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 Magnetic resonance imaging of tumor oxygenation and 
metabolic profi le      
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  Abstract 
 The tumor microenvironment is distinct from normal tissue as a result of abnormal vascular network characterized by 
hypoxia, low pH, high interstitial fl uid pressure and elevated glycolytic activity. This poses a barrier to treatments including 
radiation therapy and chemotherapy. Imaging methods which can characterize such features non-invasively and repeatedly 
will be of signifi cant value in planning treatment as well as monitoring response to treatment. The three techniques based 
on magnetic resonance imaging (MRI) are reviewed here. Tumor pO 2  can be measured by two MRI methods requiring an 
exogenous contrast agent: electron paramagnetic resonance imaging (EPRI) and Overhauser magnetic resonance imaging 
(OMRI). Tumor metabolic profi le can be assessed by a third method, hyperpolarized metabolic MR, based on injection of 
hyperpolarized biological molecules labeled with  13 C or  15 N and MR spectroscopic imaging. Imaging pO 2  in tumors is 
now a robust pre-clinical imaging modality with potential for implementation clinically. Pre-clinical studies and an initial 
clinical study with hyperpolarized metabolic MR have been successful and suggest that the method may be part of image-
guided radiotherapy to select patients for tailored individual treatment regimens.   

 Solid tumors have regions of hypoxia as a result of 
inadequate supply of oxygen and nutrients [1]. 
Hypoxia can be diffusion limited (chronic) or perfu-
sion limited (acute) [2]. Oxygen is necessary to fi x 
radiation-induced damage to targets of ionizing radi-
ation. Hypoxia has been shown to exist in human 
tumors and was associated to resistance to radio-
therapy [3]. Tumors displaying a hypoxic phenotype 
may also be resistant to chemotherapy since poor 
perfusion to these regions can result in sub-optimal 
doses of the infused drug being delivered to the 
tumor [4]. A priori knowledge of the tumor physiol-
ogy will enable implementing appropriate therapies 
such as dose-painting in radiotherapy, combination 
with radiation sensitizers or even the use of hypoxia-
specifi c cytotoxins [5]. Several randomized clinical 
studies testing therapies specifi c to hypoxic tumors 
pointed to a need of identifying specifi c patients 
whose tumor contain hypoxic populations preferably 
by non-invasive imaging [6 – 8]. In addition to the 
abnormal oxygen status, tumors also display a differ-
ent metabolic profi le with energy derived by aerobic 

glycolysis compared to normal cells, which derive 
energy by oxidative phosphorylation. Cancer cells 
realize energy by glycolysis to lactate even when they 
are in normoxic environments (Warburg effect) sug-
gesting that profi ling tumors on a metabolic basis can 
also provide imaging biomarkers, which can be inte-
grated in treatment regimens [9]. 

 Imaging techniques which can provide maps of 
tumor pO 2  and metabolic profi le can be valuable in 
guiding therapies, especially radiotherapy where 
images with information pertinent to physiology 
and/or metabolism can be integrated to radiation 
treatment planning [10] or combination therapies 
with a radio sensitizer, a hypoxia-specifi c cytotoxin 
or a hypoxia activated pro-drug [11]. In a recent 
review, the importance of integrating biological 
images to guide radiotherapy has been discussed 
[12,13]. Imaging modalities such as PET and MRI 
probing metabolism, perfusion and other local fea-
tures have been discussed for potential use. In this 
article, we review two imaging techniques, which 
can provide non-invasive and repeated assessment 

Acta Oncologica, 2013; 52: 1248–1256

ISSN 0284-186X print/ISSN 1651-226X online © 2013 Informa Healthcare
DOI: 10.3109/0284186X.2013.819118



  MRI of tumor oxygenation and metabolic profi le   1249

of tumor pO 2 , and a novel method, hyperpolarized 
metabolic MR, based on hyperpolarization of  13 C or 
 15 N in biological molecules and magnetic resonance 
spectroscopic imaging (MRSI) that can profi le the 
tumor metabolically.  

