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 Molecular and functional imaging can improve the diagnosis, treatment and 
outcomes in oncologic patients. The ability to non-invasively visualize, 
characterize and quantify biologic processes at the cellular, molecular and 
genetic level presents a new era in oncology. This book provides a practical 
approach to the different imaging techniques used to obtain and understand 
this functional information. The editors, Drs. Luna, Vilanova, Da Cruz and 
Rossi are well-renowned radiologists experienced in functional and molecu-
lar imaging. They have assembled an international group of acclaimed 
experts that complement their expertise and have written a two-volume tour 
de force on state-of-the-art functional imaging useful in the assessment and 
management of oncologic patients. This comprehensive review was a plea-
sure to read and will undoubtedly become an indispensable resource for 
clinicians-in-training as well as practicing radiologists and oncologists. The 
authors are adept at simplifying complexity and their ambitious effort pro-
vides a complete review of diffusion MRI, perfusion CT and MRI, dual-
energy CT, spectroscopy, dynamic contrast-enhanced ultrasonography, and 
positron emission tomography (PET). The text is clearly written and com-
plemented by numerous high-quality illustrations that highlight key features 
and major teaching points. The fi rst volume explains the biologic basis of the 
functional imaging modalities and provides meaningful clinical insight and 
understanding of the techniques used in the imaging of angiogenesis, tumor 
metabolism and hypoxia. The second volume considers specifi c malignan-
cies and the use and benefi t of the different imaging modalities in the diag-
nosis, prediction of treatment outcome, and early evaluation of treatment 
response in oncologic patients. The chapters are concise and comprehensive 
enough for the reader to obtain a fi rm foundation in the essential aspects of 
the topic reviewed. In fact, both volumes 1 and 2 impart knowledge in an 
easy-to-read, concise, coherent format. It is impossible to over-applaud the 
clarity and well-written and structured format of these books. In summary, 
the authors have used their experience to write an excellent textbook and the 
scope, structure and attention to detail are superb. The topics are well focused 
and this wide-ranging review is an invaluable guide to functional imaging. 

   Foreword   
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This is a thoughtful and well-developed book that is without doubt an excel-
lent, comprehensive text of the essentials required to understand and use 
functional imaging. 

 Jeremy J. Erasmus 
 Professor, Chief of Thoracic Radiology 

 Department of Diagnostic Radiology 
 The University of Texas M.D. Anderson Cancer Center 

 Houston, TX, USA  

Foreword
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 In the last decades, comprehensive cancer care and research have both been 
critically dependent on imaging. The role of anatomical imaging with ultra-
sound, CT and MRI has grown progressively in the last decades. In this man-
ner, the application of medical imaging to cancer patients has expanded from 
diagnosis and staging to screening, guide of treatment, therapeutic monitor-
ing, detection of recurrence and prediction of treatment response. This change 
in the role of imaging has been due in part to the introduction of functional 
imaging with PET at the end of the last century, and posteriorly with other 
techniques such as advanced MRI sequences. 

 The recent advances in cellular biology, molecular biology and genetics 
have led to a better understanding of the biological bases of cancer. These 
advances in oncology biologics and the development of new biological thera-
pies and treatment options have produced a paradigm shift in cancer treatment. 
In many clinical scenarios, cancer is now considered a chronic disease instead 
of an untreatable malignancy. Furthermore, the approach to cancer manage-
ment is moving from treating the disease to personalized therapies. All these 
major changes need multidisciplinary teams where experts in biomedical 
imaging are – and will be – an important part of the puzzle. Very wide scales 
have to be covered by imaging, from the molecular and cellular level to organ 
to whole organism for clinical staging. In this manner, combined functional 
and anatomical imaging techniques are necessary to visualize and target dif-
ferent aspects of cancer. At this point, functional and molecular imaging might 
transform and improve all phases of cancer management. 

 Functional imaging using biomarkers can assess and quantify the biologi-
cal characteristics of tumors by a wide range of techniques. In this manner, 
ultrasound can explore tumor angiogenesis by means of contrast-enhanced 
acquisitions and tissue elasticity using elastography. New CT approaches 
such as CT-perfusion and spectral energy CT have broadened the knowledge 
of tumor angiogenesis and tissue characteristics. Furthermore, MRI is now 
able to develop multiparametric studies of a tumor in a single study, being 
possible to analyze tumor cellularity, angiogenesis, hypoxia and metabolism 
simultaneously using diffusion-weighted, dynamic contrast-enhanced, 
BOLD and spectroscopic sequences, respectively. PET and multimodality 
(hybrid) imaging have also expanded their applications with the use of other 
metabolites different to 18-FDG. Therefore, it is possible to explore different 
cancer hallmarks, such as angiogenesis, metabolism, apoptosis, proliferation 
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or hypoxia. In addition, the development of new approaches such as optical 
imaging and nanocomposites, novel imaging probes for PET and MRI permit 
to target different molecular and cellular processes. All these developments 
are directed to the phenotyping of cancer by imaging techniques. The 
advances in functional and molecular imaging have laid to apply imaging as 
a cancer biomarker, to help direct cancer treatment in a way that is comple-
mentary to plans based on tissue- and blood-based biomarkers. The ability to 
measure in vivo cancer biology with functional imaging during treatment 
provides a unique opportunity to identify and select the therapy that is most 
likely to successfully treat an individual patient’s cancer. Furthermore, in a 
very near future, new methodologies will deal with theranostics, looking for 
a combined and simultaneous diagnosis and treatment of the disease. 

 The purpose of this book is to provide a useful manual to be used by the 
wide range and variety of disciplines involved in the management of oncologic 
patients, including radiologists, nuclear medicine, oncologists, radiotherapist 
and the different medical specialists and nonmedical disciplines involved in 
the oncologic patient’s care. We have tried to cover and provide all the exten-
sive information related to the different imaging modalities in clinical use and 
research from the technical bases to clinical applications. For this purpose, the 
book is divided in two volumes. The fi rst volume is focused on the biophysical 
basis and technical approaches of functional imaging techniques. This fi rst 
volume is divided in four parts. The fi rst part covers a general approach to 
cancer biology, imaging biomarkers and role of functional imaging in diagno-
sis and treatment. The three following parts that deal with the role of func-
tional and molecular imaging in the study of cancer hallmark and review their 
technical basis and applications in clinical practice and research. This part of 
the book is organized by different imaging techniques in separate chapters to 
stress the importance of an adequate imaging technique and acquisition to 
optimize the performance of each technique. The second volume of the book 
is the largest, where the main types of cancers are addressed in different chap-
ters and organized by system and organ. In each of these chapters, the role of 
functional imaging in the management of different tumor types is discussed. 

 This book has been possible due to the generous effort of all contributing 
authors. All of them, well-known experts in their respective fi elds, have 
shared with us their experience in cutting-edge topics. They have make pos-
sible to compile lots of new information in a surprisingly short period of time. 
Furthermore, it has been easy to coordinate such a great team, making editing 
of this book a learning and enjoyable process. 

 Finally, we would like to acknowledge the enormous support of Dr. Jeremy 
J. Erasmus in the fi rst conception of this book and Dr. Roberto Garcia-
Figueiras for his help in the organization of the contents. 

 We hope that this book can be helpful for all interested in cancer imaging, and 
readers may share some of the learning and enjoyment we had editing this book. 

 Jaén, Spain Antonio Luna   
 Girona, Spain Joan C. Vilanova   
 Rio de Janeiro, Brazil L. Celso Hygino da Cruz Jr.   
 Buenos Aires, Argentina Santiago E. Rossi    
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     Abbreviations 

   ABL    Abelson gene   
  ADC    Apparent diffusion coeffi cient   
  AR    Androgen receptor   
  ATSM    diacetyl-bis(N4-methylthiosemi-

carbazone)   
  BLI    Bioluminescence   
  BOLD    Blood oxygen level dependent   
  CCD    Charge-coupled device   
  CEST    Chemical exchange saturation 

transfer   
  CML    Chronic myeloid leukemia   
  CT    Computer tomography imaging   
  DCE-MRI    Dynamic contrast-enhanced mag-

netic resonance imaging   
  DECT    Dual-energy computer tomography   
  DEN    Diethylnitrosamine   
  DOTA    1,4,7,10-tetraazacyclododecane- 

1,4,7,10-tetraacetic acid   
  DOTA-CTT    DOTA-Cys-Thr-Thr-His-Trp-

Gly-Phe-Thr-Leu-Cys   
  DOTA-STT    DOTA-Ser-Thr-Thr-Gly-His-

Phe-Trp-Thr-Leu-Ser   
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  DWI    Diffusion-weighted imaging   
  ECM    Extracellular matrix   
  EGFR    Epidermal growth factor receptor 

gene   
  ESR    European Society of Radiology   
  EUS    Endoscopic ultrasound   
  FDG    Fluorodeoxyglucose   
  FDHT    Fluorodihydrotestosterone   
  FLT    Fluorothymidine   
  FMAU    1-(2′-deoxy-2′-fluoro-beta-D- 

arabinofuranosyl)thymine   
  FMISO    Fluoromisonidazole   
  fMRI    Functional magnetic resonance 

imaging   
  Gd    Gadolinium   
  GIST    Gastrointestinal stromal tumors   
  GLUT    Glucose transporters   
  H&E    Hematoxylin and eosin stain   
  HCR    Hepatocarcinogenesis reporter   
  Her2    Human epidermal growth factor 

receptor 2   
  IGT    Imaging-guided therapy   
  IVUS    Intravascular ultrasound   
  MDCT    Multidetector CT   
  MIP    Maximum intensity projection   
  ML10    2-(5- Fluoro-pentyl)-2-methyl 

malonic acid   
  MMPs    Matrix metalloproteinases   
  MRI or MR    Magnetic resonance imaging   
  MRS    Magnetic resonance spectroscopy   
  mTor    Mammalian target of rapamycin   
  NETs    Neuroendocrine tumors   
  NH3    Ammonia   
  NIR    Near-infrared region   
  OCT    Optical coherence tomography   
  OI    Optical imaging   
  PARACEST    Paramagnetic chemical exchange 

saturation transfer   
  PET    Positron emission tomography   
  PTSM    Pyruvaldehyde-bis(N4-ethylthi-

osemicarbazone)   
  RAS/ERK    Ras-extracellular signal- regulated 

kinase   
  Rb    Retinoblastoma protein   
  RbCl    Rubidium chloride   
  R-CHOP     Ri tuximab-cyclophosphamide 

hydroxydaunorubicin, Oncovin (vin-
cristine), prednisone   

  RGD    Arginine-glycine-aspartate peptide   
  SPAIR    Spectral attenuated inversion recovery   
  SPECT    Single-photon emission tomography   
  SPIO    Superparamagnetic iron oxide   
  TK1    Thymidine kinase 1   
  US    Ultrasound   
  VEGF    Vascular endothelial growth factor   

1.1           Introduction 

1.1.1     Cancer Hallmarks and Tumor 
Microenvironment 

 In cancer, new pathways and oncogenic fea-
tures are continuously discovered. Cancer cells 
show different characteristics among distinct 
tumor types allowing them to proliferate and 
metastasize to distant organs. In addition, can-
cer cells have distinguished characteristics from 
normal cells such as rapid proliferation, immor-
tality, resistance to apoptosis, metastatic capac-
ity, and resistance to immunologic blitz [ 1 ]. 

 The main focus of cancer imaging is often 
directed to contrast the differences between neo-
plastic and normal tissues. From a targeting point 
of view, the phenotypic abnormalities could be 
grouped into two main categories: those typical 
of certain cells such as the existence, or not, of a 
particular malignant biomarker and those related 
to the tumor microenvironment including angio-
genesis, perfusion, and hypoxia [ 1 ]. 

 As  Hanahan and Weinberg  summarized in 2000 
[ 2 ], the hallmarks of cancer could be categorized 
into six features needed to understand its biology. 
Recently, they introduced new elements to this 
complex mechanism as shown in Fig.  1.1  [ 3 ].

1.1.1.1       Sustaining Proliferative 
Signaling 

 One of the fundamental attributes of cancer 
cells is their capability to proliferate even with 
no associated signaling. This is what  Hanahan 
and Weinberg  called  sustaining proliferative 
signaling  and can be achieved by increasing the 
production of growth factors, stimulating nor-
mal cells to provide cancer ones with growth 
factors, activating protein in the downstream 

J.L. Vercher-Conejero et al.
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signaling pathway, and increasing the number of 
receptors on the cell or either modifying them to 
ease cancer cell signaling. In cancer cells, the 
process of intracellular communication may be 
taken over by specifi c mutations in otherwise 
normal genes, resulting in an abnormal gene 
called oncogene. Oncogenes generate abnormal 
genes products such as oncoproteins leading 
to a malignant cell behavior. These mutations 
may be produced in kinases, including EGFR 
mutations and c-Kit mutations, among others, 
that can disturb the signal transmitting function 
[ 1 ]. PI3K-Akt signaling, MAP-kinase pathway, 
mTOR pathway, cellular senescence, or onco-
genes and tumor suppressor genes might con-
tribute in this step [ 3 ]. This is key in targeted 
drug therapy as there is an interaction of mem-
brane receptor-based tyrosine kinase and PI3K-
Akt and RAS/ERK pathways and many drugs 
being used to inhibit signaling in different ways. 
Molecular-based imaging modalities have been 
used to image these molecular pathways. For 
example, some studies have demonstrated the 

extraordinary effect against gastrointestinal stro-
mal tumors (GIST) of a tyrosine kinase inhibitor 
imatinib drug (Gleevec). GIST has been related 
to a transmembrane receptor, the oncogenic pro-
tein c-Kit.  18 F-fl uorodeoxyglucose or  18 F-FDG, 
an analogue of glucose labeled with a positron 
emitter F-18, has been used in molecular imag-
ing for assessing the therapeutic response of this 
drug in GIST patients.  18 F-FDG has shown the 
effect of blocking the specifi c tyrosine kinase 
activity associated with c-Kit [ 1 ]. Depending 
on the drug being used and its molecular tar-
get, a certain type of radiopharmaceutical can 
be applied to assess treatment response. For 
example, other tyrosine kinase inhibitor drugs, 
sunitinib and sorafenib, have been used in a 
type of kidney cancer. These drugs are target-
ing a  specifi c angiogenic growth factor called 
vascular endothelial growth factor or VEGF. 
Other tracers such as  18 F-desatibib,  68 Ga-Fab’ 2  
herceptin, and  18 F-fl uorodihydrotestosterone or 
 18 F-FDHT have been used to image different tar-
gets: mutant ABL in resistant chronic myeloid 

Sustaining proliferative
signaling

Resisting
cell death

Inducing
angiogenesis

Enabling replicative
immortality

Activating invasion
and metastasis

Evading  growth
suppressors

  Fig. 1.1    The illustration shows the acquired biologic 
characteristics of malignant tissues proposed by Hanahan 
and Weinberg that has helped to understand the fi nger-

prints of cancer cells (From Hanahan and Weinberg [ 3 ] 
with permission)       
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leukemia (CML), Her2 in breast cancer, and 
androgen receptor (AR) in prostate cancer, 
respectively.  

1.1.1.2     Evading Growth Suppressors 
 Cell proliferation in normal cells is a controlled 
process where many signals (pro- and anti- 
growth) coordinate the cycle phases. For exam-
ple, the G 1  phase is the most vulnerable cell 
cycle vital due to the fact that it is at this point 
where extrinsic mitogenic signals may facilitate 
more mutations and therefore enable the devel-
opment of cancer cells [ 4 ]. The rapid growth of 
malignant tissue can be measured by computed 
tomography imaging (CT) to evaluate changes in 
volume. Molecular imaging with specifi c tracers 
linked to proliferative processes such as the 
accelerated synthesis of DNA is more suited for 
this. Many tracers have been tested to image this 
mechanism. 2- 18 F-fl uorothymidine or  18 F-FLT is 
probably the most interesting and extensively 
used radiopharmaceutical in this setting.  18 F-FLT 
is a pyrimidine-based tracer taken by the cell via 
passive diffusion and facilitated transport by 
Na+-dependent carriers and then phosphorylated 
by thymidine kinase 1 (TK1) and fi nally trapped 
in the cell. In quiescent cells, TK1 activity is vir-
tually absent, but in proliferating cells its activity 
is increased, particularly in the S phase of the 
cell cycle. This radiolabeled tracer has shown 
very promising results in monitoring response to 
treatment. In one study performed by Pio et al., 
14 breast cancer patients were evaluated 2 weeks 
after the fi rst cycle of treatment. Levels of the 
cancer antigen 27.29 (CA27.29), which is a sol-
uble form of a mucin-like glycoprotein abun-
dantly expressed on most carcinoma cells, 
showed very good correlation with  18 F-FLT 
uptake, as shown in Fig.  1.2  [ 5 ]. Another study 
evaluated  18 F-FLT in early response evaluation 
of high-grade non- Hodgkin lymphoma in 22 
patients that were treated with combined immu-
nochemotherapy (R-CHOP) or chemotherapy 
(CHOP) alone showing that a rapid reduction in 
FLT uptake was shown 7 days after initiation of 
therapy. However, there was no signifi cant 

change in FLT uptake following the administra-
tion of rituximab alone [ 6 ].

   The way antiproliferative signals usually work 
in normal cells is by inducing the G 0  phase or a 
postmitotic state [ 4 ]. However, most cancer cells 
evade these signals so they can proliferate. This 
characteristic is known as  evading growth sup-
pressors  [ 3 ]. 

 The two most representative tumor suppres-
sors are p53 and the retinoblastoma protein (Rb) 
which regulate the cell cycle. While the protein 
p53 operates as a central control of apoptosis 
when there is a DNA damage, the Rb protein 
decides whether a cell should go or not through 
its cell cycle; in other words, it inhibits the path-
way through the restriction checkpoint in G 1  
[ 3 ,  7 ]. A protein such as p53 has been thought to 
participate in cancer cells metabolism as a mod-
ulator, especially by facilitating oxidative phos-
phorylation and reducing glycolysis. Therefore, 
when p53 is inactive due to a mutation, a pro-
cess of glycolysis is then favored. This process 
can be studied with  18 F-FDG as this is a marker 
of glucose metabolism as some authors have 
shown a correlation between p53 and  18 F- FDG  
[ 8 – 10 ]. When any of the tumor suppressors or 
processes is dysregulated, then the cycle pro-
gresses and consequently the cell proliferation 
is ongoing.  

