
A better understanding of the molecular signature of 
cancer has allowed the development of a new genera-
tion of anticancer drugs that target specific molecular 
entities, such as receptors, genes or signalling pathways. 
However, DNA microarray-based disease profiling, 
together with the results of clinical trials using targeted 
therapies, have clearly demonstrated the intrinsic hetero-
geneity of human tumours, both genetically and pheno-
typically1,2. Patients with similar tumour types frequently 
have markedly different responses to the same therapy. 
The development of these novel targeted therapies could 
benefit significantly, therefore, from the introduction 
of imaging methods that allow an early assessment of 
treatment response in individual patients. These could 
be used in early-stage clinical trials to provide a rapid 
indication of drug efficacy. For example, dynamic 
contrast agent-enhanced magnetic resonance imaging 
(DCE-MRI) measurements of tumour perfusion were 
used in a phase I trial of the anti-vascular drug combre-
tastatin A4 3-O-phosphate3. Subsequently these imaging 
techniques could be used in the clinic, where they would 
allow the clinician to rapidly assess the effectiveness of a 
new therapy in individual patients. Ineffective treatments 
could be abandoned at an early stage and more effective 
treatments selected, with attendant welfare benefits for 
the patient and cost benefits for the health-care system.

Tumour responses to treatment have conventionally 
been assessed from measurements of tumour size4, using 
morphological imaging techniques such as X-ray com-
puted tomography (CT) and MRI. The limitations of this 
approach for predicting clinical benefit have been dis-
cussed5. In recent years, these measurements have been 
supplemented by imaging of tissue function, which has 
often been termed molecular imaging and is defined by 
a pioneer of this field as the “in vivo characterization and 

measurement of biologic processes at the cellular and 
molecular level.”6 The aim is to transfer into a conven-
tional image of tissue morphology, often using specific 
probe molecules, information about the underlying cell 
biology, physiology and biochemistry. Such informa-
tion could show whether a drug has reached its target, 
whether the function of that target has been modulated 
and whether this has led to changes in tumour biology, 
long before there is any evidence of changes in tumour 
size. This Review will briefly outline the basic principles 
of the different imaging modalities, discuss how these 
imaging techniques have been used for response moni-
toring in preclinical and clinical studies, discuss new 
developments in imaging and speculate where this field 
might go in the future.

Imaging modalities
Developments in molecular imaging have been driven 
by the availability of clinical imaging modalities, such as 
X-ray CT, positron-emission tomography (PET), single 
photon-emission computed tomography (SPECT), MRI 
and ultrasound, in relatively high-resolution configura-
tions that can be used in the laboratory to image small 
animals, particularly mice. In addition to clinically used 
imaging modalities, optical (bioluminescence and fluo-
rescence) imaging has been a key technique for molecular 
imaging7.

X-ray CT. CT images are obtained by rotating a low-
energy X-ray source and detector around the subject 
to acquire a series of projections. These are then used to  
construct a three-dimensional image. Contrast in the 
image arises because of differential tissue absorption 
of X-rays, although the contrast is not as strong as that 
obtained with MRI. Image resolutions of 100 µm are  

Department of Biochemistry, 
University of Cambridge, 
80 Tennis Court Road, 
Cambridge, CB2 1GA, UK, 
and Cancer Research UK 
Cambridge Research 
Institute, Li Ka Shing Centre, 
Robinson Way, Cambridge, 
CB2 0RE, UK.
e-mail:  
kmb@mole.bio.cam.ac.uk
doi:10.1038/nrc2289
Published online  
18 January 2008

New approaches for imaging tumour 
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Abstract | Tumour responses to treatment are still largely assessed from imaging 
measurements of reductions in tumour size. However, this can take several weeks to become 
manifest and in some cases may not occur at all, despite a positive response to treatment. 
There has been considerable interest, therefore, in non-invasive techniques for imaging 
tissue function that can give early evidence of response. These can be used in clinical trials of 
new drugs to give an early indication of drug efficacy, and subsequently in the clinic to select 
the most effective therapy at an early stage of treatment.

R E V I E W S

94 | FEbRuARy 2008 | voluME 8  www.nature.com/reviews/cancer

© 2008 Nature Publishing Group 

 

http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=43316
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=43316
mailto:kmb@mole.bio.cam.ac.uk


Isotropic image resolutions
Image resolution in the three 
orthogonal image axes.

obtainable in animal studies in ~15 min of data acquisition.  
Higher-resolution images (50 µm) are possible with 
longer scan times; however, radiation dose can limit 
repeat imaging of the same animal. At relatively high 
resolution (for example, 50 × 50 × 50 µm), doses range 
from 100 to 300 mGy, or about 10× more than a typical 
human CT examination8. CT is often used to provide 
images of tissue anatomy and is increasingly being used 
in conjunction with PET, where it provides an anatomical 
context to the relatively low-resolution PET image. In the 
clinic the fusion of X-ray CT and PET images has led to 
improvements in tumour detection9.

Ultrasound. The relatively low cost, ease of use, sensitiv-
ity and speed of imaging make this an attractive imaging 
modality in the laboratory, particularly when looking 
for early signs of tumour formation in mouse models. 
A system designed specifically for mouse imaging is 
available commercially and this system also includes 
Doppler measurements of blood flow velocity. These 

can be used, for example, to monitor tumour vascular 
disruption in real time following anti-vascular therapy10 
(FIG. 1). ultrasound imaging has also been shown to 
be capable of detecting tumour-cell apoptosis, or pro-
grammed cell death, in vivo following the administration 
of chemotherapy in an animal model11. Tissue stiffness 
can be imaged by detecting the effects of small, local tis-
sue deformations (elastography) and has been used to 
enhance the sensitivity of detection of malignant lesions 
in the breast, which can show large changes in elastic-
ity compared with surrounding normal tissue12. Similar 
measurements have been made using MRI13. As there 
may be changes in tissue architecture following therapy, 
it seems plausible that elastography might also be used 
to detect treatment response. Molecular imaging with 
ultrasound has involved the use of targeted microbub-
bles, which produce an acoustic signal because of their 
resonant properties in the ultrasound field. Tumour 
targeting is achieved by chemical modification of the 
microbubble shell or by attaching a targeting ligand. 
For example, tumour-induced angiogenesis has been 
detected using microbubbles targeted at the integrin 
αvβ3, which is upregulated on proliferating endothelial 
cells. Targeting was achieved by conjugation with a pep-
tide containing the Arg–Gly–Asp (RGD) motif, which 
binds to the integrin14. However, the relatively large size 
of the microbubbles (1–4 µm) means that they cannot 
leave the intravascular space and molecular imaging is 
limited to this compartment.

MRI. This technique was developed in the early 1970s 
and led to the award of the Nobel Prize for Physiology 
and Medicine to Paul lauterbur and Peter Mansfield in 
2003. MRI involves the detection of nuclear spin reo-
rientation in an applied magnetic field (FIG. 2). because 
the interaction is so weak the technique is insensitive 
and imaging is usually restricted to detection of water 
protons (FIG. 3), as water is abundant in tissue and the 
proton is second only to tritium in sensitivity to MR 
detection. Image resolution is limited by the sensitivity 
of signal detection and, at the relatively low magnetic 
field strengths used in the clinic (1.5–3 T), is in the range 
of 2–3 mm. At the higher field strengths commonly in 
use in the laboratory (7–9.4 T), where sensitivity is 
higher, the resolution is typically 50–100 µm, although 
in fixed tissues isotropic image resolutions of 10 µm are 
possible15. The time taken to acquire the image depends, 
in part, on the resolution required and is typically several 
minutes, although fast imaging techniques allow cine-
imaging in which single images are acquired in tens of 
milliseconds.