 Electron paramagnetic resonance 
imaging (EPRI) 

 There are several techniques in use in preclinical and 
clinical studies to obtain pO 2  status of tissue [10]. 
Oxygen electrodes can provide quantitative assess-
ment of tissue pO 2 , but are invasive point measure-
ments and are not amenable to deep-seated tumors. 
PET hypoxia imaging is non-invasive yet provides 
images which are qualitative in nature. These two 
techniques are in use clinically [14,15]. Several other 
methods are in development of which Overhauser 
magnetic resonance imaging (OMRI), electron para-
magnetic resonance imaging (EPRI) and  19 F MRI 
represent non-invasive and quantitative imaging 
approaches for mapping pO 2 . The OMRI and EPRI 
require injection of an exogenous paramagnetic 
agent. OX063, an organic molecule (trityl) with 
a single unpaired electron and having long in vivo 

half-life and single narrow EPR spectrum, was 
designed for this purpose [16]. The structure of 
OX063 is shown in Figure 1A. Experimental details 
of a pre-clinical EPR imaging system for pO 2  imag-
ing can be found in previous reports [17]. EPR spec-
troscopy is widely used in analytical chemistry for the 
detection and characterization of paramagnetic spe-
cies. The pO 2  imaging capability in EPR stems from 
the fact that molecular oxygen is paramagnetic and 
affects the relaxation rates of the exogenous para-
magnetic agent. Dissolved molecular oxygen cannot 
be detected directly by EPR. Since molecular oxygen 
is paramagnetic and imposes a T 2  contrast through 
collisional interactions, the spectral broadening of 
OX063 is linearly proportional to the oxygen con-
centration. An EPR imaging spectrometer operating 
at a frequency of 300 MHz (similar frequency as a 7 
T MRI scanner) and a magnetic fi eld of 10 mT was 
developed and the image formation and reconstruc-
tion approached were integrated [17]. Suitable agents 
for EPR imaging should have simple EPR spectra, 
and should be administered at levels which are well 
tolerated and should have pharmacological half-lives 
longer than the imaging time. OX063 is well suited 
as a paramagnetic agent in EPRI in vivo, to study 

  Figure 1.     (A) Structural formula of the electron paramagnetic agent OX063, a trityl radical. (B) Overhauser MRI pulse-sequence diagram 
showing B 0  fi led cycling and RF and fi eld-gradient waveforms. (C) Interleaved ( “ EPR off  ”  and  “ EPR on ” ) OMRI images (coronal) of a 
female C3H mouse, bearing SCC tumor on the right hind leg, demonstrating the Overhauser enhancement. Both images were acquired 
in the presence of the contrast agent. (D) pO 2  images of a mouse with SCC tumor during air breathing (upper) and carbogen breathing 
(lower). The expanded tumor region is given at the right (see [18]).  
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tumor pO 2 , dynamics of pO 2  to distinguish chronic 
versus acute hypoxia, and also monitor changes seri-
ally in response to therapy.   

 Overhauser magnetic resonance 
imaging (OMRI) 

 The methodology for generating pO 2  maps in vivo 
using the paramagnetic agent OX063 and OMRI was 
described previously [18]. Briefl y, the object being 
imaged is placed in a resonator assembly tuned to 
resonant frequencies of both OX063 and  1 H when 
placed in a magnetic fi eld of  ∼ 10 mT. The MR images 
based on tissue water proton density are enhanced 
by a combination of the presence of OX063 in the 
region being imaged and saturation of the EPR fre-
quency prior to MRI. The pulse sequence typically 
used in OMRI scans is shown in Figure 1B. As shown 
in the fi gure, a standard gradient recalled echo 
sequence routinely used in MRI experiments is pre-
ceded by an EPR irradiation pulse for Overhauser 
enhancement (to the left of the red vertical line) of 
the water  1 H signal. Molecular oxygen (O 2 /pO 2 ) 
affects the EPR saturation and OMRI maps of the 
OX063 concentration and pO 2  maps can be calcu-
lated. The enhancement of the MR image intensity 
depends on three factors: 1) concentration of the 
paramagnetic agent OX063; 2) strength of the EPR 
irradiation; and 3) inversely on the oxygen concen-
tration. OMRI images collected at two different lev-
els of EPR irradiation allow the determination of 
OX063 and oxygen concentration.   

 In vivo oxygen imagin g  

 OMRI has been applied to image tumor pO 2  in mice 
[18]. Figure 1C shows images from an SCCVII 
tumor bearing mouse infused with OX063 (3.8 mmol/
kg) through a tail vein catheter. The image on the 
left (Figure 1C) was obtained without EPR irradia-
tion and the image on the right was collected after 
EPR irradiation. The result is a signifi cant enhance-
ment of the MR images even at an operating fi eld 
of 15 mT. Figure 1D shows a pO 2  map of a tumor 
bearing mouse while breathing air, obtained from 
OMRI experiments with a tumor region shown on 
the right. Pixels shown in green represent pO 2  values 
 �    10 mmHg. The images show that a signifi cant 
region of the tumor is hypoxic. When the inhalation 
gas was changed to carbogen (95% O 2     �    5% CO 2 ) 
tumor hypoxia decreased substantially. The dynamic 
imaging capabilities of OMRI in providing pO 2  
maps based on physical (collisional) interactions 
between the reporter molecule (OX063) and molec-
ular oxygen make it advantageous over other pO 2  
assessment techniques. 