1.1.1.3     Activating Invasion 
and Metastasis 

 Another important cancer hallmark is  activat-
ing invasion and metastasis , responsible for the 
spreading of neoplastic cells from the primary 
site into surrounding tissues and distant organs. 
It is believed, though not clear, that this process 
involves modifi cations in the cells so they can 
be attached to other cells and to the extracellu-
lar matrix (ECM) [ 3 ]. This may include differ-
ent stages: local tissue invasion, intravasation, 
transition via blood and lymphatics, and colo-
nization of foreign tissue [ 3 ]. Matrix metal-
loproteinases (MMPs) consist of a family if 
zinc-dependent endopeptidases for degrading 
ECM constituents, playing an important role in 
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BEFORE CHEMOTHERAPY

FDG

FLT

Before Chemo. 2.6 4.9 40

3.6 6.1 78

+1.0 +1.2 +38

+41.2% +23.5% +95%

After Chemo.

Difference

%Change

AFTER CHEMOTHERAPY

FDG
(avg. SUV)

FLT
(avg. SUV)

CA 27.29
(U/mL)

  Fig. 1.2    PET studies of a 43-year-old female with known 
metastatic breast carcinoma.  18 F-FDG-PET and  18 F-FLT-
PET were performed before and after Aromasin treatment 
(an aromatase inhibitor). Both FDG and FLT studies show 

an increase of radiotracer uptake in the right kidney 
between the pre- and posttreatment scans. In addition, lev-
els of tumoral biomarker CA27.29 also increased (From 
Pio et al. [ 5 ] with permission)       
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tumor invasion and metastases. The overproduc-
tion and uncontrolled function of MMPs have 
been correlated to many different tumors (brain, 
colon, melanoma, breast, etc.) [ 11 ]. Cross talk 
between cancer cells and cells of neoplastic 
stroma introduces the idea that metastatic pro-
cess requires input from the surrounding tissue, 
so they do not originate from a cell-autonomous 
model [ 3 ,  12 ]. Imaging MMP expression with 
noninvasive imaging techniques such as PET, 
single-photon emission tomography (SPECT), 
and optical imaging may offer important infor-
mation to predict metastatic potential of a tumor. 
Some synthetic sulfonamide-based MMP inhibi-
tors including  64 Cu-DOTA-CTT,  64 Cu-DOTA-
STT, and  123 I-CGS 27023A, among others, have 
been used as radiotracers to image overexpres-
sion of MMPs in tumors [ 11 ,  13 ].  

1.1.1.4     Inducing Angiogenesis 
 The formation of new blood vessels, also called 
angiogenesis, is an essential process of tumor 
growth and metastatic dissemination [ 14 ]. 
Generally, angiogenesis is strongly controlled 
by a balance between stimulatory and inhibitory 
signaling molecules. However, when this bal-
ance is disrupted, a rapid proliferation of new 
vessels can happen, for instance, when a pri-
mary tumor releases angiogenic growth factors. 
The tumor- associated neovasculature is a multi-
step mechanism including signaling input from 
multiple angiogenic growth factors like VEGF, 
known as “angiogenic switch,” and also the inte-
grin signaling pathway [ 3 ]. Integrins are a group 
of cell adhesion molecules that are present on 
both neoplastic cells and newly formed vessels. 
Among the different integrin molecules already 
known, α v β 3  is the most studied in angiogenesis. 
Angiogenesis is therefore essential to the sur-
vival and growth of neoplastic tumors.  Inducing 
angiogenesis  eases tumor expansion mainly by 
delivering of oxygen and nutrients and produc-
tion of growth factors for the cancer cell [ 14 ]. 
Angiogenesis has attracted some attention in 
therapy as a target for chemotherapeutic drugs. 
In fact, the fi rst anti-angiogenic drug proven in 
humans was bevacizumab, a humanized mono-
clonal antibody which targets VEGF [ 15 ]. 

 These processes can be imaged with radio-
labeled tracers such as  64 Cu(DOTA)-VEGF 121  
(targeting VEGF) or  18 F-galato-RGD (target-
ing integrin α v β 3 ) for PET imaging [ 16 ,  17 ]; 
 125 I-VEGF and  111 In-perfl uorocarbon for SPECT 
imaging [ 18 ]; NP-RGD for SPECT imaging; 
RDG-Gd 3+  for magnetic resonance imaging 
(MRI); RGD MBs and anti-VEGFR-2-Ab-micro-
bubbles for ultrasound (US) or RGD-QD705; and 
QD-VEGF(DEE) for optical imaging (OI) [ 19 ].  

1.1.1.5     Perfusion 
 The perfusion of tumors and their surrounding 
tissues is considered an essential physiological 
characteristic of tumor microenvironment as it 
is meant to be very important for planning and 
monitoring treatment response. Many imag-
ing modalities including CT, MRI, and radio-
nuclide techniques have shown their utility in 
understanding perfusion not only in oncology 
but also in heart pathologies (myocardium viabil-
ity) and neurodegenerative disorders (dementia). 
Several tracers have been used to study blood 
fl ow, hypoxia, and neovascularization in primary 
tumors to investigate tumor perfusion. For exam-
ple,  15 O-H 2 O has turned out to be one of the most 
promising tracers to explain tumor perfusion in 
breast, kidney, colon, or lung cancer [ 20 – 22 ]; 
 62 Cu II PTSM or other more commonly used PET 
perfusion imaging agents such as  82 Rb-RbCl, 
 13 N-NH 3 , and  64 Ga-citrate have shown poten-
tial in brain, myocardium, and kidney, although 
with limitations [ 1 ]. Different CT techniques and 
novel MRI sequences are being used to learn 
more and quantify perfusion in neoplastic tissues 
and will be detailed in Sect.  1.2 .  

1.1.1.6     Resisting Cell Death 
 The programmed cell death (apoptosis) is a key 
process in cancer development and progression. 
In normal cells when an event such as an irrepa-
rable DNA damage is produced, they tend to 
switch on apoptosis. The ability of cancer cells to 
avoid apoptosis and continue with their prolifera-
tion is one of the fundamental features of cancer 
and is a major target of cancer therapy develop-
ment [ 2 ,  3 ]. A signaling dysregulation in cancer 
cells promotes the overexpression of  antiapoptotic 
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proteins and mutes the production of proapoptotic 
proteins [ 23 ]. Moreover, by altering the necrosis 
and normal cellular autophagy, cancer cells may 
 resist cell death  [ 3 ]. A radiolabeled molecule to 
image apoptosis called  18 F-ML10 has shown 
promising results in brain metastasis from non-
small cell lung cancer patients treated with radia-
tion therapy with promising results [ 24 ].  

1.1.1.7     Hypoxia 
 Related to apoptosis, angiogenesis, tumor inva-
sion, and metastasis, hypoxia is another very 
interesting feature that has impact on tumor envi-
ronment. Hypoxia is a pathological condition 
defi ned as a reduction of tissue oxygenation and 
may lead to an insuffi cient supply of oxygen and 
nutrients to cells. In oncology, its severity will be 
dependent on the phenotype of cancer. For 
instance, cervical cancers are known to be highly 
hypoxic [ 1 ]. It has been exhibited in many studies 
that hypoxic neoplasias have worse prognosis for 
disease-free survival after treatment with chemo-
therapy as cytotoxicity aimed to be produced 
with certain anticancer drugs decreases in 
hypoxic tissues [ 25 ,  26 ]. Furthermore, hypoxic 
cells show signifi cantly more resistance to radio-
therapy treatment so affecting the radiation sensi-
tivity [ 27 – 30 ]. Several hypoxia-selective PET 
tracers have been used with different results, but 
it is worth highlighting  18 F-fl uoromisonidazole 
( 18 F-MISO) and  64 Cu II -ATSM which are being 
tested in many studies with interesting outcomes 
[ 31 ,  32 ].  18 F-MISO has affi nity for hypoxic cells 
with functional nitroreductase enzymes; there-
fore, it accumulates in activated cells but not in 
necrotic cells [ 33 ]. Many studies have shown 

excellent correlation between  18 F-MISO uptake 
and the oxygenation status of non-small cell lung 
neoplasms, head and neck cancer, gliomas, and 
cervical cancer [ 34 ]. 

 Another interesting radiopharmaceutical is 
 124 I-cG250, an iodine-based radiolabeled tracer, 
which has shown the potential in evaluating 
hypoxia in certain tumors. cG250 is an antibody 
reacting against carbonic anhydrase-IX, which is 
overexpressed in hypoxic conditions, especially 
in clear cell renal carcinomas, the most common 
and aggressive renal tumor [ 35 ,  36 ].  Divgi  et al. 
studied 26 patients with renal masses who were 
scheduled to undergo surgical resection. They 
concluded that PET with 124I-cG250 could iden-
tify accurately clear cell renal carcinoma; there-
fore, a negative PET scan would be highly 
predictive of a less aggressive phenotype helping 
surgical planning (Fig.  1.3 ) [ 37 ].

   Dynamic contrast-enhanced and diffusion- 
weighted MRI sequences are also contributing in 
assessing hypoxia in tumor cells and the response 
of chemotherapy in these neoplasias [ 38 – 41 ].  

1.1.1.8    Deregulating Cellular 
Energetics and Avoiding 
Immune Destruction 

 In addition to all those oncologic features, two 
new hallmarks have been recently introduced in 
oncology:  deregulating cellular energetics  and 
 avoiding immune destruction , together with some 
enabling characteristics such as the  genome 
instability and mutation  generating random 
mutations and the  tumor-promoting infl ammation  
that favors tumor progression through various 
ways (Fig.  1.4 ) [ 3 ].

  Fig. 1.3    Patient with a clear cell carcinoma scanned with 
 124 I-cG250 PET/CT (coronal CT, PET, and fused image) 
showing a focus of abnormal uptake ( arrow ) in the poste-

rior portion of the right kidney (From Divgi et al. [ 37 ] 
with permission)       
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   Cancer cells must make adjustments in their 
energy production in order to maintain the 
uncontrolled proliferation. Many mechanisms 
including using alternative metabolic pathways, 
adapting their glucose metabolism, and upregu-
lating glucose transporters (GLUT) translate 
into an increase glucose uptake and utilization 
shown in many neoplasms, easily corroborated 
by molecular imaging, particularly by  18 F-FDG-
PET [ 3 ,  42 ].  18 F-FDG, as an analogue of glucose, 
is transported into cells by glucose transporter 
proteins and then phosphorylated by hexokinase 
to form FDG-6-phospate. However, it cannot be 
degraded via the glycolysis pathway nor dephos-
phorylated by glucose-6-phosphatase like glu-
cose is. Therefore, FDG-6-phosphate gets 
trapped within the cell, and in this sense the 
more FDG there is in the cells, the greater the 
uptake in the tumor. 

 Many studies have suggested that a continu-
ously active immune system recognizes and 
eliminates the majority of cancer cells before set-
tling to form a tumor mass [ 3 ,  43 ,  44 ]. So the 
immune system is considered a fundamental pro-
cess preventing tumor formation. 

 However, this is an unresolved issue because 
the role of the immune system is not yet clear. 
 Hanahan and Weinberg  and other authors intro-
duced the concept of an elimination phase where 
the immune system recognizes and eliminates 
cancer cells. Then, the immune system is able to 
control the cancer cell growth but is not able to 
eliminate other cancer cells being in an equilib-
rium phase. Finally, tumor cells or clones not 
detected or destroyed by the immune system 
keep on growing [ 3 ,  45 ]. 

 Each of the alterations that are produced in 
cancer cells of these hallmarks and tumor 

Emerging Hallmarks

Enabling Characteristics

Deregulating cellular
energetics

Avoiding immune
destruction

Tumor-promoting
Inflammation

Genome instability
and mutation

  Fig. 1.4    The fi gure presents new proposed additional 
hallmarks that are thought to be involved in the pathogen-
esis of most cancers: one could have the ability to modify 
cellular metabolism by reprogramming or modifying it, 
while the other hallmark would be based on the capability 
of avoiding immunological destruction by cancer cells. In 

addition, the authors introduced two characteristics of 
neoplastic cells that could facilitate the acquisition of core 
and those emerging features: genomic instability and 
mutation, and infl ammation, both of them enabling tumor 
progression (From Hanahan and Weinberg [ 3 ] with 
permission)       
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 microenvironment characteristics are associated 
with fundamental key molecules that might be 
targeted with certain probes or tracers and imaged.   

1.1.2     Biomarkers 

 By defi nition, a biomarker is a biological mole-
cule used as an imprint of a biological condition. 
It is a feature used to measure and evaluate, in an 
objective way, biological or pathogenic pro-
cesses. Also it can be used as a treatment response 
marker, to detect or isolate a particular cell type 
or even a genetic level. 

 Biomarkers can be classifi ed accordingly to 
the information gathered [ 46 ]:
    (a)    Histological (or biochemical) parameters 

obtained from biopsy or surgery tissue 
samples   

   (b)    Biochemical parameters from blood or urine 
samples   

   (c)    Anatomical, functional, or molecular param-
eters obtained with different imaging 
modalities    

  Therefore, biomarkers can be of tremendous 
value, being an essential piece of predictive and 
preventive medicine mainly in cardiology, neu-
rology, and oncology, not only by adding under-
standing to these pathological processes but also 
by offering personalized therapy targeting cancer 
hallmarks [ 3 ]. 

 Depending on what we want to image and/or 
treat, we have to acknowledge the target. Based 
on the hallmarks of cancer previously com-
mented, many biomarkers have been studied 
including VEGF or integrin vectors for evaluat-
ing angiogenesis, radiolabeled glucose for the 
abnormal cellular energetics, thymidine ana-
logues for proliferative signaling, receptor- [ 47 ] 
or enzyme-based [ 48 ] imaging, antibodies, 
selective anti-infl ammatory drugs, telomerase 
inhibitors for the replicative immortality of 
cancer cells, and apoptotic markers, among 
endless others. 

 All of the many signaling targets have been 
made possible thanks to a numerous researchers 
by implementing translational studies from labo-
ratory, preclinical, clinical, or population cohorts 

into clinical applications after an extensive 
 testing in experimental models [ 49 ]. 

 Imaging biomarkers, or molecular imaging, 
have many advantages including being consid-
ered a noninvasive method; it can be quantifi ed 
[ 50 ,  51 ], is reliable, and offers reproducible data 
allowing multiparametric imaging. It represents a 
group of methods with specifi c probes, contrast 
agents, or MR pulse sequences [ 49 ] that image 
particular targets or pathways. All this infi nitive 
information can be very useful to clinicians in the 
daily practice. 

 Besides cancer-related biomarkers, one of the 
fi elds where molecular imaging has an interest-
ing impact is in cardiac studies. Vulnerable ath-
erosclerotic plaque can be studied with coronary 
angiography by looking at the coronary lumen 
[ 52 ] requiring catheterization or at the coronary 
arterial wall with intravascular ultrasound 
(IVUS) [ 53 ,  54 ], though in these cases, it is con-
sidered to be an invasive imaging method. Other 
intravascular imaging techniques such as coro-
nary computed tomography and cardiac magnetic 
resonance have been used for coronary and 
carotid lumen and wall [ 55 ] imaging. Optical 
coherence tomography (OI) [ 56 ] and near- 
infrared spectroscopy used for tissue spectral 
contrast [ 57 ] are being investigated. 

 In neurology, MRI and CT have been used to 
study brain infarction size and extent, lesion size, 
brain activity in multiple sclerosis and structural 
atrophy, and β-amyloid plaques with PET 
[ 58 – 60 ]. 

 Section  1.2  of this chapter will briefl y go 
through some of the molecular imaging tech-
niques and its biomarkers and the unthinkable 
possibilities that imaging may offer in cancer 
biology.   

1.2       Imaging Modalities: 
Molecular Imaging 

 Molecular imaging is a relatively “new” area that 
integrates molecular biology and state-of-the-art 
medical imaging, arisen in the last 15–20 years 
as a nexus between molecular biology and in 
vivo imaging. As already stated, it is defi ned 
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as a  noninvasive technique able to visualize the 
natural microenvironment in real time, mea-
sure pharmacokinetics and pharmacodynamics 
of pharmaceuticals, and measure physiological 
or pathological inside living subjects at a cel-
lular, molecular, or genetic level, among others 
[ 61 – 64 ]. 

 Compared with conventional imaging tech-
niques, molecular imaging has many advantages 
including 3D images of living organism thus 
enabling research into physiological or patho-
logical situations such as signal transduction 
pathways, cell metabolism, and gene expression. 

 MI is a multidisciplinary branch of knowledge 
including molecular biology, genetics, biochem-
istry, physiology, physics, mathematics, pharma-
cology, immunology, and medicine [ 64 ]. Five 
imaging modalities are available for molecular 
imaging: CT, MRI, optical imaging, US, and 
radionuclide imaging which includes PET and 
SPECT. 

 Challenging problems remain to be solved 
such as the developing of new probes, transla-
tional research to the clinical arena, and multidis-
ciplinary approach. 

 Each of the different imaging techniques has 
their different strengths and weaknesses that will 
be explained in the following section. 

1.2.1     Computed Tomography 

 Computed tomography (CT) is based on the dif-
ferent attenuation levels in the tissues in the body 
produced by X-rays, thus resulting in an ana-
tomic image. CT imaging has undergone an inter-
esting evolution in the last few years. The 
development of high-resolution CT scans allows 
going deeper into a molecular level, a very impor-
tant role in research studies [ 65 ,  66 ]. 

 The main advantage of CT is probably its high 
spatial resolution (0.05 ~ 0.2 mm in preclinical 
studies and 0.5 ~ 1.0 mm in clinical studies). 
Availability, cost-effectiveness, fast acquisition 
time, excellent hard tissue imaging (bone), and 
relative simplicity are some of the advantages of 
CT imaging. On the other hand, some of the key 
limitations are exposure to ionizing radiation, 

limited soft tissue resolution, limited molecular 
imaging applications, and relatively low sensitiv-
ity (~10 −3  mol/L). Recently, major improvements 
have been made to obtain signifi cant dose 
reduction. 