MRI of tissue water protons is often used, like CT, 
to provide images of anatomy. However, as there are 
many different mechanisms for generating contrast in 
the MR image, it is better suited than CT to molecular 
imaging of tissue function. by attaching paramagnetic 
labels to appropriate targeting ligands (BOX 1), 1H MRI 
of tissue water protons can be used to indirectly image 
membrane receptors, such as ERbb2 (also known as 
HER-2) on breast cancer cells16, the integrin αvβ3 on 
angiogenic endothelial cells17,18 and the phospholipid 

 At a glance

•	Detection	of	the	early	responses	of	tumours	to	treatment	could	be	used	to	
guide	subsequent	therapy,	allowing	rapid	selection	of	the	most	appropriate	
therapy,	with	attendant	welfare	benefits	for	the	patient	and	cost	benefits	for	
the	health-care	system.

•	Tumour	responses	to	treatment	are	conventionally	assessed	by	imaging	
measurements	of	tumour	size.	However,	tumour	shrinkage	can	take	weeks	or	
even	months	to	become	apparent	or,	with	some	therapies,	might	not	occur	at	all,	
despite	a	positive	response	to	treatment.

•	Imaging	measurements	of	tumour	biochemistry	or	cell	biology	can	give	an	earlier	
indication	of	whether	a	tumour	is	responding	to	treatment	than	measurements	of	
tumour	size.	For	example,	measurements	of	the	reduction	in	tumour	uptake	of	a	
radiolabelled	glucose	analogue,	2-[18F]fluoro-2-deoxy-d-glucose,	are	already	
used	clinically	to	detect	tumour	responses	to	treatment,	often	before	there	is	any	
change	in	tumour	size.

•	The	radionuclide	imaging	techniques,	positron-emission	tomography	and	single	
photon-emission	computed	tomography,	can	be	used	to	monitor	receptor	
expression	using	appropriately	labelled	receptor	ligands.	As	these	techniques	are	
so	sensitive	(they	can	detect	concentrations	in	the	10–12–10–10	M	range),	the	
agents	can	be	administered	at	sub-pharmacological	doses.

•	Labelling	of	cell	metabolites	(for	example,	amino	acids,	acetate,	the	glucose	
analogue	fluorodeoxyglucose)	with	positron-emitting	isotopes	(11C	and	18F)	
allows	imaging	of	tumour	metabolism	in	the	clinic.

•	Magnetic	resonance	imaging	of	the	protons	in	tissue	water	gives	relatively	high-
resolution	images	of	tissue	morphology.	By	using	receptor	ligands	that	have	been	
labelled	with	paramagnetic	tags	that	affect	the	spin	relaxation	times,	magnetic	
resonance	imaging	measurements	of	tissue	water	can	be	used	to	image	receptor	
expression	indirectly.

•	Magnetic	resonance	spectroscopy	(MRS)	can	be	used	to	detect	tumour	
metabolites	in vivo.	Phosphorus-31	MRS	can	be	used	to	monitor	the	levels	of	ATP,	
inorganic	phosphate	and	intracellular	pH	and	1H	MRS	the	levels	of	various	
abundant	metabolites,	including	lactate,	neutral	lipids	and	phospholipid	
metabolites,	such	as	phosphocholine.

•	Nuclear	spin	hyperpolarization	can	be	used	to	dramatically	enhance	the	
sensitivity	(>	10,000×)	of	the	magnetic	resonance	experiment.	Hyperpolarization	
of	injected	molecules	allows	spectroscopic	imaging	of	their	distribution	in	the	
body	and	subsequent	metabolism.

•	The	availability	of	these	clinical	imaging	modalities	in	configurations	that	can	be	
used	with	animal	models	of	disease	in	the	laboratory	should	promote	the	
translation	of	new	imaging	techniques	from	the	laboratory	into	the	clinic.
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phosphatidylserine on the surface of apoptotic cells19–21. 
However, as these receptors are usually present at low 
concentrations, it is frequently necessary to use high 
concentrations of the paramagnetic label, for example, 
liposomes loaded with multiple Gd3+ chelates17. Cells 
can also be labelled with paramagnetic labels and 
tracked non-invasively in vivo at relatively high reso-
lution (reviewed in ReFs 22,23). Although MR image 
resolution in vivo is not at the level where single cells 
can be observed it is, nevertheless, possible to image the 
presence of single cells using iron oxide-based nanome-
tre- or micrometre-sized particles, as the effect of the 
particle on the surrounding magnetic field extends way 
beyond the boundaries of the cell24. The technique has 
been used, for example, to track implanted stem cells 
in the brain and spinal cord25,26, to monitor T-cell traf-
ficking in immunogenic tumours27,28 and to image the 
location of implanted dendritic cells in the clinic29. Cells 
have also been labelled with a perfluoropolyether and 
the cells tracked using 19F MRI30.

Different NMR-active nuclei resonate at different 
frequencies (so, at 9.4 T, 1H resonates at 400 MHz, 31P 
at 161 MHz and 13C at 100 MHz). However, for any 
nucleus, these resonance frequencies vary (on the order 
of a few kilohertz, depending on the nucleus) accord-
ing to their electronic environment: the protons in a 
water molecule resonate at a different frequency to the 
protons in the methyl group of lactate. This is known 
as chemical shift and is the reason that magnetic reso-
nance spectroscopy (MRS) has been such a powerful 
technique in analytical chemistry and protein structure 
determination. These spectroscopic measurements  

can also be made in vivo, in systems ranging from 
isolated cells to the human brain, in which they can 
be used to monitor tissue biochemistry (FIG. 4). As the 
patterns of metabolites are characteristic of a particular 
tumour type it is hoped that measurements such as 
those shown in FIG. 4 could eventually be used to 
diagnose and grade brain tumours non-invasively and 
thus remove the necessity for tumour biopsy, with its 
associated morbidity31,32. Phosphorus-31 MRS can be 
used to monitor bioenergetic status by measuring the 
levels of ATP, inorganic phosphate and phosphocreatine 
in tissues such as brain and muscle, and phospholipid 
metabolism, particularly in tumours, from measure-
ments of the levels of phospholipid metabolites, such 
as phosphocholine33. In conjunction with 13C-labelled 
molecules, 13C MRS can be used to follow metabolic 
interconversions34 (note that the naturally abundant 
isotope of carbon, 12C, is not NMR-active). As the 31P 
and 13C nuclei are much less sensitive to detection than 
1H, and cellular metabolites are present at much lower 
concentrations than tissue water (in the millimolar 
range versus ~40 M for water protons in tissue), image 
resolution is much lower, with voxel volumes in the milli-
litre range. However, the dynamic nuclear polarization 
technique described in BOX 2 and FIG. 5, which results 
in a >10,000× gain in sensitivity in the detection of 
hyperpolarized compounds, means that it is now pos-
sible to image the hyperpolarized compound and its 
metabolic conversion into other metabolites at much 
higher resolution35–37. This technique, which should be 
applicable clinically, offers many new possibilities for 
imaging tissue function in vivo36,38.