 While OMRI as a technique is capable of providing 
anatomically co-registered pO 2  maps, direct detec-
tion of the resonance signals of OX063 by EPRI is 
more sensitive requiring lower doses of the admin-
istered agent. The quantitative pO 2  imaging in 
defi ned phantom objects and in in vivo models was 
validated in several studies [17]. Figure 2A shows 
pO 2  images from a mouse with the tumor bearing 
leg and normal leg in the fi eld of view. Figure 2A 
(left) shows the anatomic image with the tumor 
bearing leg on the left and the normal leg on the 
right. The middle image in Figure 2A is a pO 2  image 
from the same mouse obtained from EPRI after 
infusion of OX063 (1.1 mmol/kg) when the mouse 
was breathing air. This tumor displayed well-oxygen-
ated regions and hypoxic regions. The pO 2  histo-
gram from this image is shown in Figure 2B (blue 
bars). The histogram shows that the median pO 2  was 
 ∼ 16 mmHg when the mouse was breathing air. The 
pO 2  image in Figure 2A (right) was obtained when 
the breathing gas was carbogen and the correspond-
ing pO 2  histogram (Figure 2B, red bars) shows a 
signifi cant right shift towards higher pO 2  values with 
a median pO 2  value of 35.5 mmHg. Additionally, the 
fractional region of the tumor with pO 2     �    10 mmHg 
decreased from 35% when breathing air to approxi-
mately 7% when breathing carbogen. This experi-
ment suggests the dynamic and quantitative pO 2  
imaging capability. Further developments in EPRI 
capabilities made it possible to obtain pO 2  maps in 
three dimensions in approximately 3 minutes mak-
ing it possible to apply this technique to study 
dynamics of pO 2  in tumors. Tumors exhibit cycling 
hypoxia as well as chronic hypoxia, EPRI studies 
were conducted to examine whether this technique 
can distinguish the two types [19]. Figure 2C shows 
representative pO 2  maps at 3, 18 and 27 min (top 
row) from a set of images of the tumor bearing ani-
mal collected every 3 minutes and the scatter graph 
below shows the pO 2  values in a time interval of 
0 – 30 minutes from the two regions of interest (ROIs) 
marked in the top row. The image data show that 
while ROI 1 had a pO 2     �    10 mmHg and with 
minimal fl uctuations, ROI 2 displayed signifi cant 
fl uctuations with values ranging between 25 and 
5 mmHg. The image data suggest that ROI 1 is 
consistent with a chronically hypoxic tumor region 
and ROI 2 representing a cyclic hypoxic region. 
Figure 2D shows a time averaged pO 2  map (left) 
and a map of the magnitude of fl uctuations (right) 
generated from the snapshot images collected every 
3 minutes. The data analyzed in this manner show 
that the map of the magnitude of pO 2  fl uctuations 
from EPRI can distinguish both chronically hypoxic 
and cycling hypoxic regions. In summary, EPRI is 
a promising non-invasive imaging modality that 
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directly measures oxygen concentration in tumors in 
a 3D volume with spatial resolution of  ∼  mm and 
temporal resolution of minutes. The radiofrequency 
(300 MHz) power used provides the capability of 
imaging deep-seated tumors. With scale-up develop-
ment to humans, EPRI has the capability to provide 
images of the tumor pO 2  and its dynamics, which 
can be used to deliver appropriate cancer treat-
ment.   

 Hyperpolarized metabolic MR 

 Conventional MRI has evolved from the 1980s to 
become a routine diagnostic modality providing 
images of soft tissue with exquisite resolution using 
resonance signals from the abundant water protons. 
However, MRI of molecules probing other nuclei 
such as  13 C,  14 N,  19 F,  31 P etc., has been impractical 
primarily because of the low sensitivity and signifi -
cantly lower concentrations compared to tissue water 
(a few mM versus 80 M). The signal to noise ratio 
in MRI depends on the polarization of the spin states, 