 Due to the limited soft tissue resolution, CT 
contrasts have been developed for a better dis-
crimination between normal and abnormal tis-
sues. These are iodine-based contrast agents and 
are typically nonspecifi c [ 64 ,  67 ]. Also these 
contrast agents produce some renal toxicity so it 
cannot be used in all patients. For these reasons, 
a need for developing new contrast agents is 
being studied by many researches such as the use 
of targeted gold nanoparticles alone or even com-
bined with 2-deoxy-D-glucose for a high-resolu-
tion anatomic and metabolic information of the 
subject scanned [ 68 – 72 ]. 

 Some of the most signifi cant and latest tech-
nological advances in CT are multislice CT, dual- 
energy CT, CT spectroscopy, photon counting 
imaging, and phase-contrast CT imaging, among 
others. 

1.2.1.1    Multislice CT 
 Multislice CT came into the game with heli-
cal scanning and multi-detector CT (MDCT). 
The latter one can acquire an important num-
ber (recently up to 320-detector row MDCT) of 
tomographic slides in a very fast time [ 73 ,  74 ]. 

 MDCT has the advantage of obtaining an 
enhanced spatial temporal resolution. Also the 
very short time that it takes to scan an individ-
ual avoids most of the motion artifacts produced 
by the patient. For this reason, it has become an 
important imaging tool for cardiac imaging [ 64 ]. 

 Nonetheless, MDCT exposes the subject to 
higher radiation exposure [ 64 ,  75 ,  76 ].  

1.2.1.2    Dual-Energy CT 
 Dual-energy CT (DECT) has shown a number of 
advantages compared to single-energy CT with 
energy-integrating detectors and is considered 
another advance in imaging. It consists of two 
separate X-ray tubes that can be operated at the 
same energy or at two different energies produc-
ing both the material decomposition images and 
monochromatic spectral images at energy levels 
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ranging from 40 to 140 keV [ 77 ]. The possibility 
of acquiring on the distinctive K-edge energies at 
the same time offers tissues to be characterized 
not by their attenuation values but by their com-
position. DECT or spectral CT is able to discrim-
inate according to the difference in attenuation 
between two energies. K-edge imaging allows 
selective and quantitative imaging of adminis-
tered contrast agents equipped with appropriate 
K-edge materials [ 69 ]. These features enable 
spectral CT a high spatiotemporal resolution and 
quantitative molecular imaging technology. 

 Photon counting detector splits the X-ray spec-
trum into several energy bins, and separate CT data 
are acquired in each energy bin. The CT data 
acquired in different energy bins are used for mate-
rial decomposition, for example, calcium, uric acid 
renal stones [ 78 ], evaluating malignancies [ 79 ], 
differentiating hypervascular hepatic lesions [ 80 ], 
or even checking bone mineral density [ 81 ]. 

 Photon counting may represent the most 
advanced form of spectral CT. Instead of separat-
ing the beam into merely high- and low-energy 
ranges, photon counting uses tight number of 
subranges or bins of the spectrum in order to 
form images based on the analysis of the spectral 
signature of tissues.   

1.2.2     Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) is a compre-
hensive molecular imaging without ionizing radia-
tion, offering high temporal and spatial resolution 
and superb soft tissue contrast. By using a combina-
tion of powerful magnet and radiofrequencies, it 
displays anatomical and physiological information. 

 Other advantages of MRI include limitless 
depth of penetration, quantifi cation data, and an 
ample clinical utility. An important disadvantage 
of MRI is its low sensitivity (10 −3  ~ 10 −5  mol/L) 
[ 61 ], which lower than many other molecular 
imaging modalities [ 64 ] that can be very limiting 
due to the nonsignifi cant differences between 
atoms in high- and low-energy status. 

 However, efforts have been made to increase 
this low sensitivity by either increasing the mag-
netic fi eld – 3.0 T in clinical environment and up 

to 7, 9.4, or even 11 T in the research fi eld 
 [ 82 – 84 ] – or hyperpolarizing atoms through 
dynamic nuclear polarization or by using the 
optical pumping technique enhancing signifi -
cantly MR signals from different atoms [ 85 ,  86 ]. 

 The contrast between different tissues seen on 
MRI is created by different relaxation times of 
each tissue. In order to achieve molecular imag-
ing of disease biomarkers using MRI, targeted 
MRI contrast agents with high specifi city and 
sensitivity (relaxivity) are required. 

 Beyond the most commonly used MRI 
sequences, novel techniques are being devel-
oped by many centers. By using advanced MRI 
sequences, supplemental information like func-
tional or even metabolic information can be 
achieved besides anatomical images. 

  Dynamic contrast-enhanced magnetic reso-
nance imaging     (DCE-MRI) used a dynamic acqui-
sition of T1-weighted MR images before, during, 
and after the administration of a contrast agent. A 
bolus of the appropriate contrast agent is injected 
into a vein, and rapid imaging techniques are then 
used to acquire serial images of a limited number of 
slices as the agent enters and leaves the tissue [ 87 ]. 

 Contrast agents are usually gadolinium-based 
substances (Gd); nonetheless others such as 
superparamagnetic iron oxide (SPIO) have been 
tested [ 88 ]. These tend to shorten the T1 (Gd 
based) or T2 (SPIO based) relaxation times of 
protons causing measurable alterations in MR 
signal [ 64 ]. Some of the suggested uses of DCE- 
MRI are found in studying tumor microvascular-
ization, lymphatics, and infl ammation [ 64 ,  89 ]. 

 Another new sequence that gradually is being 
incorporated into clinical routine is  diffusion- 
weighted imaging  (DWI) which is based on the 
restriction produced in the movement of water 
molecules in the interstitial space [ 90 ]. This 
is possible by detecting the apparent diffusion 
coeffi cient of tissue water (ADC). So in tissues 
with high cellularity, the movement of water 
molecules will be restricted showing low ADC, 
whereas tissues with low cellularity will show 
high ADC. DWI can be very useful when viable 
tissue is needed to be identifi ed, for example, 
after an ischemic stroke, cancer imaging, or 
 treatment response assessment [ 90 ,  91 ]. 

1 Cancer Biology: What’s Important for Imaging



14

 When needed functional information from 
MRI (fMRI), novel technique called  blood oxy-
gen level dependent  (BOLD) has been introduced 
[ 92 ]. BOLD technique uses the endogenous 
deoxygenated hemoglobin to measure regional 
alterations, so higher levels of oxygenated blood 
will behave more intense on T2-weighted MRI 
images. It started mainly in neurology, to study 
brain functionality, cognition, memory, etc. [ 93 , 
 94 ]. More clinical applications have been proven 
including the evaluation of differences in blood 
oxygen level in other tissues than brain and to 
evaluate the perfusion of tumors and response to 
treatment [ 92 ,  95 ,  96 ]. 

  Magnetic resonance spectroscopy  (MRS) can-
not be considered a new technique because it has 
been used since 1950s [ 97 – 99 ], becoming an 
interesting element. MRS is based on applying 
electromagnetic pulses to a sample in an exter-
nal magnetic fi eld. Then, a tracer or probe is used 
to measure the results of the radiofrequency sig-
nals produced [ 64 ]. The inclusion of gradients 
that permits acquisition of positron data is the 
main difference between MRI and MSR. This 
is possible by creating a spectrum of peaks with 
the different  chemical shifts , mainly lipids and 
metabolites, in a voxel of interest [ 64 ]. 

 Commonly, MRS has been used for brain 
[ 100 ], breast, and prostate due to the good homo-
geneity of the magnetic fi eld applied and the 
use of local acquisition coils with an outcome 
of a high signal-to-noise ratio. The spectral of 
metabolites used with MRS to study normal or 
abnormal physiology comprise choline, lactate, 
creatine, glutamate, lipids, and alanine. 

 To improve the sensitivity of MRS, a modifi ed 
technique has been developed using a hyperpolar-
ization enhancing the signal-to-noise ratio [ 101 –
 103 ]. Hyperpolarized MRS has been performed 
with compound labeled with  13 C [ 104 ]. One that 
has shown promise is  13 C-pyruvate [ 85 ,  101 ] that 
plays a role in glycolysis and in preclinical stud-
ies such as  13 C-urea for perfusion imaging [ 105 ] 
and  13 C-fumarate for necrosis evaluation, among 
others [ 106 ]. For example,  13 C-fumarate can also 
be used for prostate cancer [ 107 ,  108 ]. 

 Last but not least, new classes of MRI contrast 
agents working selectively by reducing the mag-

netization of the water signal with a minimal 
effect on its longitudinal signal, instead of the 
proton relaxation-based approach, have emerged 
as promising tool showing interesting informa-
tion. Chemical exchange saturation transfer 
(CEST) and paramagnetic-CEST (PARACEST) 
contrast agents provide specifi c molecular and 
physiological information in oncology, mainly 
pH sensing [ 109 – 113 ].  

1.2.3     Radionuclide Imaging 

 Radionuclide imaging is probably one of the ear-
liest and cultivated molecular imaging modality, 
including positron emission tomography (PET) 
and single-photon emission computed tomogra-
phy (SPECT). 

 Radionuclide imaging uses radionuclides 
combined with other elements to form chemical 
compounds or else combined with existing phar-
maceutical compounds, to form what is called 
radiopharmaceuticals. 

 Radiopharmaceuticals or radiotracers can tar-
get specifi c organs or cellular receptors (Fig.  1.5 ) 
enabling the evaluation of biochemical changes, 
cellular physiology, cellular function and metab-
olism, and levels of molecular targets in an 
individual.

   Through the years, advances in molecular 
imaging and radiochemistry have been used to 
develop new radiotracers or radiolabeled  molecules 
to target different tissues, organs, or to even mole-
cules rather than just anatomy. 

 Further, with the need of better anatomical 
information, hybrid modalities like SPECT/CT, 
SPECT/MRI, PET/CT (Fig.  1.6 ), and PET/MRI 
(Fig.  1.7 ) have been introduced into clinical prac-
tice offering not only molecular but also anatomi-
cal and functional information, all at once.

    There are many advantages of using radionu-
clide imaging among which is its high sensitivity, 
quantitative capabilities, limitless depth of pene-
tration, and clinical utility. In addition, the innu-
merable possibility of targeting a specifi c 
molecule, receptor, antibody, drug, etc., makes 
radionuclide imaging a unique tool for clinical, 
preclinical, and research studies. 
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1.2.3.1    Single-Photon Emission 
Computed Tomography 

 The radionuclides used in single-photon emis-
sion computed tomography (SPECT) technology 

emit γ-rays during their decay. The most com-
monly used isotopes are  99m technetium ( 99m Tc), 
 111 indium ( 111 In), and  123 iodine ( 123 I). They all 
have relatively long half-life, thus obviating the 

  Fig. 1.5     111 In-octreotide SPECT-CT scan of a 47-year-
old female with a large abdominal mass.  111 In-octreotide, 
a somatostatin analogue labeled with indium-111 binds 
somatostatin receptors which are overexpressed in some 
neuroendocrine tumors (NETs). The study shows an 
abdominal rounded mass ( arrow ) with intense tracer 
uptake demonstrating a tumor expressing somatostatin 

receptors. Contrast-enhanced CT evidences a central large 
heterogeneous mass with gross calcifi cations. In addition, 
multiple ring-enhancing liver lesions ( arrowhead ) consis-
tent with metastasis can be seen (Courtesy of Dr. Pilar 
Bello, Department of Nuclear Medicine, University and 
Polytechnic Hospital La Fe, Valencia, Spain)       

  Fig. 1.6     18 F-FDG-PET/CT ( top row , CT;  middle row , 
PET;  bottom row , fused images) of a male with a recent 
diagnosis of small cell carcinoma of the lung. The PET 
study shows a highly intense heterogeneous abnormal 
tracer uptake ( arrow ) in the right mid-lung with several 
focal scattered areas of necrosis ( arrowheads ). The low-
dose non-enhanced CT demonstrates a large rounded 

opacity occupying a large portion of the right lung extend-
ing contiguously into the right hilum with direct extension 
into adjacent lymph nodes. In addition, malignant inten-
sity lymph nodes in the right supraclavicular fossa with 
extension into the precarinal and subcarinal space and 
anterior to the left bronchus are noticed       
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need of a cyclotron on-site [ 61 ]. The SPECT 
gamma camera scanner is composed of the scin-
tillator, photomultiplier tubes, and collimator, 
which rotate around the patient through mul-
tiple angles and directions to capture data and 
obtaining a tomographic reconstruction. SPECT 
is more affordable and thus more extensively 
used that PET cameras. However, SPECT is less 
sensitive than PET because γ-ray photons don’t 
deliver adequate information regarding the origin 
of the photon, making impossible to defi ne the 
line of response, as determined in PET [ 64 ]. 

 Recent advances in improving sensitivity have 
been focused on high-resolution SPECT with 
pinhole scanners, different crystals used in the 
scintillators, etc. [ 114 ,  115 ]. Also, spatial resolu-
tion is lower than PET. 

 Hence, some disadvantages can be found on 
the ionizing radiation [ 116 ], like every RI modal-
ity, the limited spatial resolution already men-
tioned, and the lack of attenuation correction. 

 RI modalities such as SPECT or PET still lack 
spatial resolution compared with other imaging 
modalities so fi rst, software fusion algorithm was 
developed to allow registration of functional and 
metabolic information gathered from RI with 
anatomical data from the CT or MRI, adding 

accuracy and precision to the studies [ 117 ]. As 
this has been expended, hybrid or multimodality 
systems have answered this demanding fi eld by 
implementing CT or MRI components into the 
same gantry [ 118 – 121 ]. An additional benefi t of 
combining SPECT with CT is the ability to be 
used not only for anatomical localization but also 
for attenuation correction [ 119 ,  122 – 124 ]. 

 SPECT has limitless depth of penetration 
with an excellent sensitivity (though lower than 
PET), offering multiplexing capabilities. SPECT 
systems have the ability of distinguishing differ-
ent radionuclides; therefore, it enables to image 
different targets simultaneously [ 125 – 127 ]. 
Furthermore, longer half-life period makes 
radiopharmaceuticals optimal for longitudinal 
studies. 

 Due to the enormous number of differ-
ent radiopharmaceuticals designed for gamma 
 cameras, it’s impossible to line them up; however 
some remarkable ones are listed in Table  1.1  [ 64 , 
 128 – 131 ].

1.2.3.2       Positron Emission Tomography 
 Contrary to SPECT agents, positron emission 
tomography (PET) agents use pharmaceuticals 
labeled with positron-emitting radionuclides 

  Fig. 1.7     18 F-FDG PET/MRI (MIP image;  top row , T1w 
TSE, T2w SPAIR;  bottom row , PET, fused image) study 
of a 44-year-old male with a recently diagnosed invasive 
poorly differentiated squamous cell carcinoma of the 
nasopharynx. Large highly intense tracer uptake mass 
( arrowhead ) involving the entire nasopharynx with exten-

sion to the skull base and involving the clivus which cor-
responds to the abnormal mass lesion identifi ed in the 
MRI. Intense abnormal foci of tracer uptake are seen 
bilaterally in the posterior cervical region of the neck con-
sistent with malignant lymphadenopathy ( arrows )       
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 produced mainly by particle accelerators also 
called cyclotrons but also can be produced by 
generators (rubidium 82). 

 PET cameras measure the signal produced by 
the radioactive decay of positron-emitting radioiso-
topes, such as  18 fl uor ( 18 F),  11 carbon ( 11 C),  15 oxygen 
( 15 O),  124 iodine ( 124 I),  68 galium ( 68 Ga),  82 rubidium 
( 82 R), among many others. The  annihilation of 

 positrons is produced by colliding with an electron 
emitting two 511 keV photons thrown 180° apart in 
opposite direction. These photons are detected 
coincidently by scintillation crystals (different 
from the ones used for SPECT imaging due to the 
different energies). Then this signal is converted 
into an electrical signal and then into sinograms 
that will turn into tomographic images. 

   Table 1.1    SPECT radiophar-
maceuticals (oncology related)    Radiopharmaceutical 

 Radiolabeling 
target  Applications 

  99m Tc-MAA  Particles  Lung perfusion 
  99m Tc-DTPA aerosol   Particles  Lung ventilation 
  99m Tc-DTPA  Chelates  Glomerular fi ltration, blood brain 

barrier disruption 
  Renal function 
  Brain tumors 

  99m Tc-nanocolloid  Particles  Lymphatic drainage 
  99m Tc-sulfur colloid  Particles  Reticuloendothelial function (bone 

marrow, liver and spleen imaging) 
  99m Tc-MDP, 
 99m Tc-HDP 

 Chelates  Bone formation 

  99m Tc-sestamibi  Chelates  Blood fl ow, tumor viability 
  Myocardial perfusion 
  Breast cancer, parathyroid, etc. 

  67 Ga-citrate  Chelates  Tumor viability, capillary leakage 
  Tumor imaging 
  Infection imaging 

  99m Tc-pertechnetate  As ions  Thyroid function 
  123 I-sodium iodine  As ions  Thyroid function 
  131 I-sodium iodine  As ions  Thyroid therapy 
  111 In-platelets  Cells  Cell incorporation (thrombus 

imaging) 
  99m Tc-red blood 
cells denaturated  

 Cells  Spleen imaging (accessory splenic 
tissue) 

  111 In-pentetrotide  Receptors  Somatostatin receptors 
(neuroendocrine tumors) 

  123 I-NP-59  Receptors  Cholesterol metabolism (adrenal 
dysfunction) 

   123   I-MIBG   Receptors  Presynaptic adrenergic receptors 
(myocardial failure) 

  131 I-MIBG  Receptors  Cancer treatment 
(pheochromocytoma, 
neuroendocrine, neuroblastomas) 

  99m Tc-CEA-Scan, 
IMMU-4 Fab’ 

 Antibodies  Carcinoembryonic antigen – CEA 
(colorectal cancer) 

  99m Tc-rituximab  Antibodies  CD20 molecules (oncology) 
  99m Tc-annexin V  Proteins 

(phosphatidylserine) 
 Apoptosis imaging 

  99m Tc-VEGF  Proteins  Angiogenesis imaging targeting 
vascular endothelial growth factor 
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 Key strengths of this technology include very 
high sensitivity (10 −11  ~ 10 −12  mol/L) [ 64 ], limitless 
depth of penetration, and quantitative capabilities 
producing a broad impact in clinical and research 
application particularly in oncology, neurology, 
and cardiology [ 42 ,  117 ,  120 ,  132 – 134 ]. Many 
studies have proven the excellent utility of PET in 
detection, staging, radiotherapy planning, and 
treatment response assessment [ 134 – 145 ]. 