Figure 1 | Ultrasound imaging. Ultrasound images are obtained when high-frequency sound waves emitted from a 
transducer placed on the subject are reflected back from underlying tissue structures. Clinical ultrasound 
instrumentation operates at frequencies of between 7.5 and 15 MHz, with a spatial resolution of 300–500 µm. At 
higher frequencies (40–50 MHz) the resolution is 50–100 µm, making it suitable for relatively high-resolution 
imaging in small animals, although at these frequencies ultrasound penetration is limited to 5–10 mm in soft 
tissues. The images show power Doppler ultrasound measurements from a subcutaneous murine lymphoma before 
(a) and 15 min after (b) administration of the anti-vascular agent combretastatin A4 3-O-phosphate at a 
concentration of 100 mg kg body weight–1. Regions of blood flow are depicted in colour. Data courtesy of D. Hu, 
Department of Biochemistry, Cambridge University, Cambridge, UK.
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A particle accelerator. Collision 
of a particle (for example, a 
proton or deuteron) with a 
target can be used to produce 
a short-lived positron-emitting 
isotope.

PET and SPECT. These are radionuclide imaging tech-
niques, which provide relatively low-resolution images 
of injected probe molecules that have been labelled with 
positron-emitting (PET) or γ-emitting isotopes (SPECT) 
(BOX 3). The sensitivity of PET is in the picomolar range, 
which means that many biological processes can be 
investigated without any adverse pharmacological 
effects from the labelled probe molecule39. An important 
advantage of PET over SPECT is that positron-emitting 
isotopes can usually be substituted for naturally occur-
ring atoms in the probe compound and are therefore 
less perturbing of probe function. However, the gen-
erally long half-lives of SPECT isotopes, or the parent 
radionuclides from which they are made in radionuclide 
generators, make them more readily available, whereas 
the short half-lives of the PET isotopes means that their 
production and use often requires expensive on-site 
cyclotron and radiochemistry facilities.

Fluorescence and bioluminescence imaging. In fluo-
rescence imaging, excitation light in the visible region 
(400–600 nm) is used to excite fluorophores in the tissue, 
which emit fluorescence at longer wavelengths. Although 
the technique has been widely used with cultured cells it 
is limited in vivo by the depth of penetration of the exci-
tation light (1–2 mm). This can be increased by using 
light in the near-infrared (NIR) region of the spectrum 
(650–900 nm), for which absorption by haemoglobin and 
water is relatively low7. Several NIR fluorochromes have 
been developed and these have been conjugated to anti-
bodies and peptides for imaging receptor expression40,41. 
These could be used in conjunction with endoscopy to 
detect early-stage disease in the gastrointestinal tract and 
in theatre to detect residual disease following surgery42. 
‘Molecular beacons’ that are activated by enzyme activity 
have been developed, for example, peptide-conjugated 
mutually quenched NIR fluorophores that are activated 
by matrix metalloproteinase activity and thus can be used 
to image the activity of the enzyme in vivo43,44. In fluores-
cence-mediated tomography, the subject is exposed to 
continuous-wave or pulsed light sources from different 
angles and the emitted fluorescence is used to construct 
a tomographic image. Image resolutions of 1–2 mm have 
been achieved with a fluorophore detection threshold in 
the nanomolar range7. NIR light has been shown to pen-
etrate at least 10 cm through breast tissue and, in patients 
with breast tumours, accumulation of indocyanine green 
in some tumours was detected by its absorption of NIR 
light. This was correlated with tumour enhancement in 
DCE-MRI45.

Recent developments in endoscopy include the 
incorporation of high-resolution imaging techniques 
into the endoscope, such as confocal microscopy and 
optical coherent tomography, which allow a sort of 
virtual biopsy to be performed46. An advantage of these 
endoscopy measurements is that biopsies can be taken 
immediately from suspicious lesions and thus the imag-
ing measurement can be validated using the gold stan-
dard of histopathology. A problem with these methods 
is the restricted field of view that can be imaged within a 
reasonable time frame. However, a new approach, optical 

frequency-domain imaging, can deliver imaging speeds 
that are orders of magnitude faster and enables imaging 
in vivo over large tissue areas (>25 cm2) at depths of up 
to 2 mm, with a three-dimensional resolution of approxi-
mately 15 µm × 15 µm × 10 µm (ReF. 47). Although opti-
cal coherent tomography and optical frequency-domain 
imaging cannot be used to detect fluorescence, there are 
several molecular contrast methods that are compat-
ible with these techniques, such as coherent anti-Stokes 
Raman spectroscopy and protein-based probes48. Raman 
spectroscopy of biopsy specimens from patients with 
barrett oesophagus appeared to provide a sensitive and 
specific technique for the identification and classification 
of neoplasia49 and studies in cultured mammalian cells 
showed that Raman spectroscopy could detect biochemi-
cal changes associated with proliferation50. Therefore 
combination of Raman spectroscopy with endoscopy 
could provide a label-free method for detecting early 
stage neoplastic lesions in the gastrointestinal tract.

bioluminescence imaging relies on the genetic 
engineering of tissues to express luciferases. These are 
photoproteins, isolated from organisms such as the 
firefly, which modify their substrates and in so doing 
produce light, which can be detected using sensitive 
cooled charge-coupled device cameras. The advantage 
over fluorescence imaging is that the technique is very 
sensitive, as there is no background, with detection  

Figure 2 | Some basic principles of magnetic 
resonance. a | Some nuclei have the property of spin and 
as a consequence possess a magnetic dipole moment.  
b | When placed in a strong magnetic field (B0) these 
dipoles tend to align with the field, although not precisely. 
Instead, they precess around the field at a frequency that 
is characteristic for a particular nucleus and for the 
chemical environment of that nucleus. For a spin ½ 
nucleus, such as the proton, the spins will align with the 
field (lower energy level) and against the field (higher 
energy level). There is a slight excess of spins in the lower 
energy level and thus a net magnetization vector along 
the z axis, or the direction of the applied magnetic field.  
c | Application of an oscillating magnetic field that is 
perpendicular to the main field (B0) and rotating at the 
same frequency as, or resonant with, the nuclear spin 
precession frequency induces transitions between the two 
energy levels and tips the net magnetization vector into 
the x–y plane. Magnetization in this plane produces a 
detectable signal in the receiver coil. The second 
magnetic field is usually applied in the form of a pulse. In 
the example shown this is a 90° pulse, which it tips the 
magnetization through 90°. ω, angular velocity.
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sensitivity possibly as low as 10–17–10–15 M51. However, 
like fluorescence imaging, scattering and absorption 
of the emitted photons limits the depth at which the 
luciferase label can be detected to 1–2 mm. Although 
the technique has proved useful in the laboratory to 
monitor gene expression52, track labelled cells53, monitor  

the effects of therapy on established tumours54 and 
detect early signs of tumour formation in genetically 
engineered animals55, it is unlikely to translate directly 
to the clinic.