of nuclei such as  1 H,  13 C in addition to their nuclear 
magnetic moments, and the magnetic fi eld strength 
of the MRI scanner. The polarization of  13 C at a 
magnetic fi eld strength of 3 T is 2.5 parts per million. 
Thus, biological molecules enriched with  13 C suffer 
from poor sensitivity because of a lower magnetic 
moment, lower polarization and lower concentra-
tions. The polarization of nuclei can be increased by 
different methods of which dynamic nuclear polar-
ization (DNP) is the most successful [20]. In DNP, 
the higher polarization of a molecule with an unpaired 
electron spin is transferred to nuclei such as  1 H,  13 C, 
 15 N,  19 F etc. OX063 was also used to polarize  13 C 
labeled agents such as [1- 13 C]pyruvate ex vivo, which 
when injected in vivo breaks down to various metab-
olites such as bicarbonate, lactate, alanine depending 
on the metabolic profi le. The conversion of pyruvate 
to each of these metabolites can be imaged using 
chemical shift MRI [21]. 

 The hyperpolarization is achieved by the dissolu-
tion DNP method. The idea and schematics of the 
apparatus, which increases the polarization of  13 C 

  Figure 2.     (A) In vivo EPR oxygen mapping of SCC tumor-bearing mouse leg, and visualization of the effect of carbogen (95% O 2  plus 
5% CO 2 ) breathing on tumor pO 2 . (B) Histograms of pO 2  in the tumor region of the same mouse breathing medical air (blue) and 
carbogen (red). A net increase in the median pO 2  was noted upon carbogen breathing. (see [24]). (C) Non-invasive imaging of chronic 
and cycling tumor hypoxia in a mouse implanted with a SCCVII tumor. 3D-EPR oxygen images were obtained every 3 min during a 
30  min time window. Three representative images acquired at 3, 18, and 27 min are shown. Two ROIs were selected in the tumor (1 and 
2), and pO 2  was assessed in the ROIs over 30 min. (D) ROI 1 (open circles) indicates a chronically hypoxic region; ROI 2 (closed circles) 
represents a cycling hypoxic region showing temporal fl uctuations in pO 2 . C, Time-averaged pO 2  map (left) and standard deviation map 
of pO 2  (right) calculated from the 10 images taken in the 30 min time window (see [19]).  
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nuclei to more than 20% translating into a gain in 
sensitivity of four orders in magnitude was fi rst 
published in 2003 [20]. The gain in SNR by DNP 
was demonstrated by measuring the hyperpolarized 
 13 C spectrum of urea (natural abundance  13 C, 59.6 
mM) in a 9.4 T NMR spectrometer. The  13 C NMR 
spectrum from hyperpolarized urea was compared to 
the  13 C NMR spectrum from the same sample at 
thermal polarization (in the 9.4 T magnet) after sig-
nal averaging for 65 hours. The polarization of  13 C 
when hyperpolarized was determined to be approxi-
mately 20% and the SNR of 4592 was considerably 
higher than that from urea at normal polarization. 
This enhanced sensitivity by hyperpolarization pro-
vides the needed SNR for in vivo  13 C MR imaging 
of organic molecules. Since the chemical shifts of 
various organic molecules display signifi cant differ-
ences, it is possible to inject a hyperpolarized  13 C 
labeled agent and follow its breakdown by chemical 
shift imaging or MRSI. 

 For a molecule to be suffi ciently polarized with 
long signal decay the following characteristics are 
desired: 1) the molecule should have a carbon site 
with long intrinsic T 1  that can be enriched in  13 C 
(e.g. carbonyl or carboxylic acid). Deuteration can 
make aliphatic carbons amenable as well; 2) The 
molecule should be formulated with the paramag-
netic agent as a glassy (homogenous) solid when 
frozen to ensure polarization transfer from the elec-
trons to nuclei; 3) Upon dissolution the loss of 
polarization should not be signifi cant; 4) the chem-
ical shifts of the injected molecule and products 
should be distinct; and fi nally 5) the molecule should 
have minimal side effects when injected as a bolus 
at the required doses (typically approx. 0.1 mmol/kg 
body weight). 