 One of the major disadvantages of PET is that 
most of the radiotracers must be made with a 
cyclotron, and due to their relatively short half- 
life (hours, minutes, or even seconds), it’s almost 
a requirement to have a cyclotron on-site or close 
to the facility hosting the system. Obviously, ion-
izing radiation, low spatial resolution, and diffi -
cult multiplexing capabilities are other 
disadvantages. 

 Like in SPECT imaging, the lack of anatomi-
cal reference and the long duration of the study 
since transmission images, besides emission 
images, have to be obtained for attenuation cor-
rection purposes have been compensated by 
merging PET either with CT or lately MRI [ 118 , 
 146 – 153 ]. 

 PET radiopharmaceuticals can target either 
metabolic-functional cell growth-related mole-
cules such as glucose metabolism or other activi-
ties such as thymidine kinase, tissue oxygenation, 
cell death events, cell receptors, and specifi c 
tumor growth molecules. 

 Some of the most representative PET radio-
pharmaceuticals are shown in Table  1.2  [ 64 ,  128 , 
 129 ,  132 ].

1.2.4         Optical Imaging 

 Optical imaging is an emerging molecular imag-
ing modality, mainly based on genomics, pro-
teomics, and optical technology. However, the 
visualization of tissues and cells using light 
waves has been used since decades ago [ 64 ]. 

 Many approaches are being employed in opti-
cal imaging depending upon fl uorescence, biolu-
minescence, absorption, or refl ectance. 

 Fluorescence imaging may involve the use of 
genetically encoded fl uorescence reporters or 

molecules that enable the visualization of 
 molecular processes in living organism in real 
time [ 64 ]. Bioluminescence shows biological 
events in vivo such as gene expression and disease 
progression. Due to its high sensitivity, biolumi-
nescence has been used to monitor tumor growth, 
metastases (Fig.  1.8 ), and response to treatment.

   This technology requires what it is called 
charge-coupled device (CCD) camera and a 
source of fi ltered light. In order to increase the 
sensitivity, newer cameras named cool CCD have 
been utilized. Some advantages of optical imag-
ing can be resumed in a very high sensitivity and 
specifi city, multiplexing capabilities, and rela-
tively safe (using low-energy photons) compared 
to RI techniques. On the other hand, it has a shal-
low penetration, which is not a problem in small 
animals in preclinical research, but it makes it 
very diffi cult for humans in a clinical environ-
ment, and the poor spatial resolution is the down-
side of this molecular imaging modality [ 61 ,  64 ]. 

 Endogenous chromophores found in living 
organisms absorb the light. As increasing wave-
length, light absorption and scattering decreases. 
Below ~700 nm these effects result in depthless 
penetration of few millimeters. Therefore, in the 
visible region of the spectrum, only superfi cial 
assessment of tissue features is possible. Once 
the wavelength increases above 900 nm approxi-
mately, water absorption may interfere with 
signal- to-background ratio. Since the absorption 
coeffi cient of tissue is lower in the near-infrared 
(NIR) region (700–900 nm), light can penetrate 
more deeply, up to some centimeters [ 155 ]. 

 Some studies showed the use of NIR fl uoro-
phore in integrin imaging αvβ3 in melanoma 
xenografts [ 156 ], other types of cancers [ 157 ], or 
even NIR fl uorophore labeled with 2-deoxy-D- 
glucose [ 156 ,  158 ]. 

 Other interesting clinical applications of opti-
cal imaging can be found in optical coherence 
tomography (OCT) which is a noninvasive, 
tomographic, biomicroscopic device that offers 
high-resolution, cross-sectional images of bio-
logical tissues in vivo and in real time. By gener-
ating false-color images, OCT provides both 
qualitative (morphology) and quantitative analy-
sis of tissue structures based on the intensity of 
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the returned light. Traditionally, OCT was com-
mercially sold to study ocular disorders including 
retinal or subretinal edema, retinopathy, multiple 
sclerosis, and more recently neoplastic diseases 
of the eye such as retinal and choroidal tumors 
[ 159 – 161 ].  Rootman  et al. retrospectively studied 
16 retinoblastoma patients with 22 intraocular 
lesions with OCT concluding that this technique 
could be applied for diagnosis of new lesions, 
monitoring response to laser therapy, and the 
identifi cation of recurrences [ 160 ]. Besides oph-
thalmology, OCT has found wide applications in 
other medical specialties including dermatology, 
cardiology, and gastroenterology [ 162 ].  Hatta  
et al. studied the accuracy of preoperative staging 
of superfi cial esophageal squamous cell carcino-
mas in 123 patients by comparing high- resolution 

OCT and 20-MHz probe-type endoscopic ultra-
sound (EUS). The authors demonstrated that 
high-resolution OCT was more useful than EUS 
for preoperative staging of superfi cial esophageal 
squamous cell carcinoma [ 163 ]. 

 Table  1.3  shows some examples of optical 
imaging probes [ 56 ,  155 ,  164 – 167 ].

1.2.5        Ultrasound 

 Ultrasound (US) is a very well-known and widely 
spread imaging modality that exploits the charac-
teristics of high-frequency sound waves as they 
cross the biological tissue. Among the many 
advantages of this technology, it is worth men-
tioning that US is an relatively inexpensive 

   Table 1.2    PET 
radiopharmaceuticals 
(oncology related)   

 Radiopharmaceutical  Radiolabeling target  Applications 

  18 F-FDG  Molecules  Glucose transporter I and hexokinase II 
(glucose metabolism) 

  18 F-FLT  Molecules  DNA synthesis, thymidine kinase-1 
activity – cellular proliferation 

  18 F-MISO  Molecules  Viable oxygen/defi cient cells (hypoxia) 
  18 F-FES  Receptors  Estrogen receptor activity (breast 

cancer) 
  18 F-NaF  Molecules  Osteogenic activity 
  18 F-Galacto-RGD  Peptides  Angiogenesis imaging targeting ανβ3 

integrin 
  18 F-FET  Molecules  Amino acid transporter (brain tumors) 
  18 F-annexin V  Proteins  Apoptosis imaging 
  18 F-Fluorocholine 
 11 C-choline 

 Molecules  Cell proliferation 

  11 C-Acetate  Molecules  Fatty acid synthesis 
  Oncology (prostate, bladder, renal) 
  Myocardial infarction 
  Ischemia 

  11 C-Methionine  Molecules  Amino acid transport (brain and 
pancreatic tumors) 

  11 C-Thymidine  Molecules  DNA synthesis, cell proliferation (brain 
tumors) 

  124 I-G250-mAb  Proteins (engineered)  Carbonic anhydrate-IX (oncology) 
  124 I-CA 19-9mAb  Antibodies  Carbohydrate tumor antigen CA19.9 

(pancreatic cancer) 
  64 Cu-ATSM  Molecules  Viable oxygen-defi cit cells (hypoxia) 
  64 Cu-DOTA-
VEGF121 

 Proteins  Angiogenesis imaging targeting vascular 
endothelial growth factor 

  68 Ga-DOTATOC/
DOTANOC/
DOTATE 

 Receptors  Somatostatin receptors (neuroendocrine 
tumors) 
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  Fig. 1.8    Optical imaging and micro-PET of a neoplasia 
of the liver in mice after diethylnitrosamine (DEN) treat-
ment, a classical hepatocarcinogen. ( a ) Bioluminescence 
(BLI) of a hepatocarcinogenesis reporter (HCR) mouse 
( right ) compared with a wild-type control ( left ). On the 
right, BLI signals are observed. ( b ) Micro-PET using a 
substrate of thymidine kinase-based tracer labeled to a 
positron emitter,  18 F-FMAU, of the same mouse showing 
tracer uptake at different depths from the ventral surface 

of the liver. PET imaging is able to show multiple nodules 
at different depths and distinct patterns [ a - f ] within the 
tumor mass. ( c ) Multiple visible liver tumors are seen on 
the photograph, with Luc positive based on ex vivo BLI 
( d ). Large tumor showed in  c  and  d  is pointed by  arrows . 
( e ) Typical tumor [T] and uniform nuclear morphology 
[N] in a H&E analysis. Most tumors were classifi ed as 
benign hepatomas (From Lu et al. [ 154 ] with permission)       
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 technique that may offer quantitative data, with a 
high temporal resolution, excellent sensitivity, 
and no ionizing radiation associated in a real- time 
practice. Moreover, US has an important value 
not only in diagnosis but also in therapeutics. 

 Unfortunately, it has a limited depth of pene-
tration, not able to perform multiplexing studies, 
and due to its own characteristics, limited only to 
imaging soft tissues. 

 In the last years, US contrast agents have been 
developed adding to conventional US specifi city 
and sensitivity depiction of molecular targets. For 
example, gas-fi lled microbubbles-based contrast 
agents coated with lipids or biopolymers have the 
ability for enhancing the refl ection signal- to-
noise ratio for blood [ 64 ,  168 ]. 

 Although US contrast agents cannot provide spe-
cifi c molecular process information, new approaches 
including attaching these contrast agents to peptides 
or antibodies, for example, enable US to be used for 
molecular imaging purposes [ 64 ,  169 ]. 

 It is expected that US as a molecular imaging 
modality will translate into clinical practice with 
new instruments such as endoscopes or new US 
contrast agents [ 64 ].   

1.3     Imaging-Guided Therapy 

 Imaging-guided therapy (IGT) refers to a therapeu-
tic procedure guided by any type of imaging modal-
ity. It corresponds to therapy based on the 
identifi cation of a target, targeting the endpoint, 
monitoring the procedure, and follow-up. Obviously, 
these procedures are performed in environments 

with the proper equipment from radiology, nuclear 
medicine, radiotherapy, and surgery [ 170 ]. IGT uses 
the processed data acquired before, during, and after 
the therapy procedure making treatments (surgeries, 
radiotherapy, etc.) less invasive and more precise. 

 In order to perform a correct treatment, an 
exact localization not only of the target but also 
of the surrounding tissues, a correct placement of 
a catheter or probe into the aimed area, monitor-
ing the changes during therapy, observing treat-
ment response and effi cacy, and controlling 
potential side effects are required. 

 Hence, the optimal features recommended for 
interventional therapy procedures include [ 170 ]:
    1.    Good target lesion/tissue contrast allowing a 

discrimination between the targeted structure 
and its surrounding   

   2.    Real-time or near-real-time imaging   
   3.    Interactive and multiplanar imaging 

capabilities   
   4.    Therapy effects able to be observed for abla-

tion therapy during and at the end of the 
procedure    
  Depending on the type of procedure to be 

performed, a certain imaging modality tech-
nique will be used. Mainly, three kinds of inter-
ventions can be done: vascular, percutaneous, 
or even open interventions. Probably, MRI can 
provide very good sensitivity and specifi city and 
thus be recommended in percutaneous ablative 
therapy. However, if fast and accurate procedure 
is compulsory, CT fl uoroscopy imaging can be 
the option to choose, at the expense of radiation 
exposure for the healthcare professional and the 
patient [ 170 ]. 

   Table 1.3    Optical imaging probes (oncology related)   

 OI probe  Target  Applications 

  Fluorescence  
 C(RGDyK)-Cy 5.5  Peptides  Angiogenesis imaging targeting ανβ3 

integrin 
 Cy5.5-EGF  Peptides  Angiogenesis imaging targeting endothelial 

growth factor receptor (EGFR) 
 AB50-Cy5.5  Peptides  Caspase 3/7 – apoptosis imaging 
 ICG-Trastuzumab  Receptors  HER2 function 
  Bioluminescence  
 Anti-CEA-Diabody-RLuc8  Antibodies  Carcinoembryonic antigen – CEA 

(colorectal cancer) 
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  Table 1.4    Image guided therapy classifi cation – image guided therapy working group (ESR)  

 IGT in Non- tumors   1. Transvascular/endovascular procedures 
   Recanalization/revascularization by percutaneous balloon angioplasty, stent placement, 

aortic grafts, atherectomy, thrombectomy and thrombolysis 
   Devascularization by placement of embolizing material as coils, particles and dedicated 

fl uids 
   Others including ablation of varices, renal artery radiofrequency ablation (RFA), 

reperfusion by fi brinolysis, intravascular drug-therapy, TIPS and transjugular biopsy, IVC 
fi lter placement, valvuloplasty 

 2. Non-vascular procedures 
   General, including puncture, drainage and evacuation. Placement of “assistance devices” 

such as fi ducials 
   Musculoskeletal: osteoplasty, kyphoplasty and placement of stabilization materials, 

intervertebral disc treatment 
   Abdominal organs (mainly liver and kidney): drainage, instillation therapies and 

endoscopic procedures 
  Central nervous system: neuronavigation procedures 

 IGT in Tumors  1. Transvascular procedures 
  Embolization (bland, drug eluting, non-permanent) 
   Chemo-ablative (including organ- selective perfusion), chemo-perfusion and 

chemo-embolization 
  Radio-ablative (e.g.  90 Y-labeled microspheres, etc.) 
 2. Non-vascular procedures 
   Thermally ablative, such as radiofrequency ablation, microwave ablation, cryo-ablation 

and laser ablation 
  Thermo-mechanical ablative, as highly intensive focused US 
  Electro-ablative, as irreversible electroporation 
  Chemo-ablative, such as ethanol injection 
 3. Supportive conditions 
   Pain therapy by instillation (drugs, alcohol and aceto-acid, implant-like substances such 

as cement) or thermal coagulation 
  Others, such as port-a-caths 
 4. Surgical procedures 
   Intraoperative fl uoroscopy-,. US-, CT- and MRI-guided, monitored and controlled 

procedures by either direct imaging of a target or probe placement. 
   Intraoperative angiography under C-arm fl uoroscopy or DSA (plus fl at panel CT-like 

techniques) and related interventions. 
 5. Radiation oncology 
   Radiation treatment planning. Monitoring radiation therapy by navigator techniques and 

motions detection 
   Fluoroscopic, US-, CT- or MRI-guided placement of fi ducials and radiation catheters 

(brachytherapy, after loading). 

 The most common therapeutic interventions 
allude to diagnostic and interventional proce-
dures: evacuation or decompression, revascular-
ization, pain relief, emergency conditions, and 
palliative or curative tumor treatment, but also 
drug delivery [ 61 ,  64 ,  170 – 175 ]. 

  Helmberger and Martí-Bonmatí  et al. from 
the Image-Guided Therapy Working Group from 
the European Society of Radiology (ESR) 

recently published a statement regarding the 
actual status, addressing not only technical but 
also medicolegal and economical hot topics 
[ 170 ]. The Group recommended the following 
classifi cation, though it is subject to change due 
to constant technical development (Table  1.4 ).

   Some challenges still remain such as the 
impact IGT produces in regulatory medicolegal 
issues, together with radioprotection and  technical 
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concerns. Imaging-guided therapy is proliferating 
among different medical specialties including 
surgery and cardiology. Therefore, training, 
radioprotection-related responsibilities, and a 
correct multidisciplinary integration should be a 
must.  

    Conclusion 

 This chapter discusses the promising future of 
molecular imaging in cancer imaging. It is 
also essential to understand the pathways in 
cancer biology, so potential research and clini-
cal studies can be guided towards both diag-
nosis and assessment of treatment response 
and drug delivery. The development of new 
imaging technologies such as hybrid systems 
offering multiple and distinct, anatomical, 
functional, and metabolic information from a 
macroscopic to a molecular level opens an 
exciting journey. In addition, recent discover-
ies in biomarkers in combination with imag-
ing are aimed to exploit the advantages of 
these modalities. 

 There is a need of a multidisciplinary 
approach in cancer imaging including biology, 
pharmacology, medicine, physics, genetics, 
and other fi elds to benefi t the continual effort 
of fi ghting cancer.     
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  EGFR    Epidermal growth factor receptor   
  EMA    European Medicines Agency   
  FDA    U.S. Food and Drug Administration   
  FDG-PET    Fluorodeoxyglucose positron 

emission tomography   
  FLT-PET    Fluorodeoxythymidine positron 

emission tomography   
  HER2    Human epidermal growth factor 

receptor-2   
  IOM    Institute of Medicine   
  IWG    International Working Group   
  KRAS    V-Ki-ras2 Kirsten rat sarcoma viral 

oncogene homolog   
  MRI    Magnetic resonance imaging   
  NCI    National Cancer Institute   
  NIH    National Institutes of Health   
  ORR    Objective response rate   
  PD    Progressive disease   
  PERCIST    PET Response Criteria in Solid 

Tumors   
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  PR    Partial response   
  QIBA    Quantitative Imaging Biomarker 

Alliance   
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  RECIST    Response Evaluation Criteria In 

Solid Tumors   
  SD    Stable disease   
  TTP    Time to progression   

2.1           Introduction 

 Interest in oncology biomarkers has surged over 
the past decade, fueled by scientifi c progress 
toward precision medicine and by the practical 
search for new effi ciencies in the expensive and 
lengthy drug development process [ 1 ]. Biomarker 
use has the potential to help tailor care to patient 
subgroups, streamline the selection of candidate 
drug agents, and reduce the cost and duration of 
clinical trials. The statistical and methodological 
requirements for biomarker use are still evolv-
ing, however, and the scientifi c, industrial, and 
regulatory communities continue to struggle with 

issues of how to properly evaluate and utilize 
these tools. 

 This chapter discusses imaging biomarkers in 
oncology clinical trials. After reviewing defi ni-
tions for biomarkers and related terms, we discuss 
the motivations underlying biomarker integration 
into oncology drug development and the use of 
imaging biomarkers across the oncology drug 
development continuum. We then briefl y review 
current and emerging imaging biomarkers for 
cancer clinical trials. We conclude by providing 
a brief discussion of the evaluation of imaging 
biomarkers as surrogate endpoints, including the 
perspective from regulatory agencies.  

2.2     Defi nitions 

 The surge in biomarker research over the past 
decade has brought some confusion with regard to 
competing defi nitions for biomarkers and related 
terms (Table  2.1 ). This chapter uses the Institute 
of Medicine (IOM)’s modifi cation of the National 
Institutes of Health (NIH) Biomarkers Consensus 
Group defi nition of a biomarker as “a characteris-
tic that is objectively measured and evaluated as 
an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses 
to an intervention” [ 2 ]. Oncology biomarkers are 
often divided conceptually into  prognostic bio-
markers , intended to forecast a likely disease 
course in the absence of treatment, and  predictive 
biomarkers , intended to forecast a likely disease 
course in the presence of a specifi c treatment. 
Some authorities include a third category of  early 
response biomarkers  to draw particular attention 
to biomarkers that may reveal treatment response 
or failure earlier than conventional methods [ 3 ].