Detecting and predicting response to treatment
The aim is to detect early indications of response, and 
thus predict the likely outcome of treatment, and also 
to detect predictive markers of response, which might 
indicate those patients that are most suitable for a par-
ticular therapy. Markers of response include, for example, 
changes in metabolism or receptor expression associ-
ated with tumour cell death or inhibition of prolifera-
tion, whereas predictors of response might include the 
expression of hormone receptors, which predict response 
to anti-hormonal treatment, or the presence of tumour 
hypoxia, which can affect the effectiveness of radio-
therapy. As well as being used to individualize patient 
treatment and provide earlier indications of drug efficacy, 
these techniques might also provide a new approach to 
drug development. Currently, new treatments are often 
assessed in patients in end-stage disease, in whom con-
ventional therapies have usually failed. These are argu-
ably the worst patient group in which to try a new drug. 
However, by using an imaging technique that could give 
a read-out of drug effectiveness within a few days, as 
opposed to weeks or months, it might become accept-
able to try new treatments in patients who are in the early 
stages of disease. However, the idea of tailoring therapy 
to individual patients, by selecting drugs that show early 
indications of efficacy, remains an aspiration, as at the 
present time treatment choices are still limited and there 
is little evidence at the moment that a patient that fails a 
first-line therapy will respond to a different treatment.

Metabolism
Glycolysis. Tumours have high rates of aerobic glycolysis, 
as was recognized by warburg more than 70 years ago, and 
therefore take up relatively large amounts of the glucose  
analogue 2-[18F]fluoro-2-deoxy-d-glucose (FDG)56. FDG 
is taken up by glucose transporters and phosphorylated 
by hexokinase, the first enzyme in the glycolytic pathway. 
However, the resulting FDG 6-phosphate is not signifi-
cantly further metabolized and remains trapped in the 
cell, where the incorporated 18F label can be detected 
by PET. This is facilitated by the relatively long half-life 
of 18F (110 min), which is long compared with the time 
taken for blood clearance of FDG (30–60 min). Studies 
in animal models of cancer showed that FDG uptake 
was correlated with the level of expression of the glucose 
transporter GluT1 (also known as SlC2A1) and the 
number of viable cancer cells57,58. FDG PET is now well-
established clinically in the diagnosis and management of 
various malignancies and most clinical PET studies use 
FDG39,59. Studies in lung60, oesophageal61, lymphoma62, 
breast63 and ovarian cancer64 have demonstrated that 
reduced FDG uptake can identify responders early follow-
ing treatment (FIG. 6). Persistently increased FDG uptake 
after treatment is associated with a high risk for early  
disease recurrence and poor prognosis. In gastrointestinal  
stromal tumours that were treated with the receptor 

Figure 3 | The basic principles of an MrI experiment. The essential principle of 
magnetic resonance imaging (MRI) is that the resonant frequency of the detected 
nucleus is a linear function of the applied magnetic field. Thus, if a magnetic field 
gradient is applied across the sample, the resonant frequency of the nucleus is a function 
of its spatial position within that gradient. Imagine two spheres containing water (a). 
Application of a 90° pulse tips the water proton magnetization into the x–y plane, where 
the observed magnetization decays owing to spin–spin relaxation (T2) and loss of phase 
coherence owing to magnetic field inhomogeneity. The loss of phase coherence due to 
inhomogeneity can be refocused using a 180° pulse, resulting in the formation of a ‘spin 
echo’ at time 2τ. Fourier transformation (FT) of the amplitude–time domain signal 
produces an amplitude (y axis)–frequency (x axis) spectrum. The water protons in the 
spheres give rise to a single peak in this spectrum (b). If the 90° and 180° pulses are 
applied in the presence of a linear magnetic field gradient along the z axis, and the pulses 
have limited bandwidth, then they will excite a relatively narrow range of frequencies 
corresponding to water protons in a z slice through the spheres (c). The water protons in 
the spheres still give rise to a single peak, but this is reduced in intensity as it is now only 
from water protons in the selected z slice. If the signal is acquired in the presence of a 
linear magnetic field gradient along the x axis then the resulting spectrum shows a 
profile of the spheres along this axis (d). There are fewer water protons in the smaller 
sphere and these resonate at higher frequencies because of the x-axis field gradient. 
Application of a phase-encoding gradient along the y axis (e) during the first time period, 
τ, causes the phase of the resulting echo to vary as a function of the position of the 
nuclear spin in the y gradient. Acquisition of a series of profiles as a function of an 
incremented phase-encoding gradient along the y axis results in phase modulation of 
the profiles at a frequency that is dependent on the position of the spins in the y-axis 
gradient. Fourier transformation of this phase modulation produces a profile of the sample 
in the y direction and hence a two-dimensional image of a slice through the sample (f). 
This experiment, which forms the basis of many MRI experiments, illustrates the basic 
principles of image formation.
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Spin relaxation times
Loss of net magnetization in 
the x–y plane is described by a 
time constant (T2) called the 
spin–spin relaxation time. 
Return of net magnetization to 
the z axis is described by the 
spin-lattice relaxation time (T1). 
Thus T1 ≥ T2. For water protons 
in a biological system T1 is 
usually of the order of seconds 
and T2 tens of milliseconds.

tyrosine kinase inhibitor imatinib, response in terms of 
a marked reduction in FDG uptake was evident as early 
as 24 h after the first dose, whereas weeks to months 
were required before reductions in tumour size could be 
observed from CT measurements65. This rapid change 
in FDG uptake appears to be mediated by translocation 
of glucose transporters from the plasma membrane to 
the cytosol and precedes cell death66. In cell lines treated 
with an epidermal growth factor receptor (EGFR) kinase 
inhibitor, gefitinib, there was a dramatic decrease in FDG 
uptake as early as 2 h after treatment, which correlated 
with translocation of the glucose transporter GluT3 
(also known as SlC2A3) from the plasma membrane67. 
This decrease in FDG uptake preceded changes in cell-
cycle distribution, thymidine uptake and apoptosis. The 
translocation of the glucose transporter might be due to 
inhibition of Akt phosphorylation, which is linked to 
glucose metabolism in normal and cancer cells.

FDG PET is already being used to individualize ther-
apy. Patients with locally advanced adenocarcinomas of 
the oesophagogastric junction undergoing neoadjuvant 
chemotherapy who are classified as non-responders in 
FDG PET 2 weeks after the start of therapy undergo imme-
diate tumour resection, or chemoradiotherapy when the 
tumour is not resectable, whereas treatment is continued 
in the responders68. However, FDG PET has a number 
of limitations. The technique has lower sensitivity for 
slowly growing, metabolically less-active tumours (such 
as prostate, thyroid and neuroendocrine tumours) and 
high levels of uptake in some normal tissues, such as the 
brain (FIG. 6), can make quantification of tumour uptake 
difficult. Accumulation in infiltrating inflammatory 
cells, which also show activation of glycolysis, can limit 
the sensitivity of the technique for detecting tumour 
response to treatment59. FDG PET data is influenced by 
various factors, including blood glucose levels, the size 
of the tumour and data acquisition protocols. Therefore, 

there have been moves to standardize data acquisition. 
However, for treatment monitoring it is only necessary 
to perform a comparison of FDG uptake before and after 
treatment, and under these circumstances the results are 
robust to these potentially confounding variables68.