 Pyruvate labeled with  13 C in the C-1 position is 
a molecule which satisfi es all the conditions listed 
above and also is a key intermediate involved in 
major energy generating pathways in cells. Pyruvate 
is utilized to generate ATP through oxidative phos-
phorylation generating CO 2  as a byproduct, which is 
in equilibrium with HCO 3  

-  in a pH dependent man-
ner with its unique chemical shifts. It is also con-
verted to lactate through aerobic glycolysis or alanine 
through transamination. Albers et   al. have used a 
transgenic mouse model of prostate cancer to deter-
mine the capability of the method to grade malig-
nancy and correlate with histology [22]. Pyruvate is 
utilized intracellularly producing the above men-
tioned metabolites, each having its distinct spectrum 
characterized by the chemical shift. In this study they 
show spectra from hyperpolarized [1- 13 C]pyruvate 
injected in a mouse bearing a high grade tumor 
and the time course of the various products. These 
experiments show that the lactate signal reaches a 

maximum about 20 seconds after the pyruvate bolus 
arrival. The time course suggests that a time window 
between 30 and 60 seconds from start of injection is 
suitable for MRSI when the lactate levels were rela-
tively constant. This study shows the feasibility of 
performing in vivo metabolic MRI with hyperpolar-
ized  13 C labeled agents and that regions can be dis-
tinguished based on their metabolic profi le and 
identifi es a time window for imaging. They further 
implemented the imaging experiments in transgenic 
adenocarcinoma of mouse prostate (TRAMP) mice 
bearing a large primary tumor and a lymph node 
metastasis. Figure 3A shows anatomic image indicat-
ing the primary tumor and the lymph node meta-
stasis and the corresponding image of pyruvate 
distribution. A grid was placed on the tumor region 
from which the spectra in each voxel are displayed in 
Figure 3B. The spectra show high levels of lactate in 
the tumor and lymph node metastasis. Further stud-
ies in this report examined the relationship of the 
glycolytic activity monitored by MRI and histological 
exam of malignancy. Results from this study further 
support the relationship between the MRI data and 
histological experiments (Figure 3C). The normal 
prostate region displayed the lowest lactate/pyruvate 
ratio whereas this ratio increased in histologically 
determined tumor grade. From this study, the cor-
relation of the image data (lactate/pyruvate ratio) and 
the histologic assessment of the tumor grade validate 
this as an imaging biomarker for tumor grade. 

 There is a signifi cant interest in developing imag-
ing biomarkers which not only distinguish malignan-
cies but also provide responses to treatment early in 
the course of treatment. Most commonly used imag-
ing assessment of treatment response in tumors is 
by monitoring tumor volume changes by anatomical 
imaging techniques. While these changes take 
several weeks, adding a physiologic/biochemical 
dimension to anatomic images had been shown to 
be useful using MRS, DWI-MRI, DCE-MRI or 
FDG-PET. Metabolic MRI with DNP has similar 
capabilities with additional advantages of rapid 
imaging, high SNR and no background. Monitoring 
the metabolic conversion of hyperpolarized pyruvate 
to lactate and using lactate/pyruvate as a biomarker 
can be a useful imaging biomarker for treatment 
response especially with support from the study of 
Albers et   al. where a strong correlation between the 
malignancy and the lactate/pyruvate ratio was found. 
The study of Day et   al. from Brindle ’ s group in 
Cambridge tested this hypothesis of lactate/pyruvate 
as a biomarker for treatment response using a lym-
phoma model in mice treated with etoposide [23]. 
They studied mice implanted with EL-4 tumors 
studied with metabolic MRI using hyperpolarized 
[1- 13 C]pyruvate before and after treatment with 
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into the extracellular space from necrotic cells. This 
study from Brindle ’ s group showed that 24 hours 
after treatment, high levels of malate indicate necrotic 
cells supporting this agent as a biomarker for in vivo 
necrotic response [24]. Thus, hyperpolarized meta-
bolic MR can utilize multiple probes which can be 
polarized to follow specifi c metabolic processes in 
key biochemical pathways to obtain imaging bio-
markers for treatment response. 

 Our group has shown that the fl ux of pyruvate 
to lactate can be used to monitor import of car-
boxylates such as pyruvate through monocarboxy-
late transporter family. The fl ux of pyruvate to 
lactate was monitored by MRSI in a control group 

etoposide and the lactate/pyruvate monitored with 
MRSI. The images showed a signifi cant conversion 
of the injected pyruvate to lactate prior to treatment, 
and a diminished conversion 24 hours after treat-
ment with etoposide. Day et   al. quantifi ed the pyru-
vate-to-lactate exchange rate before and after 
treatment and found a 39% decrease as a result of 
treatment. The images and the quantifi ed data show 
that lactate/pyruvate ratio can serve as a useful bio-
marker for early treatment response in experimental 
animals. Hyperpolarized fumarate has also been 
used by Gallagher et   al. as an agent to report on 
tumor cell death by monitoring its conversion to 
malate by exposure to fumarate hydratase entering 