   Any discussion of biomarkers in the context 
of oncology clinical trials must also include 
defi nitions of clinical and surrogate endpoints. 
The NIH Biomarkers Working Group defi nes 
a  clinical endpoint  as “a characteristic or vari-
able that refl ects how a patient feels, functions, 
or survives” [ 4 ]. Within a clinical trial, a clinical 
endpoint is a distinct measurement or analysis of 
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disease characteristics that refl ects the effect of a 
therapeutic intervention. In general, survival has 
traditionally been the clinical endpoint of great-
est interest in oncology trials [ 5 ]. 

 A  surrogate endpoint  is defi ned as a bio-
marker that is intended to substitute for a clini-
cal endpoint [ 4 ]. Surrogate endpoints are a subset 
of biomarkers. Using a biomarker as a surrogate 
endpoint implies that the biomarker has been 
through a rigorous, formal process to confi rm its 

suitability as a substitute for a clinical endpoint. 
This confi rmatory process has been described 
using a variety of different terms, including 
evaluation, qualifi cation, and validation. In keep-
ing with the IOM framework, we use the general 
term  biomarker evaluation  to refer to the overall 
process for confi rming a biomarker’s suitability 
as a surrogate endpoint. The IOM framework 
identifi es three key components in the biomarker 
evaluation process: analytical validation, qualifi -
cation, and utilization [ 2 ]. These three steps are 
discussed in more detail in Sect.  2.7 .  

2.3     Motivations Underlying 
Biomarker Integration 
into Oncology Drug 
Development 

 Despite its relatively recent emergence onto the 
research agenda, the biomarker concept is now 
invoked at all stages of oncology drug develop-
ment, from early preclinical studies to late-stage 
clinical trials. The search for meaningful oncol-
ogy biomarkers refl ects both the growing impor-
tance of precision medicine and the increasing 
emphasis on fi nding ways to streamline the drug 
development process [ 6 ]. 

 In the context of oncology drug development, 
precision (or personalized) medicine captures 
the notion of cancer as a heterogeneous group 
of diseases characterized by a diverse array of 
gene expression and activity patterns [ 7 ]. Tumor 
analysis at the molecular level offers the poten-
tial for identifying targets that may be variably 
expressed among different patients or even at 
different tumor sites in a single patient. Linking 
different cancer subtypes with the presence or 
absence of certain biomarkers may facilitate 
identifi cation of tumors in which a targeted 
drug agent has a higher likelihood of success. 
Biomarker integration may thus promote opti-
mization of therapeutic regimens for individual 
patients, with specifi c agents being selected 
only in tumor subtypes associated with a par-
ticular biomarker status, e.g., trastuzumab for 

   Table 2.1    Defi nitions   

 Term  Defi nition 

 Biomarker  A characteristic that is objectively 
measured and evaluated as an 
indicator of normal biological 
processes, pathogenic processes, 
or pharmacologic responses to an 
intervention 

   Prognostic 
biomarker 

 Intended to forecast a likely 
disease course in the absence 
of treatment 

   Predictive 
biomarker 

 Intended to forecast a likely 
disease course in the presence 
of a specifi c treatment 

   Early response 
biomarker 

 Intended to reveal treatment 
response or failure earlier than 
conventional methods 

 Clinical endpoint  A characteristic or variable that 
refl ects how a patient feels, 
functions, or survives 

 Surrogate endpoint  A biomarker intended to substitute 
for a clinical endpoint 

 Biomarker 
evaluation 

 The overall process for confi rming 
a biomarker’s suitability as a 
surrogate endpoint 

 Analytical 
validation 

 The fi rst component of biomarker 
evaluation in the IOM framework, 
describing objective demonstration 
that the biomarker can be 
accurately measured 

 Qualifi cation  The second component of 
biomarker evaluation in the IOM 
framework, describing objective 
demonstration that the biomarker 
is associated with the clinical 
endpoint of concern 

 Utilization  The third component of biomarker 
evaluation in the IOM framework, 
describing subjective assessment 
of biomarker performance in the 
specifi c context of its proposed use 
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HER2-overexpressing breast cancers or cetux-
imab for EGFR-expressing colorectal cancers 
lacking a concomitant KRAS mutation. 

 Meanwhile, integration of biomarkers into 
preclinical studies and clinical trials offers the 
potential of reducing the length and expense of 
the drug development process, which by some 
estimates can require up to 10 years and one bil-
lion dollars [ 8 ]. In preclinical and early-stage 
clinical development, biomarker analysis may 
promote improved selection of patients for clini-
cal trials by identifying patients who are more or 
less likely to benefi t from therapy. Biomarkers 
may provide valuable early information on the 
presence or absence of drug effi cacy that can be 
used to terminate less promising projects before 
they enter into more expensive later-stage testing 
[ 6 ]. Performing such studies in the preclinical 
setting also affords the opportunity to select 
appropriate imaging biomarkers for application 
in subsequent clinical trials employing the ther-
apy under consideration. 

 For investigational agents that do proceed into 
late-stage clinical testing, biomarkers used as 
surrogate endpoints offer the prospect of smaller, 
less expensive, and more effi cient clinical trials 
[ 9 ]. In particular, if a biomarker is deemed to be 
an acceptable substitute for survival, then trials 
can be designed and powered to demonstrate a 
signifi cant change in the biomarker rather than 
the clinical endpoint, typically resulting in 
smaller patient accrual requirements and a dra-
matically shortened evaluation timeframe. 
Furthermore, traditional survival trials in many 
cancer types are becoming more diffi cult to ana-
lyze and interpret due to increasing patient life 
expectancies and the proliferation of therapeutic 
options, e.g., in metastatic breast cancer where 
patients may undergo multiple different lines of 
treatment extending over several years. It has 
been argued that in certain circumstances, 
biomarker- driven trials may offer “cleaner” 
assessments of drug effi cacy than survival trials 
with fewer problems due to patient loss to fol-
low- up, patients undergoing additional treatment 
after the investigational therapy, and patients 
experiencing intercurrent illness and death from 
other causes [ 9 ,  10 ].  

2.4     Use of Imaging Biomarkers 
Across the Oncology Drug 
Development Continuum 

 An important concept to emphasize is that differ-
ent imaging biomarkers might be appropriately 
deployed at different stages of the oncology drug 
development process. As the goals change from 
preclinical studies into early- and late-stage clini-
cal trials, the requirements for biomarker evalua-
tion and utilization also change. 

2.4.1     Preclinical Studies 

 In the preclinical stages of the drug development 
process, key priorities include target  identifi cation 
and validation, identifi cation of promising drug 
compound leads, and demonstration of target 
engagement as proof of concept. This process 
typically occurs fi rst in in vitro studies of appro-
priate cell lines and then in preclinical in vivo 
animal studies and may initially involve high- 
throughput screening of thousands of candidate 
compounds to identify a handful of promising 
leads. The most sought-after imaging biomark-
ers during the preclinical stage will provide 
information on activity at the cellular and molec-
ular levels. A comprehensive review of imaging 
biomarkers for preclinical drug development is 
beyond the scope of this chapter, which is 
focused on imaging biomarkers for human clini-
cal trials.  

2.4.2     Early- and Late-Stage 
Clinical Trials 

 Investigational agents undergo increasingly rig-
orous clinical testing as they progress along the 
path toward regulatory approval. Phase 1 and 2 
studies are typically smaller trials designed to 
establish initial safety and dosing data and to 
demonstrate effi cacy in small study populations. 
Phase 3 studies are typically much larger and 
more costly multisite trials aimed at collecting 
the necessary safety and effi cacy data to support 
a marketing application to regulatory authorities. 
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Given the expense involved in proceeding from 
phase 2 into phase 3 testing, a key objective in 
early clinical trials is gathering suffi cient prelimi-
nary effi cacy data to inform a “go or no-go” deci-
sion on continuing into phase 3 studies. 

 The most relevant imaging biomarkers during 
clinical trials will be those that provide evidence 
of drug effi cacy as well as those that select for 
patient subgroups in whom drug effi cacy may 
be higher [ 11 ,  12 ]. In phase 1 and phase 2 tri-
als, investigators may choose to incorporate bio-
marker endpoints from a constantly expanding 
menu of advanced imaging techniques, presum-
ably selecting approaches that report on func-
tional or compositional variables correlated with 
the mechanism of drug action. It is in this context 
that the advanced techniques described in this text 
are currently most relevant for demonstrating the 
effi cacy of novel molecularly targeted agents. In 
phase 3 trials, the most important biomarkers will 
be those that are reproducible across large, mul-
tisite trials and those that have been rigorously 
confi rmed as acceptable surrogate endpoints for 
survival. The requirements for imaging biomark-
ers may be more stringent for late-stage than 
for early-stage clinical trials because biomarker 
results from early-stage clinical trials are used 
primarily by the trial sponsor for internal deci-
sion making, while results from late-stage clini-
cal trials will be scrutinized by outside regulatory 
authorities in the drug approval process.   

2.5     Current Imaging Biomarkers 
for Oncology Clinical Trials 

 Imaging biomarkers for oncology clinical tri-
als have evolved over the past 50 years, driven 
by the need for objective standards with which 
to perform “apples-to-apples” comparisons 
of treatment response both between patients 
within a clinical trial and between different clini-
cal trials. Until recently, the majority of imag-
ing biomarkers for oncology have centered on 
tumor size measurement and size measurement 
changes. This section briefl y reviews the salient 
features and drawbacks of size-based imaging 
biomarkers, with an emphasis on the Response 

Evaluation Criteria for Solid Tumors (RECIST), 
the most commonly recognized and utilized stan-
dard for assessing response in solid malignan-
cies. We also review the important criticisms of 
RECIST, and we describe incremental modifi ca-
tions of RECIST that have been deployed in vari-
ous tumor types. 

2.5.1     RECIST 

 Imaging-based tumor size measurement assess-
ment guidelines for solid malignancies were fi rst 
codifi ed in the 1980 World Health Organization 
criteria [ 13 ] and were revised as the Response 
Evaluation Criteria in Solid Tumors (RECIST) 
in 2000 [ 14 ] and RECIST 1.1 in 2009 [ 15 ]. The 
Macdonald criteria for supratentorial malig-
nant glioma were proposed in 1990 [ 16 ]. The 
International Working Group (IWG) or Cheson 
criteria for hematologic malignancies were fi rst 
issued in 1999 [ 17 ] and were revised in 2007 
[ 18 ]. These response assessment tools have 
enjoyed widespread utilization in the scientifi c, 
industrial, and regulatory communities, and new 
drug approval applications routinely include 
results using these imaging biomarkers to sup-
port effi cacy claims. 

 RECIST was explicitly designed for use in 
phase 2 clinical trials (although it is used at other 
stages in drug development and even clinically) 
and is essentially a guideline for assessing tumor 
response and progression based on changes in 
anatomical tumor burden over time. RECIST 
specifi es criteria for categorizing lesions on base-
line (i.e., pretreatment) imaging as either “target” 
or “nontarget” lesions, with the former to be fol-
lowed with successive quantitative size measure-
ments and the latter to be followed qualitatively. 
At follow-up imaging (i.e., during treatment), 
lesion burden is reassessed in standardized fash-
ion, with target lesions reevaluated as the sum of 
their unidimensional size measurements and non-
target lesions reevaluated subjectively according 
to changes perceived by the reviewer. At each 
imaging timepoint (typically a predetermined 
follow-up interval specifi ed in the study proto-
col), patients are assigned one of four response 
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categories: complete response (CR), partial 
response (PR), stable disease (SD), or progres-
sive disease (PD). These patient-level response 
categories can then be used to construct summary 
trial endpoints including objective response rate 
(ORR, i.e., the percentage of patients achieving 
either PR or CR), time to progression (TTP, i.e., 
average time until PD), and progression-free sur-
vival (PFS, i.e., average time until PD or death). 

 As present time, most clinical trial protocols 
for solid malignancies specify one or more of 
these RECIST-derived imaging biomarkers as 
endpoints for assessing effi cacy of the investiga-
tional agent. Although ORR is still widely uti-
lized, PFS and other “time-to-event” biomarkers 
are increasingly incorporated as primary effi cacy 
endpoints, especially in late-stage randomized 
clinical trials [ 19 ]. Recent National Cancer 
Institute (NCI) task force recommendations have 
specifi cally encouraged the use of PFS as a pri-
mary effi cacy endpoint in phase 2 clinical trials 
[ 20 ]. The ascendancy of PFS has paralleled the 
introduction of cytostatic agents into the thera-
peutic armamentarium; these agents, in contrast 
to traditional cytotoxic agents, result in cell cycle 
arrest rather than cell death and may be less likely 
to produce gross tumor shrinkage, although 
patients may benefi t from a delay in tumor pro-
gression which would be captured in PFS but not 
in ORR.  

2.5.2     Problems with Size-Based 
Biomarkers 

 How well do tumor size-based biomarkers per-
form for response assessment? In the phase 2 
clinical trial setting, ORR is generally accepted 
as a valid indicator of antitumor effi cacy because 
objective responses are infrequent in the absence 
of effi cacious treatment [ 21 ]. There also exists a 
small but important literature linking objective 
tumor response to clinical survival benefi t [ 22 , 
 23 ], to success in later-stage clinical testing [ 24 ], 
and to future regulatory approval [ 25 ]. In gen-
eral, however, tumor shrinkage is considered an 
unreliable surrogate for survival, one that may 
either overestimate or underestimate a drug’s 

effect on the relevant clinical endpoint [ 15 ,  26 ] 
and one that may have a different correlation 
with survival in different tumor types or with dif-
ferent drug agents [ 25 ,  27 ]. PFS, meanwhile, has 
been correlated with survival only in certain 
tumor types (particular advanced colorectal and 
ovarian cancers) [ 28 ], and biostatisticians have 
cautioned against extrapolating survival associa-
tions even in these tumor types to novel antican-
cer therapies [ 27 ]. Although tumor size-based 
endpoints have become an important basis for 
oncology drug regulatory approval [ 21 ,  29 ], there 
have been several high-profi le examples of 
authorities having granted accelerated approval 
to new anticancer drugs based on tumor size 
measurement data, only to rescind or narrow the 
approval as postmarketing data failed to show a 
survival benefi t; notable examples include U.S. 
Food and Drug Administration (FDA) approvals 
of gefi tinib (Iressa) for non-small cell lung can-
cer and, more recently, bevacizumab (Avastin) 
for metastatic breast cancer. 

 The shortcomings of RECIST have been well 
publicized [ 30 ,  31 ] and fall into two general 
categories: practical problems with its imple-
mentation and more fundamental objections to 
a size-based approach to response assessment. 
Practical problems with implementing RECIST 
include diffi culties choosing target lesions repre-
sentative of total tumor burden, the need to assess 
many lesions on a qualitative and subjective 
basis, and high intraobserver and interobserver 
variability for heterogeneous lesions or lesions 
with irregular borders [ 32 ]. Single-axis measure-
ments as dictated by RECIST may not adequately 
capture size changes in nonspherical lesions or 
lesions with asymmetric growth. Lesions along 
curved surfaces, abutting other organs, or adja-
cent to other pathology may be diffi cult to mea-
sure by RECIST guidelines. Finally, the use of 
categorical rather than continuous response vari-
ables may sacrifi ce statistical power. 

 A more fundamental objection to RECIST is 
that an exclusive focus on tumor size may 
exclude other potentially meaningful features, 
including morphologic, compositional, and 
functional parameters that may provide a more 
comprehensive assessment of tumor status. 
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Tumor size change may lag weeks to months 
behind a tumor biological response or may never 
occur at all. Size measurement criteria may 
therefore underestimate or fail to capture antitu-
mor effi cacy, especially of newer targeted agents 
that produce a cytostatic rather than cytotoxic 
effect. 

 These considerations are motivating ongoing 
efforts within the oncologic imaging community 
to improve upon current tumor size measurement 
biomarkers. These efforts fall into two general 
categories: incremental modifi cations to size- 
based biomarkers and novel imaging techniques 
reporting on parameters other than tumor size.  

2.5.3     Incremental Modifi cations 
to Tumor Size Measurement 
Techniques 

 Other important modifi cations of tumor size mea-
surement techniques under current investigation 
include three-dimensional volumetric measure-
ment approaches [ 33 ] and customized response 
assessment guidelines tailored to specifi c tumor 
types. Examples of the latter include the Choi 
criteria for gastrointestinal stromal tumors [ 34 ], 
the modifi ed RECIST (mRECIST) criteria for 
hepatocellular carcinoma [ 35 ], and the immune-
related response criteria (irRC) for melanoma 
immune modulator therapies [ 36 ]. 

 In addition, the RECIST and IWG criteria 
themselves are dynamic systems that continue to 
evolve and incorporate new techniques. The most 
recent IWG criteria incorporate fl uorodeoxyglu-
cose positron emission tomography (FDG-PET) 
on a variable basis depending on the FDG avidity 
of the lymphoma subtype [ 18 ]. RECIST 1.1 also 
incorporates FDG-PET, albeit on a limited basis 
as an indicator of disease progression [ 15 ]. In 
general, despite much enthusiasm for the poten-
tial of metabolic imaging, response assessment 
guidelines have been slow to incorporate FDG- 
PET, especially for solid malignancies. This is 
due, at least in part, to the great challenge in opti-
mizing and standardizing techniques to enable 
comparable results to be obtained by different 
vendors and institutions.   

2.6     Emerging Techniques 

 The cancer imaging community is actively 
engaged in developing new oncologic imag-
ing biomarkers based on advanced methods of 
tumor characterization. Development of new 
biomarker tools has proceeded across several dif-
ferent modalities, but in general all of the newer 
methods aim to interrogate for functional, molec-
ular, or compositional changes that may report 
on tumor response earlier and/or with greater 
specifi city than conventional methods. Emerging 
techniques providing candidate biomarkers 
include perfusion imaging (including dynamic 
contrast enhancement-MRI (DCE-MRI), perfu-
sion CT, and microbubble contrast ultrasound 
techniques), diffusion imaging (including newer 
whole-body MR diffusion approaches), advanced 
imaging tools for molecular compositional anal-
ysis (including MR spectroscopy, magnetization 
transfer, and chemical exchange saturation trans-
fer techniques), new elastography approaches 
(both MR and ultrasound based), and hybrid 
techniques facilitating registration of functional 
and anatomical information (including PET-CT 
and PET-MR). A brief introduction is presented 
here, but the reader is referred to other chapters 
in this volume for more detailed information on 
these techniques. 