Treatment-mediated inhibition of tumour glycoly-
sis can also be detected using 1H MRS measurements 
of lactate concentration, which is produced through 
the glycolytic pathway. Decreases in tumour lactate 
concentration in animal tumour models have been 
reported after chemotherapy or radiation therapy69. 
These measurements have the advantage that they 
do not require exogenous probe molecules and avoid 
exposure of the patient to ionizing radiation. However, 
it remains to be determined whether they have suf-
ficient sensitivity to detect tumour response to therapy 
in the clinic.

The new technique of spin hyperpolarization 
(BOX 2), which radically increases sensitivity in the 
MR experiment, has provided a new way of imaging 
tumour response to treatment37,70. we showed recently 
that exchange of hyperpolarized 13C label between the 
carboxyl groups of lactate and pyruvate, in the reaction 
catalysed by the enzyme lactate dehydrogenase, could 
be imaged in tumours and that this flux was decreased 
in treated tumours undergoing drug-induced cell 
death71 (FIG. 5). This technique could be used in the 
future for response monitoring in the clinic.

DNA synthesis. Tumour cell proliferation and response 
to therapy have been assessed in the clinic from 
PET measurements of 2[11C]thymidine uptake72. 
Correlations have been demonstrated between the 
fractional retention of 2[11C]thymidine, obtained from 
kinetic modelling, and histological measurements of 
tumour cell proliferation, assessed using Ki67 immuno-
histochemistry73. The main limitation, however, is the 
short half-life of 11C (20 min), and therefore interest 
has been growing rapidly in the thymidine analogue 
3′-deoxy-3′-[18F]fluorothymidine (FlT; half-life 110 
min)74. This is phosphorylated to FlT 5-phosphate, and 
thus trapped in the cell, by cytosolic thymidine kinase 1,  
which is upregulated during the S phase of the cell cycle. In 
contrast to thymidine, FlT is not incorporated into DNA; 
however, clinical studies have demonstrated a correlation 
with cell proliferation75 and studies in animals have shown 
that tumour treatment results in a rapid decrease in FlT 
uptake, which is correlated with ex vivo measurements of 
cell proliferation. In patients, FlT uptake is generally less 
than that of FDG, which may make assessment of pro-
liferation difficult; nevertheless recent studies in breast 
cancer have demonstrated that FlT PET can give an early 
indication of response to treatment76. The potential advan-
tages of FlT over FDG for monitoring of response include 
lower uptake after an inflammatory response, better imag-
ing of brain tumours and possibly increased sensitivity to 
cytostatic therapies, which often have a greater effect on 
cell division than on glucose uptake39. For example, in a 
study on glioma cells in vitro, FDG uptake was correlated 
with the number of viable cells, whereas FlT uptake was 
correlated with cell proliferation77.

 Box 1 | Generating contrast in the magnetic resonance image

Signal	intensity	in	a	conventional	1H	image	of	tissue	water	can	be	sensitized	to	various	
properties	of	the	proton	nuclear	spin,	including	the	spin relaxation times	(T1	and	T2)	and	
the	diffusion	constant	of	the	water	molecule.	As	the	relaxation	times	depend	on	the	
interaction	of	the	water	molecule	with	other	molecules	in	the	tissue,	such	as	proteins,	
this	can	give	rise	to	significant	contrast	in	appropriately	weighted	images.	The	
relaxation	times,	and	thus	image	contrast,	can	also	be	affected	by	the	presence	of	
introduced	paramagnetic	contrast	agents.	These	can	be	T2	agents,	such	as	
superparamagnetic	iron	oxide	nanoparticles,	which	reduce	signal	intensity	in	T2-
weighted	images,	or	T1	agents,	such	as	Gd3+	chelates,	that	increase	signal	intensity	in	
T1-weighted	images.	There	are	also	the	so-called	paramagnetic	chemical	exchange	
saturation	transfer	(PARACEST)	agents,	in	which	the	presence	of	the	contrast	agent	is	
detected	by	transfer	of	magnetization	from	the	small	pool	of	water	bound	to	a	
lanthanide	chelate	to	the	free	bulk	pool138.	Destruction	of	the	polarization	of	the	bound	
water,	by	selective	irradiation,	leads	to	a	loss	in	signal	intensity	from	water	in	the	free	
bulk	pool.	To	be	detectable,	the	tissue	concentration	of	the	lanthanide	chelates	needs	
to	be	in	the	range	of	10–5–10–4	M139.	An	interesting	variation	on	this	approach	is	the	
HYPER-CEST	experiment,	in	which	the	contrast	agent	is	a	cryptophane	cage	that	binds	
hyperpolarized	129Xe	(BOX 2).	Selective	irradiation	of	the	bound	hyperpolarized	129Xe	
resonance	results	in	loss	of	its	polarization	and,	through	exchange,	loss	of	polarization	
of	the	much	higher-concentration	free	129Xe,	leading	to	a	decrease	in	its	signal	
intensity140.	With	both	types	of	CEST	experiment,	the	small	signal	from	the	bound	
water	or	129Xe	is	effectively	amplified	by	detecting	changes	in	signal	intensity	of	the	
free	species.
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l-type amino-acid 
transporter system
The l-type amino-acid 
transporter is a Na+-
independent neutral amino-
acid transporter that has a 
broad substrate selectivity and 
has been shown to be 
upregulated in some cancers.

Amino-acid and lipid metabolism. Several amino 
acids, or amino-acid analogues, have been labelled 
with positron-emitting isotopes and used for tumour 
imaging with PET. The principal factor responsible 
for their increased uptake in tumours seems to be 
increased expression of the l-type amino acid trans-
porter system78. They have been particularly useful in 
imaging brain tumours, for which imaging with FDG 
is compromised by the high uptake in normal brain. 
However, the results of response monitoring, with 
l-[methyl-11C]methionine, for example, have been 
mixed. uptake was reduced in head and neck cancers 
treated with radiotherapy; however, there was no cor-
relation with treatment outcome79. Similarly, in rectal 
cancer uptake was reduced in tumours undergoing 
chemoradiotherapy, but this was not correlated with 
histopathological tumour response80, and in lung can-
cer treated with radiotherapy uptake was reduced, but 

this did not provide any more information than was 
obtained with FDG81. However, in glioma reduction 
of methionine uptake during temozolomide treat-
ment was shown to predict a favourable clinical out-
come82, and in low-grade astrocytoma patients treated 
with radiotherapy stable or decreasing methionine 
uptake following treatment correlated with treatment 
response83.

