 
to 95°C under N2 for 20.5 hours. After this time, the mixture was 
allowed to cool down to room temperature, and sodium bicarbonate 
(1.81 g, 21.9 mmol, 0.95 eq.) was added. The solvent was evaporated at 
reduced pressure using a water bath at 40°C. The remaining solid was 
recrystallized from D2O (10 ml) and absolute ethanol (EtOH; 120 ml). 
The white sodium pyruvate crystals were collected by filtration, washed 
with absolute EtOH, and dried under vacuum (1.57 g, 77%). The mass 
spectrum of the solid showed that it contained 87% of the −CD3 species, 
with the remaining being mostly CD2H pyruvate. A 1D 2H NMR 
spectrum of the sodium salt revealed a minor peak at ~1.3 ppm, which 
we ascribe to pyruvate’s dimerization and which, according to its in-
tensity, amounted to a ~3% fraction.

In vivo conditions
In vivo experiments were approved by the Weizmann Institute Insti-
tutional Animal Care and Use Committee, accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care, 
the US National Institutes of Health Office of Laboratory Animal 
Welfare, and the Israel Ministry of Health. All methods and procedures 
were performed in accordance to relevant guidelines and regulations. 
This study is reported in accordance with ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines. In these experiments, 
13 C57 black mice were implanted with KPC rodent PDAC and 
examined approximately 10 days after implantation. KPC is a geneti-
cally engineered mouse cancer having key genetic similarities with 
human PDACs, which have made it a common model for drug 
discovery purposes (37). Three C57 black mice were used as controls 
for the pyruvate study. Enriched [6,6′-  2H2]- glucose was purchased 
from Cortecnet, Voisins- le- Bretonneux, France.

Injections of pyruvate and of glucose were administered, as often 
done in hyperpolarized studies, as single boluses of ~250 μl. Approxi-
mately 3.5 mg for mice weighting approximately 20 g of deuterated 
sodium pyruvate in Dulbecco’s PBS (~120 mM PBS solutions) was used 
for these experiments. This concentration was chosen on the basis of 
the similar dosing that is used in hyperpolarized [1-  13C1]- pyruvate 
experiments (23, 38). Deuterated glucose injections were carried out 
using ~0.7 to 2.8 g of glucose per kg of animal body weight (~0.37 to 
1.48 M solution in PBS) as specified below; these concentrations were 
chosen on the basis of similar concentrations used in the glucose 
tolerance test [~100 ml of a 1.8 M solution for human glucose tolerance 
test (GTT)], and their higher values reflect the lower toxicity of glucose 
over pyruvate. As GTT and FDG- based PET exams are usually done 
under fasting, the ensuing 2H MRSI characterizations were carried out 
on fasted and nonfasted animals, as also detailed below. Additional 
experiments involved the injection of enriched [3,3′,3″-  2H3]- lactate 
(250 μl of bolus, 130 mM, Cortecnet, Voisins- le- Bretonneux, France), 
as well as a slow infusion of 40 mg of the deuterated pyruvate in 500 μl 
of PBS (0.73 M solution).

Magnetic resonance imaging
All 2H/1H measurements were conducted on a 15.2 T Bruker scanner 
running Paravision 6, using 20- mm- diameter surface coils tuned to 
649.93 MHz (1H) and 99.77 MHz (2H). To maximize the experimental 
sensitivity, SSFP- based 2H CSI sequences were used (26, 30), opti-
mized for DMI with the following parameters: 2- ppm carrier fre-
quency, repetition time TR = 11.48 ms, flip angle = 60°, 32 × 32 
NxxNy matrices, in- plane field of view (FOV) = 40 mm by 40 mm, 
20- mm slices covering the tumor areas, and 0.63- ms- long excitation 
pulse. These parameters align the SSFP limitations with optimal con-
ditions for detecting chemical shifts at positions 4.7, 3.6, 2.2, and 
1.2 ppm, which correspond to the physiological 2H NMR offsets 
observed for the in vivo water, glucose, pyruvate, and lactate reso-
nances, respectively. Forty- six points were sampled in the gradient- 
free free induction decays at 5- kHz rates; the initial four points were 
discarded due to corruption by the digital filtering. To increase the 
experimental sensitivity, weighted signal averaging of the phase- 
encoding domains was applied. CSI- SSFP data were thus collected 
with a number of averages NA set at 20 for the center of k- space, and 
the remaining points weighted as (39)

where − Nx

2
≤ nx ≤

Nx

2
− 1 and 

−

Ny

2
≤ ny ≤

Ny

2
− 1 index the sampled 

points, and this Hamming weighting increases the point spread func-
tion by 1.8 over the nominal FOV/N spatial resolution. The whole 
k- space was sampled in ~30 s, using 0.2- ms- long gradient pulses in all 
cases. This weighted k- space averaging was repeated 12 identical times 
for the sake of signal averaging, leading to ~6 min per 2H MRSI image. 
Each of these images was preceded by a nonlocalized 2H 1D NMR 
spectral acquisition, whereby 256 scans were collected in ~30 s with 5- kHz 
spectral widths. These alternated imaging/spectroscopic acquisitions 
were continued for a few hours; both sets of data are presented below.

In addition to 2H acquisitions, 1H coronal images were collected 
using TurboRARE: 10 slices, 0.8- mm thickness, with the same in- 
plane FOV as in the 2H MRSI experiments, and a 512 × 512 encoding 
matrix. 1H B0 maps were obtained throughout the 2H MRSI scans 
using a 3D double- gradient echo, with the same FOVs as for DMI 
and a 64 × 64 × 8 encoding matrix. These were then included in the 
CSI- SSFP reconstruction process.

The 2H images were reconstructed by zero- filling to 64 × 64 points, 
2D Fourier transform, and the combined chemical shift/metabolic ki-
netic separation “RK- SpecRecon” described in (36). By relying on the a 
priori known chemical shifts of the different sites and on the 1H- based 
acquisitions providing B0 field inhomogeneity maps, this provided 
spectrally resolved images for the different metabolites, with limits of 
detection for the lactate methyl peak in the 0.1 to 0.2 mM range. Meta-
bolic concentrations were computed assuming ~10 mM concentrations 
of HDO before the injections and took into account the SSFP scanning 
parameters and the T1/T2 for each species. As HDO in the tumor could 
exhibit longer T2 values than in healthy tissues, leading to an increase in 
their SSFP signal intensities, HDO concentrations throughout the tar-
geted FOV were normalized to equal pre- injection values, thereby ac-
counting to some extent for potential T2 heterogeneities.

(1)
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