2.6.1     Imaging Methods Reporting 
on Vascular Status 

 When a malignant tumor reaches approximately 
1–2 mm 3  in volume, it can no longer rely on the 
passive diffusion of metabolites from host tissue 
blood vessels in order to continue to proliferate, 
so new vasculature must develop in order for the 
tumor to continue to thrive [ 37 ,  38 ]. This process 
of neovascularization or angiogenesis is a signa-
ture of neoplasms and one of the principal poten-
tial targets for quantitative imaging [ 39 ]. In 
contrast to mature blood vessels that are the result 
of normal physiologic processes, tumor vessels 
produced by angiogenesis are characteristically 
leaky, fragile, and incompletely formed. It is 
believed that virtually all solid tumors are 
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 dependent upon angiogenesis for survival [ 40 ] 
and many anti-angiogenic drugs are currently in 
clinical trials [ 41 ]. Thus, methods for imaging 
and quantitatively assessing this phenomenon are 
quite promising as biomarkers for application in 
preclinical and clinical studies. 

 Currently, one of the most widely employed 
methods for characterizing tumor neovasculature 
is DCE-MRI. (Other important methods for inter-
rogating tumor vascularity include contrast- 
enhanced CT [ 42 ] and microbubble enhanced 
sonography [ 43 ].) Changes in the parameters 
obtained from DCE-MRI can be used to assess 
vascular changes within a tumor and, in particu-
lar, how a tumor is responding to treatment. The 
method is based on measurements and pharma-
cokinetic models of how a (typically) gadolinium 
based contrast agent perfuses through such ves-
sels. Healthy vessels in normal tissues may be 
characterized by a range of parameters measur-
ing blood fl ow, vessel permeability, and tissue 
volume fractions (i.e., fractions of a given sample 
of tissue that can be attributed to intravascular or 
extravascular space). These parameters are 
known to be different in vessels associated with 
tumors. Furthermore, as tumor blood vessels are 
known to change in response to anti-angiogenic 
drugs, the method provides a way of quantifying 
those changes. It is thus a plausible hypothesis 
that parameters measuring treatment induced 
changes in pathologic vessels will be predictive 
of response at an earlier time than changes in lon-
gest dimension. Indeed, many studies across a 
range of tumor types have shown just that.  

2.6.2     Imaging Methods Reporting 
on Cell Density 

 Perhaps the most basic defi nition of cancer is that 
it is a set of diseases characterized by unregulated 
cell growth and proliferation. Furthermore, since 
many anticancer drugs have as their ultimate goal 
destruction of tumor cells, imaging methods sen-
sitive to changes to tissue cellularity are of great 
importance. The typical application of histology 

and molecular biology in  living  systems is some-
what limited as it cannot provide a noninvasive 
deep tissue visualization of cells and molecules 
of interest. In particular, the visualization of cel-
lular and molecular activity in animals normally 
requires the sacrifi ce and destruction of the 
organism to allow for analysis by histology and 
molecular biology. The development of cellular 
and molecular imaging techniques has begun to 
bridge this gap. 

 Two of the most promising methods for 
noninvasively probing tissue cellularity are 
diffusion- weighted magnetic resonance imag-
ing (DW-MRI) to probe tissue cellularity and 
fl uorodeoxythymidine- PET (FLT-PET) to image 
cell proliferation. DW-MRI exploits the micro-
scopic thermally induced behavior of molecules 
moving in a random pattern, i.e., self-diffusion 
or Brownian motion. The rate of diffusion in cel-
lular tissues is described by means of an apparent 
diffusion coeffi cient (ADC) that largely depends 
on the number and separation of barriers that a 
diffusing water molecule encounters. DW-MRI 
methods have been developed to map the ADC, 
and in well-controlled situations the variations in 
ADC have been shown to correlate inversely with 
tissue cellularity [ 44 ]. Many studies, both pre-
clinical and clinical, have shown that exposure 
of tumors to chemotherapy leads to measurable 
increases in water diffusion in cases of favorable 
treatment response [ 45 ,  46 ]. 

 FLT-PET exploits the increased uptake of thy-
midine in malignant tumors. Thymidine is a 
native nucleoside taken up by cells via surface 
nucleoside transporters and phosphorylated 
inside the cell by thymidine kinase 1 (TK1) into 
thymidine monophosphate. TK1 activity is 
upregulated during active DNA synthesis. FLT 
works in an analogous fashion: FLT is phosphor-
ylated by TK1 into FLT monophosphate which is 
subsequently modifi ed into FLT diphosphonate 
and triphosphonate by thymidylate kinase and 
diphosphate kinase, respectively. As FLT triphos-
phonate cannot be incorporated into the growing 
DNA chain, there will be an accumulation of FLT 
mono-, di-, and trisphosphate in such cells, thus 

R.G. Abramson and T.E. Yankeelov



37

forming the basis of FLT-PET imaging of cell 
proliferation [ 47 ]. FLT-PET is thus a promising 
biomarker for cell proliferation in both preclini-
cal and clinical studies.  

2.6.3     Imaging Methods Reporting 
on Metabolic Events 

 The PET radiotracer most frequently used in 
clinical practice is fl uorodeoxyglucose (FDG). 
As a glucose analogue, FDG is taken up by tumor 
cells via the GLUT1 and GLUT3 transporters 
and phosphorylated by hexokinase to FDG-6- 
phosphate. However, unlike glucose-6- phosphate, 
FDG-6-phosphate is not metabolized further in the 
glycolytic pathway and therefore remains trapped 
intracellularly because tumor cells do not have 
a signifi cant amount of glucose-6- phosphatase 
to reverse this reaction. As the rate of glucose 
metabolism can differ signifi cantly between 
healthy and malignant tissues, FDG can selec-
tively accumulate in tumors, and quantifi cation of 
this accumulation is a biomarker of tumor glucose 
metabolism. As discussed above, FDG- PET has 
been incorporated into the most recent response 
assessment guidelines for both solid and hemato-
logic malignancies, but further incorporation into 
RECIST has been deferred pending development 
of further image acquisition and analysis stan-
dards. The PET community has taken bold steps 
in proposing a preliminary independent metabolic 
response standard, the PET Response Criteria in 
Solid Tumors (PERCIST) [ 48 ]. 

 Magnetic resonance spectroscopy (MRS) can 
noninvasively provide data on the presence and 
relative concentrations of different metabolites in 
tumors [ 49 ]. MRS imaging (MRSI) extends this 
approach to provide spatial resolution of metabo-
lite concentrations at the cost (typically) of 
increased scan time and reduced signal-to-noise 
ratios. These techniques have been employed for 
several decades to detect the altered metabolic 
signatures of cancer cells in both the diagnostic 
and prognostic settings. In particular, many 
malignancies demonstrate elevated levels of 

 choline (due to increased membrane turnover in 
proliferating tumor cells) and lactate (due to 
increased anaerobic glycolysis).   

2.7      Evaluation of Imaging 
Biomarkers as Surrogate 
Endpoints for Clinical Trials 

 As new imaging biomarkers advance to the point 
of possible adoption into clinical trials, investiga-
tors must contend with achieving the proper level 
of evaluation to assure that the biomarker is pro-
viding valuable information to its users. Just as 
different biomarkers might be appropriately 
deployed at different stages in the drug develop-
ment process, there may be different require-
ments for biomarker evaluation depending on the 
intended use of the biomarker itself. In early- 
stage clinical studies, trial sponsors may deter-
mine for themselves whether an imaging 
biomarker is biologically relevant and has been 
suffi ciently evaluated so as to be useful for inter-
nal decision making [ 6 ]. Conversely, if imaging 
biomarker data is to be collected for submission 
to regulatory authorities as part of a drug approval 
application, that biomarker data will be accepted 
as evidence of drug effi cacy only if the biomarker 
has been previously evaluated and confi rmed to 
be a valid or at least reasonably likely surrogate 
endpoint [ 21 ]. This section discusses the bio-
marker evaluation framework proposed by the 
IOM as it pertains to imaging biomarkers and 
surrogate endpoints for cancer clinical trials. We 
also briefl y discuss the regulatory perspective. 

2.7.1     The IOM Biomarker Evaluation 
Framework 

 The IOM framework establishes three discrete 
steps in the biomarker evaluation process: ana-
lytical validation, qualifi cation, and utilization. 
 Analytical validation  involves demonstration 
that the biomarker can be reliably measured. For 
a biomarker to be analytically valid, its detection 
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and/or quantitative measurement must be accu-
rate, reproducible across multiple clinical set-
tings, and feasible over time [ 2 ]. Analytical 
validation of a biomarker includes generation of 
data on limits of detection, limits of quantifi ca-
tion, and reference normal values. 

 A particular component of analytical valida-
tion that is underexplored, and critical to the 
acceptance of quantitative imaging biomarkers, 
is the repeatability and reproducibility of indi-
vidual measures. Repeatability concerns variabil-
ity in successive measurements (made by the 
same operator) and defi nes the difference 
between two scans that can be attributed to proto-
col and noise as opposed to true physiological 
changes. Reproducibility is defi ned as the degree 
of agreement between measurements made by 
different operators and is specifi ed in several 
parameters including the 95 % confi dence inter-
val (CI) of the mean, which denotes the inter-user 
variability of the group mean parameter value. 
Measuring institutional repeatability and elabo-
rating rigorous imaging protocols to ensure 
reproducibility are both important to inform 
comparisons between imaging sessions separated 
in time and are both crucial to enable calculation 
of the magnitude of observed effect required to 
conclude that a true biological change has 
occurred (e.g., in assessing the response of tumor 
to therapeutic intervention). Unfortunately, there 
is a fairly limited literature on the repeatability 
and reproducibility of quantitative imaging met-
rics. For example efforts in MRI or PET, the 
interested reader is referred to [ 50 – 54 ] and [ 55 –
 57 ], respectively. 

  Qualifi cation  involves objective demonstra-
tion that the biomarker is associated with the 
clinical endpoint of concern. While the exact 
requirements for establishing this relationship 
have evolved over time and remain a subject of 
much debate and research, the current consensus 
is that qualifi cation can be based on a “correla-
tion approach”: the biomarker should be prog-
nostic for disease outcome in the absence of 
treatment, and the effect of intervention on the 
surrogate should be suffi ciently correlated with 
the effect on the true endpoint [ 27 ]. With respect 
to the latter criterion, Prentice originally pro-

posed that the biomarker must capture the full 
range of the treatment effect [ 58 ], but this require-
ment has been recognized as too strict to be prac-
tically useful and has been replaced with the 
criterion that the biomarker captures a substantial 
portion of the treatment effect, for example, more 
than 50 % [ 59 ]. Sargent et al. note that demon-
strating correlation between a prospective bio-
marker and a clinical endpoint is not suffi cient to 
qualify the biomarker, as such a correlation may 
be a result of prognostic factors infl uencing both 
the biomarker and clinical endpoint rather than 
the result of a similar treatment effect on both 
variables; rather, the true test for biomarker valid-
ity is whether it captures treatment effect at the 
trial level, as assessed by a meta-analysis of 
phase 3 trials in which both variables are mea-
sured [ 59 ]. 

 A number of challenges exist for validation of 
imaging biomarkers using this statistical con-
struct. First, even with a planned meta-analysis 
of several trials, it is diffi cult to obtain adequate 
power to show that a substantial portion of the 
treatment effect at the trial level is captured by 
the prospective biomarker [ 59 ]. Second, separate 
qualifi cation of surrogate endpoints is required in 
the setting of different treatments; i.e., if a bio-
marker is qualifi ed as a surrogate endpoint with 
respect to one treatment, it cannot be assumed 
that it is automatically qualifi ed as a surrogate 
when evaluating a novel treatment with a differ-
ent mechanism of action [ 27 ]. Third, this qualifi -
cation approach assumes consensus on the 
appropriate clinical endpoint, which may not 
always be present. In particular, many observers 
have called attention to the diffi culties in using 
overall survival as the primary clinical endpoint 
in solid tumors for which several lines of treat-
ment may be available and have proposed instead 
that PFS may be a more appropriate endpoint for 
many phase 3 clinical trials [ 10 ]. 

  Utilization  involves assessment of biomarker 
performance in the specifi c context of its pro-
posed use. From a pragmatic point of view, can-
didate biomarkers may be evaluated not solely 
on the basis of statistical qualifi cation but also 
with respect to their biological plausibility and 
clinical usefulness [ 60 ]. Lassere has proposed 
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a formal schema for grading the surrogacy 
relationships between proposed biomarkers 
and clinical endpoints based on a weighted 
evaluation of biological, epidemiological, 
statistical, clinical trial, and risk- benefi t evi-
dence [ 61 ]. Even if an imaging biomarker is 
well correlated with clinical response, it may 
not demonstrate important drug side effects or 
toxicities [ 9 ]; the utilization component of the 
IOM framework therefore provides for a holis-
tic assessment of a biomarker’s usefulness for 
decision making.  

2.7.2     The Regulatory Perspective 

 Regulatory considerations have had profound 
infl uence on the incorporation of imaging bio-
markers into oncology clinical trials, especially 
during late-phase drug development. This section 
provides a brief history of how the regulatory 
perspective on imaging biomarkers has evolved, 
with a focus on the U.S. FDA. A detailed review 
of requirements from different agencies is beyond 
the scope of this chapter. 

 Two different routes are available for FDA 
approval of a new therapeutic agent: regular 
approval and accelerated approval. In the 1970s, 
before the creation of accelerated approval, the 
FDA commonly granted regular approval for 
cancer drugs based on ORR as determined either 
by imaging or by physical examination measure-
ments. During the mid-1980s, however, the FDA 
determined that regular approval for cancer drugs 
should require more direct evidence of clinical 
benefi t, particularly improved survival, improved 
quality of life, or improvement in an established 
surrogate for at least one of these [ 21 ]. Over the 
next decade, several endpoints were established 
as acceptable surrogates for clinical benefi t, 
including improved disease-free survival (DFS) 
in selected adjuvant settings, durable CR in leu-
kemia, and a high substantiated ORR in select 
solid tumors, provided that ORR data are consid-
ered alongside response duration, drug toxicity, 
and relief of tumor-related symptoms. It should 
be emphasized, therefore, that the require-
ment for established surrogacy of nonclinical 

 endpoints did not eliminate drug approvals based 
on imaging biomarker data; indeed, improved 
ORR in conjunction with improvement in symp-
toms and adequate response duration has contin-
ued to support regular approval in several clinical 
settings [ 62 ]. 

 The accelerated approval route was created in 
1992, partially in response to public demand for 
quicker approval of new anticancer drugs. 
Accelerated approval allows for the consider-
ation of surrogate endpoints that are “reasonably 
likely” to predict clinical benefi t, a lower stan-
dard than that required for regular approval. 
A drug is approved under the accelerated approval 
regulations on the condition that the manufac-
turer conducts postmarketing studies to verify 
and describe the actual clinical benefi t. If post-
marketing studies fail to demonstrate clinical 
benefi t, the drug may be removed from market 
under an expedited process. ORR has been the 
most commonly used nonclinical endpoint in 
support of accelerated approval [ 62 ]. 

 A review of FDA cancer drug approvals 
between 1990 and 2002 showed that out of 71 
total approvals, 57 were regular approvals and 14 
were accelerated approvals. Thirty-nine out of 
the 57 regular approvals (68 %) were based on 
endpoints other than survival, mostly ORR but 
also DFS and TTP, occasionally but not always 
supplemented by evidence of relief of tumor- 
based symptoms. All 14 of the accelerated 
approvals were based on surrogate endpoints, 
again mostly ORR but also DFS and TTP [ 21 ]. 

 Over the past decade, both the FDA and the 
European Medicines Agency (EMA) have hosted 
several workshops on biomarkers and surrogate 
endpoints in new drug development [ 63 ,  64 ]. The 
FDA has also established a public-private 
Biomarkers Consortium, including representa-
tion from the FDA, NIH, and pharmaceutical 
industry, seeking to identify and qualify new and 
existing biomarkers [ 65 ]. Both the FDA and 
EMA routinely issue guidance documents to 
industry on biomarker-related topics including 
methods of demonstrating drug effi cacy [ 66 ], 
appropriate endpoints for cancer clinical trials 
[ 62 ], and considerations for adaptive design clin-
ical trials [ 67 ].   
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    Conclusion 

 Imaging biomarkers hold great potential for 
streamlining drug development and optimiz-
ing clinical care, but there is much to be done 
in order to develop, validate, and standardize 
emerging methods before they can be accepted 
as surrogate endpoints in multicenter trials. 
Ideally, biomarker development would be 
closely coupled with development of candi-
date compounds [ 11 ], but add-on costs have 
been a signifi cant barrier, especially in clinical 
trials [ 68 ]. Part of the challenge has now been 
taken up by multiple government-industry 
partnerships, including the Quantitative 
Imaging Biomarker Alliance (QIBA), orga-
nized by the Radiological Society of North 
America (RSNA); the NCI’s Quantitative 
Imaging Network (QIN); and the FDA and 
EMA biomarker consortia mentioned above. 
In the USA, the recent merging of the Eastern 
Cooperative Oncology Group (ECOG) with 
the American College of Radiology Imaging 
Network (ACRIN) provides an additional 
promising venue for advancing imaging bio-
markers in oncology. 