In normal tissues [1-11C]acetate is rapidly oxidized 
and the label cleared as 11Co2. However, in many can-
cer cells the labelled acetate is used in the synthesis 
of fatty acids by the enzyme fatty acid synthase, trap-
ping the label in the cells84. A key treatment decision 
in prostate cancer is based on whether the disease is 
localized in the prostate, and thus amenable to radio-
therapy, or widespread, which requires treatment with 
androgen ablation or chemotherapy. Prostate cancer 
cells have increased fatty acid synthase levels85 and 

Figure 4 | Magnetic resonance spectroscopy. For an NMR-active nucleus the resonance frequency varies (on the order 
of a few kilohertz, depending on the nucleus) according to its electronic environment. This is known as chemical shift. This 
figure shows representative 1H spectra from normal human brain and adult brain tumours acquired at 1.5 T using 
stimulated-echo acquisition mode with an echo time of 30 ms. As the patterns of metabolites are characteristic of the 
particular tumour type, measurements such as these could eventually be used to diagnose and grade tumours, 
removing the need for tumour biopsy. Glx; glutamate and glutamine; GSH, glutathione; mIG, myo-inositol and glycine; 
MM, macromolecules; NAA, N-acetyl aspartate; tCho, total cholines; tCr, total creatines. Spectra courtesy of F. Howe, St. 
George’s Hospital Medical School, London, UK.
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11C-acetate has been shown to be more sensitive than 
FDG in detecting recurrent disease86. Numerous 1H 
and 31P MRS studies on isolated tumour cells and 
tumours in vivo, in animal models and in the clinic, 
have demonstrated altered phospholipid metabolism: 
there is, in general, an increase in the level of phos-
phocholine and choline-containing compounds when 
compared with normal tissues. The level of choline 
kinase, the first enzyme in the pathway of phos-
phatidylcholine biosynthesis, has been shown to be 
increased in biopsy material from animal and human 
tumours and Ras oncogene transformation can stimu-
late choline kinase activity, leading to increased levels 
of phosphocholine87. MRS measurements of decreases 
in the levels of choline-containing compounds fol-
lowing treatment have been shown to be predictive 
of response in brain, breast and prostate cancer88,89. 
Choline and choline analogues can be labelled with 11C 
or 18F and used to interrogate phospholipid metabo-
lism using PET. In prostate cancer, for example, there 
is evidence that the uptake of a choline analogue is 
decreased early in anti-androgen therapy90. The heat-
shock protein inhibitor geldanamycin can inhibit the 
Ras–Raf–mitogen-activated protein kinase kinase 
(MEK)–extracellular signal-regulated kinase (ERK) 
signalling pathway and has been shown to result in 
decreased [methyl-14C]choline uptake, [methyl-
14C]phosphocholine production and cell viability91 in 
human colon carcinoma cells. A subsequent 31P and 
1H MRS study showed an increase in the total con-
centration of phosphocholine, implying downstream 
inhibition of the pathway of phosphatidylcholine 
biosynthesis92. on the basis of these studies it was sug-
gested that PET measurements of [methyl-11C]choline 
uptake, or 1H and 31P MRS measurements of phospho-
choline levels, might be useful as pharmacodynamic 
markers for the evaluation of geldanamycin analogues. 
However, changes in phospholipid metabolism can 
also result from the induction of cell death93 and 
therefore the changes observed may not be specifically 
associated with the action of the drug.

Cell death
Increased tumour cell death early during the course of 
treatment, in preclinical and clinical studies, has been 
shown to be a good prognostic indicator of outcome94–97. 
MR methods for detecting cell death include 1H MRS 
measurements of cytoplasmic lipid-droplet accumu-
lation, which accompanies death in some cells, and 
diffusion-weighted 1H MRI98. The latter technique, 
which has been used clinically, measures the increase 
in the apparent diffusion coefficient of water, which is 
thought to be increased in responding tumours owing 
to a decrease in cellularity99 (FIG. 7).

A relatively early event in apoptosis is the exposure 
of phosphatidylserine on the outer leaflet of the plasma 
membrane bilayer100. This can be detected using appro-
priately labelled agents that bind to this phospholipid 
using SPECT101, PET102, MRI19,20,103 or optical imaging104. 
Early-stage clinical trials using radiolabelled annexin v 
(99mTc-6-hydrazinonicotinic Anxv), however, had 
limited success owing mainly to poor clearance and  
biodistribution of the labelled probe105.

Receptor imaging
The development of drugs that block cell-surface recep-
tors on tumours is a major area of research and probes 
for imaging receptor expression have been developed for 
SPECT and PET106. For example, patients who show 
high levels of expression of the somatostatin receptor in 
thyroid cancer on imaging can be selected for targeted 
radionuclide therapy with radiolabelled somatostatin 
analogues107. oestrogen-receptor expression can be 
imaged with PET using [18F]fluoro-oestradiol, and 
[18F]fluoro-oestradiol uptake in breast cancer patients 
was shown to predict response to hormonal treatment108. 
Androgen receptors have been imaged in prostate cancer 
using 16-[18F]fluoro-5-dihydrotestosterone. Treatment 
with the androgen antagonist flutamide was shown to 
decrease 16-[18F]fluoro-5-dihydrotestosterone uptake109. 
The ERbb2 receptor is a member of the EGFR family 
that is overexpressed in several human tumours, notably 
in a subset of breast cancers. Recently an ERbb2-specific 

 Box 2 | Nuclear spin hyperpolarization

Sensitivity	in	the	NMR	experiment	can	be	increased	dramatically	using	nuclear	spin	hyperpolarization	
techniques.	The	weak	interaction	between	the	nuclear	spin	and	the	applied	magnetic	field	means	that,	for	a	spin	
½	nucleus	such	as	1H	or	13C,	the	two	allowed	spin	energy	levels	are	nearly	equally	populated,	with	a	slight	excess	
of	spins	in	the	lower	energy	level.	For	example,	if	we	had	1	×	106	proton	spins	at	a	field	of	2.35	T	(100	MHz	proton	
resonance	frequency),	there	would	be	only	16	extra	spins	in	the	lower	energy	level	and	thus	a	very	small	
polarization	or	net	magnetization	along	the	z	axis	(FIG. 2).	The	conventional	way	to	increase	the	population	
difference,	and	thus	the	polarization	and	sensitivity	of	the	NMR	experiment,	is	to	use	a	higher	magnetic	field.	An	
alternative	way	is	to	transfer	polarization	from	an	electron	or	nuclear	spin	that	has	a	higher	polarization.	For	the	
noble	gases	3He	and	129Xe,	polarization	can	be	increased	dramatically	(typically	to	~10%	for	129Xe	and	50%	for	
3He)	by	transferring	spin	polarization,	through	binary	collisions,	from	rubidium	atoms	in	the	vapour	phase	that	
have	been	spin	polarized	using	circularly	polarized	light	from	a	laser.	Hyperpolarized	3He	is	increasingly	being	
used	in	the	clinic	for	imaging	lung	function	with	3He	magnetic	resonance	imaging,	in	which	the	patient	breathes	
in	the	hyperpolarized	gas142.	A	more	versatile	technique	(dynamic	nuclear	polarization	(FIG. 5)),	which	in	
principle	can	be	used	with	any	NMR-active	nucleus,	involves	transferring	polarization	from	a	hyperpolarized	
electron	spin.	In	practice	it	means	using	nuclei	that,	like	3He	and	129Xe,	have	relatively	long	T1	relaxation	times,	
for	which	the	lifetime	of	the	polarization	is	sufficiently	long	(typically	tens	of	seconds)	to	be	detected	in	a	
subsequent	imaging	experiment.