  Figure 3.     Hyperpolarized  13 C metabolic images of a TRAMP mouse. Upper: Hyperpolarized  13 C lactate image following the injection of 
hyperpolarized [1- 13 C]pyruvate, overlaid on T 2 -weighted  1 H image. Middle: Hyperpolarized  13 C spectra of primary and metastatic tumor 
regions. Lower: Representative H & E-stained sections and hyperpolarized  13 C spectra for one case from each of the histologically defi ned 
groups. The 3D MRSI shows substantially elevated lactate in the high-grade primary tumor compared with the low-grade tumor. Ala, 
alanine; Lac, lactate; Pyr, pyruvate (see [22]).  



1254 M. C. Krishna et al. 

of mice and a group of mice treated with the mono-
carboxylate transporter-1 inhibitor a-cyano-4-hy-
droxy cinnamate. The results show that a greater 
than 60% inhibition of lactate to pyruvate ratio was 

observed in mice treated with the MCT-1 inhibitor 
(Figure 4C) [25]. In the same study we showed that 
from the pO 2  image-guided histological experiments, 
a biphasic oxygen dependency of MCT1 and 

  Figure 4.     Monocarboxylate transporter 1 (MCT1) dependent uptake of [1- 13 C]pyruvate. (A) Comparison of tumor pO 2  and MCT1 
expression in vivo. After EPR oxygen imaging and following anatomic MRI scans, tumor tissue slice corresponding to the particular slice 
of pO 2  map was exsected and immunostaining of HIF-1a (blue) and MCT1 (red) was conducted(B) Pretreatment with CHC signifi cantly 
suppressed lactate/total  13 C and lactate/pyruvate ratios calculated from whole tumor regions in  13 C MRI images. (C) Metabolic  13 C MRI 
of hyperpolarized  13 C-labeled pyruvate in SCC tumors with or without pretreatment of MCT1 inhibitor CHC obtained 30 s after [1- 13 C]
pyruvate injection (see [25]).  
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HIF-1a expression was observed (Figure 4A). In 
the tumor regions with moderate hypoxia (pO 2  
5 – 15 mmHg, marked by green line) surrounding 
severely hypoxic core (yellow line), increased expres-
sion of MCT1 was observed as well as overexpres-
sion of HIF-1a in the moderately hypoxic regions. 
However, the expression level of MCT1 was clearly 
down regulated in the severely hypoxic tumor 
regions, especially where pO 2  was found to be below 
2 – 3 mmHg. On the other hand, HIF-1 expression 
was high even in severely hypoxic tumor regions 
when the severely hypoxic area is relatively small 
(mouse 1). Suppressed expression of HIF-1 was 
observed only if the size of severely hypoxic regions 
were beyond 2 – 3 mm (mouse 2) that is similar to 
the biphasic expression pattern of HIF-1 near 
necrotic tumor regions reported in both preclinical 
models and human tumors. 

 The fi rst clinical trial of hyperpolarized [1- 13 C]
pyruvate metabolic imaging of prostate cancer 
patients was conducted at the University of Califor-
nia in San Francisco. This study was a proof-of-con-
cept study entitled: A phase 1/2a ascending-dose 
study to assess the safety and tolerability and imaging 
potential of hyperpolarized pyruvate (13C) injection 
in subjects with prostate cancer. The secondary 
objective of this study was to determine the kinetics 
of hyperpolarized pyruvate delivery and metabolism 
throughout the prostate, and to determine the signal 
to noise ratio for pyruvate metabolites in regions of 
cancer and in surrounding benign prostate as a func-
tion of the dose of the hyperpolarized [1- 13 C]pyru-
vate. All doses were well tolerated without exception, 
and excellent contrast-to-noise for [1- 13 C]lactate was 
observed even at the lowest dose.   

 Conclusion 

 Emerging pre-clinical and clinical imaging modali-
ties are adding important physiological and meta-
bolic dimensions to anatomic images. Such 
capabilities will provide valuable biological charac-
terization of tumors in terms of non-invasive imaging 
biomarkers to design appropriate treatments based 
on tumor microenvironment. These imaging bio-
markers will also be useful to monitor treatment 
response. Imaging pO 2  in tumors is now a robust 
pre-clinical imaging modality with potential for 
implementation clinically. Pre-clinical studies and 
the initial clinical study with hyperpolarized meta-
bolic MR have been successful and may be part of 
image-guided radiotherapy to select patients for tai-
lored individual treatment regimens.           
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