 While traditional size-based imaging bio-
markers will likely remain the dominant non- 
survival endpoints for the foreseeable future, 
major efforts are now being directed toward 
pushing response assessment beyond anatom-
ical and morphological imaging to more fun-
damental metrics at the physiological, 
cellular, and molecular levels. These concepts 
will be developed more fully in subsequent 
chapters.     
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3.1         Introduction 

 Molecular imaging allows the visual represen-
tation, characterization, and quantifi cation of 
biological processes at the cellular and subcel-
lular levels within intact living organisms [ 1 ]. 
Although molecular imaging has existed for 
many years, thanks to advances in numerous 
fi elds, including molecular and cell biology, 
physics, engineering, and computer science, its 
scope has expanded dramatically over the past 
decade and is continuously growing. Not only are 
there now multiple imaging technologies created 
specifi cally for molecular imaging (e.g., SPECT, 
PET, and optical imaging modalities), there are 
also a plethora of methods to apply modali-
ties originally created for anatomic imaging to 
directly or indirectly image biological processes; 
examples of the latter include the many forms 
of functional MRI, such as MR spectroscopic 
imaging (MRSI), diffusion-weighted MRI, and 
dynamic contrast-enhanced MRI [ 2 – 5 ]. 

 MRSI allows the acquisition and spatial local-
ization of metabolic data. In oncology, it is used 
to identify tumors based on their metabolic signa-
tures [ 6 ]. For example, cancer in the brain may be 
detected based on changes in the relative concen-
trations of lactate, choline, and  N -acetylaspartate 
[ 7 ]. The spatial and spectral resolution of MRSI, 
though limited, has been steadily increasing with 
improvements in software and MRI technology 
(e.g., higher magnetic fi eld strengths). 

 DW-MRI, which measures water movement in 
biological tissues, is another promising technique 
for oncologic imaging that is quickly evolving [ 8 , 
 9 ]. Within a highly cellular environment, water 
diffusion is restricted. Thus, solid tissues with 
high cellularity (e.g., tumor tissues, cytotoxic 
edema, abscess, and fi brosis) display higher 
DWI signal intensity and lower apparent diffu-
sion coeffi cient (ADC) values than do less dense 
tissues [ 8 – 10 ]. Clinically, DW-MRI is used to 
detect, characterize, and stage tumors (Fig.  3.1 ); 
distinguish tumors from surrounding tissues; pre-
dict and monitor response to therapy; and evalu-
ate tumor recurrence [ 11 – 14 ]. The development 
of stronger diffusion gradients, faster imaging 
sequences, and improvements in hardware have 
allowed DWI to be extended to whole-body 

imaging, which has been particularly useful in 
oncology [ 10 ].

   To provide “multiparametric MRI,” MRSI and 
DW-MRI are at times used in conjunction with 
each other or with dynamic contrast- enhanced 
MRI (DCE-MRI) [ 8 ]. For DCE-MRI, images are 
acquired repeatedly as a contrast agent passes 
through tissue, providing potentially useful infor-
mation about blood fl ow and vascularization. 
With certain cancer treatments, changes in tumor 
vascularity that refl ect treatment response may be 
visible on DCE-MRI before tumor size changes 
can be discerned on anatomic imaging. Thus, 
DCE-MRI appears to be a promising source of 
predictive biomarkers and has been used for early 
treatment response assessment in patients treated 
with anti- angiogenesis drugs, chemotherapy, 
and other therapies [ 15 – 19 ]. The role of DCE-
MRI in clinical practice has been limited by the 
relatively small number of patients in many pub-
lished trials, the use of widely varying acquisi-
tion techniques and modeled parameters, as well 
as the use of diverse disease endpoints. Current 
attempts to standardize DCE-MRI will help to 
address these issues in the future [ 8 ,  20 ]. 

 Novel technologies for in vivo molecular 
imaging include new tools for Raman spectros-
copy, which can distinguish specifi c molecular 
compositions based on the wavelengths of pho-
tons with which they have interacted [ 21 ]. In 
addition, equipment for a process called “dynamic 
nuclear polarization” (DNP) has just entered the 
clinical research arena [ 22 ]. MR signal is propor-
tional to nuclear spin polarization (the difference 
in the fraction of nuclei aligned with or against an 
applied magnetic fi eld); such polarization is typi-
cally very small, making it a challenge to image 
nuclei other than protons, which are readily 
apparent only because of their natural abundance 
in the body [ 22 ]. DNP makes it possible to image 
nuclei such as  15 N or  13 C rapidly and with high 
sensitivity by temporarily “hyperpolarizing” 
them [ 22 ]. After the administration of a hyperpo-
larized agent such as [1- 13 C]pyruvate, the agent 
itself, as well as its metabolic products, can be 
depicted with MRI technology. 

 At present, PET (which is typically combined 
with CT to provide anatomical context) is the 
most versatile molecular imaging technology 
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  Fig. 3.1    Forty-four-year-old woman with stage IVA cer-
vical cancer with pelvic lymph node metastasis. Sagittal 
( a ) and axial ( b ,  c ) T2-weighted images demonstrate the 
tumor ( arrow ) invading the posterior bladder wall and an 

external iliac lymph node on the right ( arrowhead ). Fused 
diffusion-weighted and T2-weighted images ( d ,  e ) dem-
onstrate restricted diffusion in the tumor ( arrow ) as well 
as in the metastatic lymph node ( arrowhead )         
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available. Not only can it detect and quantify 
abnormal molecular activity throughout the body, 
it can be applied with a wide range of molecular 
imaging probes [ 23 ].  

3.2    Current and Emerging 
Applications for Molecular 
Imaging in Oncology 

 The most important imaging modalities in 
oncology today are CT, MRI, and PET/CT. 
Compared to CT and PET/CT, MRI has impor-
tant advantages, such as the lack of radiation 
exposure, high spatial and temporal resolution, 
superior soft tissue contrast, and the capacity 
for multiparametric imaging. Though it is still 
limited to the research setting, MRI with hyper-
polarized molecules allows detailed studies of 
tumor metabolism not only in preclinical models 
but also in humans. MR/PET imaging (Fig.  3.2 ) 
offers the potential for robust, joint structural, 
functional, and molecular imaging assessment 
of a wide variety of tumors, as it allows PET 
techniques to be combined with the broad array 
of MRI techniques – including hyperpolarized 
MRI. As such, it promises to markedly enhance 
cancer detection and characterization, treatment 
planning, response prediction, and response 
assessment, and it could help optimize the devel-
opment of new drugs by noninvasively providing 
in vivo quantitative data about their pharmacoki-
netics and pharmacodynamics [ 24 ]. Where pos-

sible, the substitution of MR/PET for PET/CT 
would also reduce radiation exposure, which is 
highly desirable for all patients and especially 
for pediatric patients and those who undergo 
multiple examinations.

3.2.1      Imaging in the Era 
of Genetic Medicine 

 Developing and validating quantitative imaging 
biomarkers that refl ect underlying histologic and/
or genomic features may provide a novel way of 
noninvasively assessing tumor heterogeneity and 
predicting drug response or resistance in oncol-
ogy. The advent of molecularly targeted therapy 
and anti-angiogenic strategies has heightened 
the need for sensitive biomarkers for predicting 
treatment response and outcome, as resistance 
to chemotherapeutics and targeted therapies is 
common. Genetic intratumoral heterogeneity 
may contribute to treatment failure by initiating 
phenotypic diversity that introduces tumor sam-
pling bias and enables drug resistance to emerge. 
In patients with primary and metastatic renal cell 
carcinoma, multiregion genetic analyses showed 
that spatially heterogeneous somatic mutations 
and chromosomal imbalances lead to phenotypic 
intratumoral diversity and that a single tumor 
biopsy specimen reveals a minority of the genetic 
aberrations present in an entire tumor [ 25 ]. Using 
phylogenic tree analysis to evaluate the relation-
ships between tumor deposits in patients with 

a b

  Fig. 3.2    Patient with clear cell carcinoma, Fuhrman grade 
II/IV. Coronal T2-weighted MR image ( a ) shows a renal 
mass at the left upper pole. Fused iodine-124-labeled cg250 

PET/T2-weighted MR image ( b ) demonstrates tracer 
uptake within this renal mass ( arrowhead ). Pathology con-
fi rmed the presence of a clear cell carcinoma       
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ovarian cancer, Cowin et al. [ 26 ] found substan-
tial copy number differences between metastatic 
deposits within individual patients and identifi ed 
signaling pathways plausibly linked to peritoneal 
dissemination and establishment of metastatic 
foci. Signifi cantly greater genomic change was 
observed in patients who experienced relapse 
after responding to chemotherapy than in patients 
who were resistant from the outset, possibly 
refl ecting the requirement for selection of a sub-
population of resistant cells in cases initially sen-
sitive to treatment [ 26 ]. 

 Morphological heterogeneity between and 
within tumors is readily apparent in clinical 
imaging; subjective expressions of these dif-
ferences, such as spiculated, enhancing, and 
necrotic, are common descriptors in the imag-
ing lexicon. In the past several years, imaging 
research has focused on quantifying these image 
features in an effort to understand their biologi-
cal and clinical implications. More recently, in 
an approach referred to as “radiogenomics,” 
quantitative shape, border, and texture analysis 
features (radiomics) obtained from CT, MRI, 
and PET have been correlated with genomic data 
and outcome data with the goal of developing 
robust biomarkers. Following extraction of more 
than 100 CT imaging features, Segal et al. [ 27 ] 
found that a subset of 14 features predicted 80 % 
of the gene expression pattern in hepatocellular 
carcinoma. A similar extraction of features from 
MRI of glioblastoma was able to predict protein 
expression patterns [ 28 ]. Radiomic features such 
as texture can predict response to therapy in renal 
cancer [ 29 ] and overall survival in primary [ 30 ] 
and metastatic colon cancer [ 31 ]. Analysis of 
heterogeneity on DCE-MRI and DW-MRI has 
been shown to improve diagnosis and assessment 
of prognosis for several tumor types [ 32 – 35 ]. 
Furthermore, measures of metabolic heterogene-
ity at baseline PET were able to predict response 
to chemoradiotherapy in patients with esopha-
geal cancer [ 36 ]. 

 Although radiomics analyses have shown a 
high degree of prognostic power, they are not 
spatially explicit. Radiomic features are gener-
ated over the entire tumor, using the assumption 
that tumors are heterogeneous but well mixed. 

However, it is readily apparent from DCE-MRI 
that perfusion can vary markedly within spa-
tially distant tumor subregions that may rep-
resent distinct phenotypic habitats. Therefore, 
image- guided multiregional tumor analysis 
may be required to fully characterize tumor 
heterogeneity.  

3.2.2    Contributions of Molecular 
Imaging in Treatment 
Selection and Planning 

 Optical imaging techniques have been developed 
to guide minimally invasive procedures (e.g., 
involving endoscopy or robotic techniques) as 
well as conventional surgical procedures. The 
use of fl uorescence during routine endoscopic 
screening examinations in the gastrointestinal, 
bronchial, and urinary tracts is proving to be 
invaluable for detecting occult dysplastic lesions 
[ 37 ]. Furthermore, intraoperative optical imaging 
using fl uorescence has been applied for tumor 
margin delineation and to identify malignant 
nodes. For example, optical imaging after the 
injection of indocyanine green (ICG) has been 
used to delineate tumors in patients with brain 
cancers as well as to map sentinel lymph nodes in 
patients with breast cancer [ 38 ,  39 ]. Recent 
research suggests that in ovarian cancer, tumor- 
specifi c intraoperative fl uorescence imaging 
using a folate receptor-targeted fl uorescent agent 
may improve intraoperative staging and allow 
more radical cytoreductive surgery [ 40 ]. 

 Nanoparticle-based probes that contain more 
than one type of targeting component offer pos-
sibilities for applying multiple molecular imag-
ing modalities in quick succession to improve 
gross tumor resection as well as subsequent fi ne 
margin resection. For instance, in studies using 
animal models, one probe tested allowed glio-
sarcomas to be identifi ed by both preoperative 
MRI and intraoperative optical imaging [ 41 ], 
while another allowed visualization of glioma 
by MRI, photoacoustic imaging, and Raman 
imaging [ 42 ]. 

 Molecular imaging can play an important role 
in radiotherapy planning. Higher radiation doses 
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can be selectively applied in areas of tumor that 
show high metabolic activity and are therefore 
likely to represent especially aggressive disease. 
For example, FDG-PET/CT-based radiation 
planning for lymph nodes has been found to 
change the radiotherapy fi eld in 21–25 % of 
patients with lung cancer [ 43 – 45 ]. In a study of 
41 patients with head and neck cancer, the radia-
tion boost dose was markedly increased and tar-
geted at the tumors with the highest FDG avidity 
[ 46 ]. The study indicated that a boost dose of 
3.0 Gy/fraction to ≤10 cm 3  could be safely 
applied to the FDG-avid regions during the fi rst 2 
weeks of conventionally fractionated IMRT. A 
majority of local relapses occurred within the 
FDG-avid regions that had received elevated 
doses, suggesting that FDG avidity is a marker of 
the likelihood of relapse [ 46 ]. Randomized con-
trolled trials comparing conventional and PET- 
based radiotherapy of locally advanced non-small 
cell lung cancer are ongoing (PETPLAN, 
NCT00697333; RTOG-1106, NCT01507428). 
These trials will investigate whether local control 
rates and side effects are improved by PET-based 
radiation treatment planning. 

 Fluoro- l -thymidine (FLT)-PET/CT can nonin-
vasively measure tumor cell proliferation and can 
detect early radiotherapy response. For example, 
in head and neck cancer patients, rapidly decreas-
ing FLT-PET SUVs have been observed during 
the course of radiotherapy. Conceivably, the radi-
ation dose could be boosted in selected tumor 
areas with high proliferative activity identifi ed by 
FLT-PET [ 47 ]. 

 In organs such as the brain, where the accu-
racy of FDG-PET/CT is limited, MRS or PET 
with radiolabeled amino acids can provide an 
alternative means for guiding radiotherapy based 
on molecular information. The presence of meta-
bolic abnormalities on MRS consistent with 
tumor outside of the target volume of Gamma 
knife radiosurgery is associated with signifi cantly 
shorter overall survival [ 48 ]. Tumor volumes 
defi ned by PET with the radiolabeled amino acid 
analog fl uoroethyltyrosine (FET) are markedly 
different from those defi ned by contrast enhance-
ment or FLAIR signal abnormalities on MRI 
(Fig.  3.3 ) [ 49 ,  50 ]. A randomized controlled trial 

comparing amino-acid PET-based radiation treat-
ment planning with MRI-based radiation treat-
ment planning is ongoing (GLIAA, 
NCT01252459). This trial will determine 
whether progression-free survival is improved by 
PET- based radiotherapy.

   Various techniques are available for imag-
ing tumor hypoxia, which increases resis-
tance to radiotherapy and chemotherapy [ 51 , 
 52 ]. These techniques include PET with trac-
ers such as [ 18 F]fl uoro-misonidazole (FMISO), 
[ 18 F]fluoroazomycin- arabinofuranoside, or 
[ 60/64 Cu]copper(II)-diacetyl-bis( N  4 - methy-
lthiosemicarbazone  (ATSM), as well as blood 
oxygen level-dependent (BOLD) MR imaging, 
which detects hypoxia based on an increase in 
the transverse relaxation rate (R2*) of water 
caused by the paramagnetic effect of endogenous 
   deoxyhemoglobin [ 53 ,  54 ]. Studies are ongoing 
that evaluate whether local control rates can be 
improved by applying higher radiation doses to 
hypoxic tumor subvolumes [ 55 ]. However, it 
remains an open question whether the size and 
location of hypoxic volumes remains stable in 
untreated tumors and during radiotherapy. 

 Imaging of hypoxia has also shown promise 
for guiding the use of chemotherapeutic drugs 
that specifi cally act on hypoxic tumors (Fig.  3.4 ): 
The hypoxia-selective drug tirapazamine was not 
benefi cial in unselected head and neck cancer 
patients but only in the subgroup of patients with 
FMISO-PET-positive tumors [ 56 ,  57 ] .

3.2.3       The Role of Molecular Imaging 
in Treatment Follow-Up 

 It is essential to be able to detect and localize 
residual and recurrent cancers so that timely and 
appropriate salvage therapy can be administered. 
However, posttreatment changes (e.g., loss of 
normal anatomy or the formation of scar tissue) 
often hamper the identifi cation of such cancers by 
conventional cross-sectional imaging. By adding 
metabolic to morphologic information, molecular 
imaging can help to distinguish recurrent or resid-
ual disease. The use of FDG-PET for further eval-
uation of patients with clinically suspected tumor 
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recurrence is well established in many malignan-
cies including head and neck squamous cell carci-
nomas, lung cancer, rectal cancer, and ovarian 
cancer. In these patients PET/CT can guide local 

therapeutic strategies such as resection of solitary 
liver metastases [ 49 ,  58 – 63 ]. However, the role 
FDG-PET for surveillance in asymptomatic 
patients needs further study. In patients with a low 

a

c

b

  Fig. 3.3    Value of PET with  18 F-fl uoroethyltyrosine ( 18 F-
FET) in recurrent glioblastoma. T1-weighted MRI ( a ) 
shows a left frontal contrast-enhancing lesion, lateral to 
the resection defect. After 2 months of treatment with 
bevacizumab, T1-weighted MRI ( b ) shows a marked 

reduction of contrast enhancement but a growing tumor 
mass.  18 F-FET PET demonstrates metabolically active, 
viable tumor tissue in the left frontal lobe as well as adja-
cent to the left ventricle ( c ), illustrating the ability of  18 F-
FET PET to depict the infi ltrative growth of brain tumors       
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risk of recurrence, the positive predictive value of 
FDG-PET may be too low to be clinically useful. 
Conversely, it has not been proven in randomized 
trials that early detection of asymptomatic recur-
rences by FDG-PET improves outcome. 

 MRS can also be a useful supplement to ana-
tomic imaging in the search for recurrence. Studies 
have demonstrated its ability to help differentiate 
locally recurrent prostate cancer from benign and 
necrotic tissue after radiation treatment (Fig.  3.5 ) 
[ 65 ], hormone deprivation therapy [ 66 ], and cryo-
surgery [ 67 ]. DW-MRI and DCE-MRI are also 
very useful in evaluating local recurrence of pros-
tate cancer and have been incorporated in routine 
clinical practice (Fig.  3.6 ) [ 68 ,  69 ].

    For detection of lymph node and bone metas-
tases, PET/CT with radiolabeled choline ([ 11 C]
choline) or choline analogs ([ 18 F]choline or [ 18 F]
fl uoroethylcholine) (Fig.  3.7 ) has been found to 
yield promising results in patients with recurrent 
prostate cancer [ 70 – 72 ]. Choline PET/CT can 
detect metastatic prostate cancer at low PSA lev-
els and may guide local therapies such as second-
ary lymph node dissection [ 70 ,  71 ].