R E V I E W S

NATuRE REvIEwS | cancer  voluME 8 | FEbRuARy 2008 | 101

© 2008 Nature Publishing Group 

 



Nature Reviews | Cancer

Before treatmenta

b

c
Py

ru
va

te
La

ct
at

e

Py
ru

va
te

La
ct

at
e

After treatment

1

2

3

4

5

6

7

1

3

5

9

7

1

2

3

4

N
or

m
al

iz
ed

 s
ig

na
l i

nt
en

sit
y 

(A
U

)
La

ct
at

e/
py

ru
va

te
 ra

tio

N
or

m
al

iz
ed

 s
ig

na
l i

nt
en

sit
y 

(A
U

)

Tumour spectrum (ppm)
187 183 179 175 171 169

Tumour spectrum (ppm)
187 183 179 175 171 169

radioiodinated affibody was described, which showed 
good visualization of ERbb2-expressing breast tumour 
xenografts in mice110. Affibodies, which are 6 kDa 
proteins derived from one of the immunoglobulin G-
binding domains of Protein A, show promise as small, 
high-affinity ligands110. Their advantage over antibodies 
is that, being much smaller, they should penetrate the 
tumour tissue more readily and also clear more rapidly, 
thus giving better contrast.

Tumour angiogenesis and vascular function
For a tumour to grow beyond 1–2 mm there is a require-
ment for the growth of new blood vessels to supply nutri-
ents, in particular, oxygen. This process of angiogenesis is 
essential for tumour invasion and subsequent metastasis 
and increased angiogenesis is normally associated with 
poor prognosis111. There has been considerable interest 
in the development of anti-vascular drugs, which destroy 
existing tumour vasculature (FIG. 1), and anti-angiogenic 

drugs, which inhibit blood-vessel growth112,113. As these 
drugs normally arrest tumour growth, rather than pro-
duce tumour shrinkage, their action is better imaged 
using techniques designed to assess vascular function, 
rather than the more conventional imaging measure-
ments of tumour size114. The actions of anti-vascular 
drugs have been assessed in preclinical and clinical stud-
ies using DCE-MRI, in which a series of rapidly acquired 
images are used to follow the kinetics of contrast agent 
inflow into the tumour following intravenous injection of 
the agent115. Tumour angiogenesis is associated with an 
increase in vessel permeability, which can be measured 
using DCE-MRI techniques116. For example, in patients 
treated with an anti-angiogenic vascular endothelial 
growth factor receptor tyrosine kinase inhibitor, there 
were significantly greater reductions in a pharmaco-
kinetic parameter that was related to vessel permeability 
in patients that showed a positive response to treatment 
than in those that had progressive disease117. Although 

Figure 5 | 13c spectroscopic imaging using hyperpolarized [1-13c]pyruvate. In a dynamic nuclear polarization 
experiment a solution of the material to be polarized is mixed with a stable radical and rapidly frozen to form a glass. 
The electron spin on the radical is polarized (to unity polarization) by cooling the sample to a low temperature (~1.3 K) 
in a magnetic field. The polarization is then transferred to the nuclear spin by exciting the electron spin resonance. 
Currently, in favourable cases, nuclear spin polarizations of up to 50% are possible70. The polarized compound is then 
brought rapidly to room temperature, without significant loss of this polarization, and injected into the biological 
system. As detection of the polarization necessarily involves its destruction, the imaging experiments that are used 
must make efficient use of this enhanced polarization. The images show 13C spectroscopic imaging of a murine 
lymphoma following injection of hyperpolarized [1-13C]pyruvate, before and after chemotherapy. Colour maps 
representing [1-13C]lactate and [1-13C]pyruvate peak intensities (a), and plots of corresponding lactate/pyruvate 
intensity ratios (b) obtained from 13C chemical-shift images in the same mouse before and after treatment with 
etoposide. The images were acquired between 20 and 25 s after hyperpolarized [1-13C]pyruvate injection and 20 h 
after etoposide treatment. Colour maps representing [1-13C]lactate and [1-13C]pyruvate peak intensities and spectra 
from the tumour and a blood vessel (indicated by arrow) in an etoposide-treated mouse are shown in (c). The 1H 
images, shown in greyscale, were used to define the tumour margins (indicated by white lines). Data reproduced, with 
permission, from ReF. 71 © (2007) Nature Publishing Group.
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permeability has been estimated using clinically approved 
small-molecule contrast agents, this is better done using 
macromolecular agents and these are currently in clinical 
development118. In animal tumour models, MRI measure-
ments of vascular maturity, assessed from the ability of 
vessels to dilate in response to breathing Co2, were shown 

to predict responsiveness to vascular endothelial growth 
factor withdrawal, with the immature non-dilating vessels 
being more sensitive119. In another study, pretreatment 
vascular permeability was correlated with susceptibility 
to the anti-vascular drug combretastatin A4 3-O-phos-
phate, suggesting that vascular permeability measure-
ments might be used in the clinic to select those patients 
that would be most responsive to the drug120. The integrin 
αvβ3 is upregulated on angiogenic endothelium and radi-
onuclide probes that bind this integrin, and thus can be 
used to image angiogenesis, have been developed based 
on cyclic pentapeptides containing the RGD motif121.  
These have the potential to be used in the clinic for 
assessing the effects of anti-angiogenic drugs.

Related to the abnormal vasculature of tumours 
is heterogeneous and intermittent blood flow, which 
results in transient periods of hypoxia. Hypoxia, which is  
observed in 50–60% of all solid tumours, is associated 
with tumour progression, increased metastatic poten-
tial and resistance to radiotherapy. Consequently, there 
has been considerable interest in the development of 
methods for imaging tumour hypoxia122. These have 
focused on the use of 2-nitroimidazoles as the imag-
ing probes, which bind to cellular macromolecules as 
a result of hypoxia-dependent irreversible bioreduction 
by cellular nitroreductases in hypoxic regions. As bind-
ing requires intact nitroreductase enzymes, the probes 
detect only viable hypoxic cells and not necrotic cells. 
Appropriately labelled probes have been developed for 
PET, MRS and SPECT. one of the most widely used has 
been [18F]fluoro-misonidazole, and PET imaging of 
hypoxia has demonstrated potential for monitoring the 
effect of therapy and predicting response123,124.

Figure 6 | Tumour response detected using FDG PeT. A 2-[18F]fluoro-2-deoxy-
d-glucose (FDG) positron-emission tomography (PET) image obtained from a patient 
with lymphoma (arrowed) before (a) and after (b) drug treatment. Note the high FDG 
uptake in the tumour and also the brain and the reduction in tumour uptake following 
drug treatment. Data courtesy of U. Haberkorn, Deutsches Krebsforschungszentrum, 
Heidelberg, Germany.

Box 3 | Basic principles of PET and SPECT

PeT
Decay	of	the	positron-emitting	isotope	results	in	the	
collision	of	the	positron	with	a	nearby	electron.	This	results	
in	their	mutual	annihilation	and	the	emission	of	two	511	keV	
γ-ray	beams	that	are	orientated	at	~180°	with	respect	to	one	
another.	The	near	simultaneous	detection	of	these	beams	by	
two	scintillation	detectors	places	the	isotope	on	a	line	
between	them.	By	detecting	multiple	collision	events	an	
image	of	the	two-dimensional	location	of	the	isotope	within	
the	detector	ring	can	be	produced	(see	figure).	Subjects	are	
placed	within	a	ring	of	scintillation	detectors	and	injected	
with	a	probe	molecule	that	is	labelled	with	a	short	half-life	
positron-emitting	isotope,	such	as	15O	(t1/2	=	2.03	min),	
13N	(t1/2	=	9.96	min),	11C	(t1/2	=	20.4	min)	or	18F	(t1/2	=	109.7	min;	
used	as	a	substitute	for	1H),	although	isotopes	with	much	
longer	half-lives,	for	example,	64Cu	(t1/2	=	12.7	h),	are	also	
used.	Most	clinical	positron-emission	tomography	(PET)	
scanners	have	a	spatial	resolution	of	6–8	mm	and	small-
animal	scanners	now	have	image	resolutions	approaching	1	mm.	

SPecT
The	subject	is	injected	with	γ-emitting	isotopes	such	as	99mTc,	111In	or	123I,	and	the	γ-rays	are	detected	using	γ-cameras	that	
rotate	around	the	subject	to	produce	a	tomographic	image.	Lead	collimators,	which	are	used	to	restrict	the	detection	of	
the	γ-rays	to	specific,	defined	directions,	markedly	reduce	the	sensitivity	of	single	photon-emission	computed	tomography	
(SPECT)	when	compared	with	PET,	which	is	at	least	10×	more	sensitive.	Decreasing	the	size	of	the	pinhole	in	the	collimator	
increases	spatial	resolution	at	the	expense	of	sensitivity.	This	can	be	offset	by	using	multiple	pinholes	that,	with	appropriate	
image	reconstruction	algorithms,	give	image	resolutions	approaching	0.35	mm	in	small	animals141.
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Outlook
Current imaging readouts can be relatively non-specific, 
for example, decreased FDG uptake after therapy could 
be due to loss of viable cells in the tumour, or downregu-
lation of the glucose transporters or hexokinase activity. 
However, a thorough knowledge and understanding 
of the biology of a particular tumour might enable us 
to ask specific questions using these simple readouts. 
For example, Akt induces hexokinase expression and 
Akt-stimulated glycolysis in glioblastoma cells can be 
inhibited with phosphatidylinositol 3-kinase inhibitors, 
so it has been suggested that the action of these inhibi-
tors might be imaged using FDG PET. Similarly, fatty 
acid synthase expression is also regulated by the phos-
phatidylinositol 3-kinase–Akt pathway and, therefore, 
[11C]acetate uptake might provide another read-out for 
the activity of this pathway125. In human breast cancer 
cells expressing a dominant-negative p53 mutant, both 
hexokinase activity and FDG uptake were increased, 
suggesting that FDG PET might be used to interrogate 
drug modulation of p53 activity126.

The information content could be increased by multi-
modality imaging, for example, we may be able to dis-
tinguish between loss of viable cells and downregulation 
of glucose transporter or hexokinase activity by using 
PET-MRI, in which diffusion-weighted MRI is used 
to assess viable cell density99. The differentiation status 
of hepatocellular carcinomas has been assessed using 
dual FDG and [11C]acetate PET: the well-differentiated 
tumours accumulated [11C]acetate whereas the poorly 
differentiated tumours were FDG-avid127.

with high-resolution imaging techniques, such as 
MRI, probe uptake is frequently analysed in manually 
defined regions of interest, effectively discarding much 
of the information that may be in the image. This can 
be considerable, as was demonstrated in a recent study 
in which CT images were systematically correlated 
with gene expression profiles of primary human liver 
cancer. An adapted module networks algorithm was 

used to search for associations between expression 
levels of 6,732 genes and combinations of imaging 
traits. Combinations of 28 imaging traits were shown 
to reconstruct 78% of the global gene expression pro-
files. Furthermore, the association map identified novel 
imaging traits, associated with specific gene-expression 
signatures that could be used as prognostic indicators 
of patient survival128. The imaging traits were identified 
manually, but in the future it may be possible to identify 
these in a fully automated way129.

Developing imaging techniques that report on some 
specific biological aspect of a tumour in the clinic will 
benefit enormously from the development of superior 
animal models of disease that better reproduce this 
biology and the response of the tumour to treatment130. 
Thus, we will be able to validate the imaging method 
in the animal model before transferring to the clinic, 
possibly in an iterative process. A primary interest in 
molecular imaging has been targeted imaging probes, 
for which the use of combinatorial chemistry, phage 
display and high-throughput screening methods has 
greatly assisted the development of new probes131–133. 
However, although there have been some significant 
successes, targeted probes can lack specificity, they can 
suffer from poor tissue penetration and clearance, which 
limits contrast development, they often only target cell-
surface markers and in general the imaging signal can-
not be amplified. There has been considerable interest in 
gene reporter constructs for use with PET and MRI134. 
Reporters include, for example, herpes simplex virus 
thymidine kinase (HSv-tk), which can phosphorylate 
and trap in the cell 18F-labelled nucleoside analogues 
for PET detection135, and ferritin, which is paramag-
netic when iron-loaded and can be detected by MRI136. 
A primary motivation for developing these has been to 
provide a means for evaluating the delivery and expres-
sion of gene-therapy vectors. In the future, however, 
when the safety of these vectors has been established, 
it might be reasonable to consider the development 
of diagnostic vectors134. In these, the expression of the 
PET- or MRI-detectable reporter could be linked to an 
intracellular signalling event. For example, PET was used 
to image transcriptional regulation of p53-dependent 
genes in vivo by constructing a viral vector in which the 
PET-detectable HSv-tk reporter gene was placed under 
control of an artificially constructed cis-acting p53-spe-
cific enhancer. In virally transduced tumour xenografts, 
DNA damage-induced upregulation of p53 transcrip-
tional activity could be imaged through trapping of an 
18F-labelled nucleoside analogue137. These vectors, which 
allow us to readily target intracellular processes, should, 
in principle, be more specific than the targeted agents in 
current use, and the imaging signal is amplifiable.

New developments in the field of molecular imaging 
have mainly been focused in the preclinical arena. In the 
future, however, we can expect translation of these increas-
ingly sophisticated imaging techniques, which are based 
on a thorough understanding of the underlying biology 
and which have been validated in realistic animal models 
of the disease, to the clinic. Radiologists in the future will 
need to understand biology as well as anatomy.

Figure 7 | Tumour responses detected by diffusion-weighted MrI. Magnetic 
resonance images (MRIs) of three patients with oligodendrogliomas. The images were 
obtained 3 weeks into a 7-week fractionated ionizing radiation treatment. The spatial 
distribution of changes in the apparent diffusion coefficient of water are shown as colour 
overlays for patients with progressive disease (a), stable disease (b) and a patient whose 
tumour showed a partial response (c). The red pixels indicate areas of increased diffusion, 
blue pixels indicate areas where there was decreased diffusion and green pixels indicate 
areas where there was no change. There is a general increase in apparent diffusion 
coefficient in the patient whose tumour subsequently showed a partial response, defined 
as a 50% decrease in tumour volume observed at least 4 weeks after the conclusion of 
therapy and on stable or decreased dosage of steroids. Data reproduced, with 
permission, from ReF. 99 © (2005) The National Academy of Sciences.
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