   The use of FDG-PET to monitor tumor 
response to therapy is well established in 
Hodgkin’s lymphoma (Fig.  3.8 ) and aggressive 
non-Hodgkin’s lymphomas. In these diseases, 
response status is now predominantly dependent 
on the FDG-PET fi ndings. PET is also increas-
ingly used in lymphomas and many solid tumors 
to determine tumor response early in the course 
of therapy.

   PET-guided response-adapted therapy has been 
most extensively studied in Hodgkin’s lymphoma 
and diffuse large B-cell lymphoma. Several stud-

ies have shown that tumor response after two to 
three cycles of chemotherapy is strongly predic-
tive of progression-free survival [ 73 ]. Thus, treat-
ment may be intensifi ed in patients without a 
metabolic response on PET or de-escalated in 
patients with a favorable response on PET. 

 Response-adapted therapies are also being 
explored in solid tumors. In esophageal can-
cer quantitative changes in tumor FDG uptake 
after 2 weeks of preoperative chemotherapy 
were shown to be predictive of histopathologic 
response and progression-free and overall sur-
vival. Based on these data, a phase II study 
evaluated response- adapted therapy in patients 
with locally advanced distal esophageal cancer 
[ 74 ]. In patients for whom PET failed to show 
a metabolic response, neoadjuvant chemother-
apy was stopped after 2 weeks of therapy and 
immediate surgical resection was performed. In 
contrast, patients with a metabolic response on 
PET received the full 3 months of preoperative 
chemotherapy. The results of the study indi-
cated that response- adapted therapy is feasible 
and enriches the histopathologic response rate 
in the group of patients classifi ed as metabolic 
responders. These patients demonstrated excel-
lent progression-free and overall survival. In the 
group of metabolic  nonresponders, progression-
free survival and overall survival were not infe-
rior to historic controls who were treated with 
3 months of chemotherapy irrespective of their 
response on PET. Ongoing studies are evaluating 
whether outcome of metabolic nonresponders 
can be improved by changing chemotherapy 
early in the course of treatment (CALGB-80803, 
NCT01333033). 

  Fig. 3.4    Monitoring of tumor hypoxia in oropharyngeal 
cancer during radiotherapy with 18F-fl uoro-misonidazole 
( 18 F-FMISO) PET (axial and sagittal PET images are 
shown). The untreated tumor (0 Gy,  left ) shows high 

tracer uptake indicating the presence of hypoxia. During 
treatment (14 Gy,  middle , and 58 Gy  right ) there is a rapid 
decrease of FMISO uptake consistent with resolution of 
hypoxia       
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  Fig. 3.5    Local prostate cancer 
recurrence after external beam 
radiation therapy, detected with 
MR imaging and MR spectros-
copy. This 63-year-old patient 
had increasing PSA levels 66 
months after completion of 
external beam radiation therapy. 
( a ) Transverse T2-weighted MR 
image (4000/96, 14-mm fi eld of 
view, 3.0-mm section thickness, 
no intersection gap, 256 × 192 
matrix, and four signals acquired) 
with overlaid MR spectroscopic 
grid; spectra obtained in 
the prostate apex are shown in 
( b ). A suspicious focal nodular 
region of reduced signal intensity 
at T2-weighted MR imaging was 
observed on the right side ( arrow  
in  a ) (Adapted and reprinted 
from Pucar et al. [ 64 ])       

a b

  Fig. 3.6    Sixty-nine-year-old patient with biopsy-proven 
prostate cancer (Gleason score 3 + 4) in the right mid-
gland. The cancer is not clearly visible on the T2-weighted 
image ( a ). On the parametric map of K trans  ( b ), the ADC 
map ( c ,  b  = 0, 1,000 mm 2 /s), and on the fused presentation 

of the T2-weighted image and the K trans  parametric map 
( d ), the tumor ( arrowheads ) is clearly identifi able. Note 
the hypointense peripheral zone on the T2-weighted 
image ( a ) caused by post-radiation changes (Reprinted 
from Donati et al. [ 68 ])       
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 A novel approach to study tumor metabolism 
during therapy is MRI with hyperpolarized, 
 13 C-labeled, metabolic substrates. For example, 
animal studies have suggested that by detect-
ing changes in lactate levels, such metabolic 
imaging may be useful for monitoring tumor 
response to therapy for lymphoma and brain 

tumors [ 22 ,  75 ]. Hyperpolarized [1- 13 C]pyru-
vate has also been found to distinguish early-
stage prostate cancer from late-stage prostate 
cancer based on lactate levels [ 22 ]. The fi rst 
clinical trial of MRI with hyperpolarized [1- 13 C]
pyruvate was recently conducted in patients 
with prostate cancer.   

  Fig. 3.7    Detection    of lymph node metastases of  prostate 
cancer (Gleason score 8) by  18 F-fl uoroethylcholine 
PET/CT. The PET/CT images show focal uptake in 

 normal-sized lymph nodes in the left common iliac and 
the left paraaortic areas ( red arrows )       

c d

Fig. 3.6 (continued)
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3.3    Molecular Imaging 
in Drug Development 

 Many novel cancer drugs bind to specifi c tar-
gets, such as protein kinase domains or cell 
surface antigens. It is possible to convert these 
therapeutics into molecular imaging probes by 
 radiolabeling. Examples include erlotinib, a drug 
which inhibits EGFR and has a remarkable inhib-
itory effect on lung cancers with a mutated form 
of the EGFR kinase domain, and trastuzumab, 
an anti-Her- 2 antibody [ 76 ,  77 ]. However, it can 
be challenging to develop imaging based on this 
approach because the unspecifi c binding of the 

drug may be greater than the specifi c binding, 
especially for small molecules targeting intracel-
lular targets. For androgen and estrogen recep-
tors, specifi c ligands are available that allow 
noninvasive imaging of receptor expression as 
well as monitoring of therapies that target these 
two classes of receptors [ 78 – 80 ].  

3.4    Theranostics 

 Theranostics describes the use of a diagnostic 
test to assess the presence of a molecular target in 
order to determine the suitability–and in some 

a b

  Fig. 3.8     18 F-FDG-PET in Hodgkin’s lymphoma before 
( a ) and after ( b ) two cycles of chemotherapy. The maxi-
mum intensity projection images demonstrate a complete 

metabolic response indicating a favorable response to 
chemotherapy       
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cases guide the application–of a particular ther-
apy. While the term “theranostics” is new, the 
concept has been used for many years in nuclear 
medicine for diagnosis and therapy of thyroid 
disorders. In fact, the fi rst report of radioiodine 
treatment of metastatic thyroid cancer from 1946 
used measurement of radioiodine uptake by the 
metastasis to guide therapy with radioiodine. 

 Theranostics can be practiced by perform-
ing in vitro testing and selecting in vivo therapy 
based on the test results [ 81 ]. The most estab-
lished examples of this approach are probably 
HER-2 testing of breast cancer tissue before the 
 administration of trastuzumab and determina-
tion of the presence of EGFR kinase mutations 
before therapy of non-small cell lung cancer 
with erlotinib or gefi tinib [ 82 ,  83 ]. A funda-
mental limitation of this in vitro diagnostic–in 
vivo therapeutic approach is the fact that only 
a small sample of the tumor can be tested in 
vitro. Frequently this sample has also been 
obtained at the time of initial therapy and may 
not refl ect the biology of metastatic disease at 
the time of recurrence. Considering the well-
known genetic instability and heterogeneity of 
most malignant tumors, a whole-body imag-
ing approach to detect the presence or absence 
of a molecular marker in all metastatic lesions 
has many advantages compared to the in vitro 
diagnostic approach. Such an approach is cur-
rently being studied clinically in patients with 
castration-resistant metastatic prostate cancer. 
In this disease androgen receptor imaging with 
FDHT PET/CT can be used for the selection 
and monitoring of treatment with an androgen 
receptor antagonist [ 80 ]. The most sophisticated 
theranostic approach is perhaps one that com-
bines in vivo diagnosis with therapy. Receptor-
targeting radiopeptides have been developed 
for imaging and treating tumors that overex-
press peptide receptors. The biodistribution and 
tumor uptake of these peptides can be assessed 
noninvasively by imaging, and radiation doses 
to tumor and normal organs can be determined. 
Based on these data patients can be selected for 
radiopeptide therapy and the amount of radio-
activity that can be safely administered can 
be determined. Imaging can then be used to 

monitor tumor response to therapy (Fig.  3.9 ) 
and detect disease recurrence [ 84 ]. Agents that 
enable similar theranostic approaches are also 
being developed using nanoparticles [ 85 ]. These 
particles can accumulate in malignant tumors by 
a very common characteristic of malignancy – 
the enhanced permeability and retention (EPR) 
effect that is caused by the immature tumor 
vasculature. Uptake can be increased and made 
more specifi c by linking the particles to ligands, 
antibody fragments, peptides, or small mol-
ecules. A  specifi c advantage of nanoparticles as 
compared to antibodies or peptides is that they 
can easily be designed to permit multimodality 
imaging, for example, when a particle that can 
be detected optically is labeled with a radionu-
clide that is it detectable by PET [ 85 ,  86 ]. The 
production of multivalent and multiparametric 
nanoparticles loaded with different targeting 
moieties, contrast agents, and drugs may permit 
the design of highly personalized therapies [ 87 ].

3.5       Integrated Diagnostics 

 While molecular imaging-based diagnostics and 
theranostics have several important strengths, a 
fundamental limitation is their restricted capac-
ity for multiparametric characterization. Using 
the techniques of modern genetics, it has become 
feasible to assess the expression of thousands 
of genes simultaneously and to sequence the 
whole genome of cancer cells. Compared to this 
depth of information, the capabilities of PET 
and SPECT, as well as those of MRI and opti-
cal imaging, are currently very limited. This is 
unlikely to change fundamentally in the fore-
seeable future. Conversely, the fundamental 
strengths of molecular imaging are the capacity 
for whole-body imaging and noninvasive moni-
toring of changes over time. Because in vitro and 
in vivo tests can provide different, complemen-
tary types of information, the integration of in 
vivo molecular imaging approaches with in vitro 
tests is expected to be of great value for advancing 
cancer care [ 85 ,  88 ]. The goal of such integrated 
diagnostics is to maximize the patient-specifi c 
information that can be used to design optimal, 
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personalized therapies. This should include mor-
phologic, functional, and molecular data and will 
require close collaborations between imaging 
disciplines, genetics, and pathology.  

3.6    Summary 

 Molecular imaging is already contributing to 
improvements in cancer care, and its impor-
tance will continue to grow as the new paradigm 
of molecularly based medicine takes hold. The 
spectrum of molecular imaging tools that are 
currently available or emerging is wide, rang-
ing from handheld optical imaging tools to 
 whole- body scanners; existing techniques are 
continuously evolving, and new ones are con-
stantly being developed. As a result, there is 
scarcely any aspect of oncology that is likely to 
remain uninfl uenced by molecular imaging in the 
future. Perhaps the most important strength of 
molecular imaging for advancing cancer care is 
its ability to evaluate entire tumors in vivo, thus 

capturing the heterogeneity of tumor biology 
both within and between tumor deposits in the 
same patient. This ability makes it invaluable for 
selecting, planning, and adjusting therapies, as 
well as for advancing the understanding of dis-
ease processes and the development and testing 
of new treatments.     
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     Abbreviations 

   AA-PET    Amino acid PET   
  CT    Computed tomography   
  CTV    Clinical target volume   
  FDG    Fluoro-deoxyglucose      
  GTV    Gross tumor volume   
  IMRT     Intensity-modulated radiation 

therapy   
  MRI    Magnetic resonance imaging   
  OAR    Organ at risk   
  PET    Positron emission tomography   
  PTV    Planning target volume   
  RT    Radiotherapy   
  SRT, SBRT     Stereotactic (body) radiotherapy   
  SUV    Standardized uptake value   
  TNM    Tumor staging system   

4.1           Introduction 

 During the last 20 years, an impressing technical 
progress has led to a new defi nition of radiation 
oncology. Today, the radiation oncologist is a 
main contributor to curative treatment in virtu-
ally all cancers. Radiotherapy is a very effective 
local treatment in the primary, neoadjuvant, and 
adjuvant treatment situation of cancer patients 
(Table  4.1 ). Radiotherapy alone, also enhanced 
by chemotherapy, is a curative treatment option in 
primary tumors of the brain, head and neck, lung, 
esophagus, prostate, bladder, uterus, anal canal, 
and skin. In the neoadjuvant setting,  radiotherapy 
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is, e.g., the standard treatment for rectal cancer 
and operable tumors of the lung, esophagus, and 
sarcoma. In the adjuvant situation, radiotherapy 
is essential for the cure of breast cancer and 
after resection of tumors of the head and neck, 
lung, esophagus, stomach, prostate, and uterus. 
Radiotherapy is furthermore a relevant treat-
ment option in lymphoma and pediatric tumors. 
In addition, increasingly effective palliation can 
safely be achieved by radiation treatment, e.g., 
for locally advanced tumors of the head and neck, 

chest, and pelvis as well as for metastases in the 
brain, bone, lung, and liver.

   The technical progress of recent years has 
been made possible by advancing computational 
resources leading to improved planning and 
application technologies and by congenial engi-
neering developments like multi-leaf collimators 
and on-site positioning control. However, all 
these developments would not have been possible 
without medical imaging (Fig.  4.1 ). By the 1980s, 
CT was integrated into radiotherapy planning [ 1 ]. 

   Table 4.1    Examples for the curative or locally curative role of radiotherapy in interdisciplinary treatment concepts for 
oncologic patients   

 Tumor/location 
 Radiotherapy indications 
(by rising stage) a  

 Other components of 
multimodal therapy 

 Aim of 
treatment 

 Main imaging modality 
used b  

 Glioma  Adjuvant RT/RCT  Resection  Cure  MRI 
 Defi nitive RT/RCT  Chemotherapy 

 Brain metastases  Radiosurgery  Resection  Local control  MRI 
 SFRT  Chemotherapy 

 Head and neck cancer  Defi nitive RT  Resection  Cure  MRI 
 Adjuvant RT/RCT  Chemotherapy  CT 
 Defi nitive RCT  FDG-PET 

 Breast cancer  Adjuvant RT  Resection  Cure  Mammography 
 Endocrine therapy  CT 
 Chemotherapy 

 Lung cancer  SBRT  Resection  Cure  CT 
 Neoadjuvant RT  Chemotherapy  FDG-PET 
 Adjuvant RT 
 Defi nitive RCT 

 Lung metastases  SBRT  Resection  Local control  CT 
 Chemotherapy  FDG-PET 

 Esophagus carcinoma  Defi nitive RT 
(brachytherapy) 

 Resection  Cure  CT 

 Neoadjuvant RCT  Chemotherapy  FDG-PET 
 Defi nitive RCT 

 Liver metastases  SBRT  Resection  Local control  MRI 
 Chemotherapy 

 Rectal cancer  Adjuvant RT  Resection  Cure  CT 
 Neoadjuvant RT  Chemotherapy  MRI 

 Prostate cancer  Defi nitive RT  Resection  Cure  CT 
 Adjuvant RT  Endocrine therapy  MRI 
 RT of recurrence 

 Gynecologic tumors  Defi nitive RT  Resection  Cure  CT 
 Adjuvant RCT  Chemotherapy  MRI 
 Defi nitive RCT (all 
including brachytherapy) 

   a  RT  radiotherapy,  RCT  radiochemotherapy,  SBRT  stereotactic body radiotherapy 
  b  CT  computed tomography,  MRI  magnetic resonance tomography,  PET  positron emission tomography  
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While the fi rst intentions were rather aimed at 
better geometrical and physical treatment plan-
ning (until today, CT tissue density data are used 
for the calculation of beam attenuation within the 
patient), it became obvious very soon that the 
(patho)anatomical informations could also be 
used for target defi nition and normal tissue iden-
tifi cation. This has triggered the development of 
modern target volume concepts and planning 
techniques. Today, we have highly precise tech-
nologies of treatment planning an delivery avail-
able, e.g., intensity-modulated radiation therapy 
(IMRT) and stereotactic radiotherapy (SRT, 
SBRT), which enable safe high-dose treatment of 
precisely defi ned target volumes with simultane-
ous sparing of normal tissues [ 2 ]. IMRT tech-
niques enable the radiation oncologist to spare 
organs like the spinal cord or the parotid glands 
while giving therapeutic radiation doses to neigh-
boring tumors, e.g., in the head and neck area [ 3 ]. 
It is possible to spare the rectum and the bladder 
while giving high-dose curative treatment to 
prostate cancer [ 4 ] and to cure benign tumors of 
the base of the skull with a minimum of neuro-
logical late sequelae [ 5 ]. Stereotactic  radiotherapy 
of brain metastases preserves the quality of life of 

many of cancer patients without neuropsycho-
logical toxicity [ 6 ,  7 ], while stereotactic radio-
therapy of localized lung cancers in inoperable 
patients has improved the prognosis of this 
patient group on an epidemiologically  measurable 
scale [ 8 ].

   Modern IMRT techniques have also opened 
the door to the application of various dose levels 
within one treatment. Practical implementations 
are simultaneously integrated boost techniques, 
where, e.g., the macroscopic tumor and the areas 
of assumed microscopic spread are covered by 
high- and intermediate-dose ranges (Fig.  4.2 ) [ 9 ]. 
Beyond this, the so-called dose painting has 
become possible, where radiotherapy adaptation 
within a given target can be defi ned by biological 
properties of certain sub-volumes. Using IMRT, 
e.g., hypoxic regions within a tumor assumed to 
be radioresistant, might be treated with dose pre-
scriptions on the basis of hypoxia-PET imaging 
[ 10 ]. This is a very interesting fi eld for the use of 
molecular imaging techniques for radiotherapy. 
First studies in the head and neck tumors pres-
ently address this option [ 11 ]; however, clinical 
outcome data have to be awaited before introduc-
ing these techniques into clinical practice.
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  Fig. 4.1    Role of imaging in the radiotherapy process: the  arrows  showing the various feedback slopes triggered by 
often imaging based information       
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   The new particle beam technologies like pro-
ton and heavy ion therapies promise even better 
dose distributions. Due to their physical proper-
ties, the treatment dose can be delivered to a very 
confi ned area with perfect sparing especially of 
the normal tissues behind the target. However, 
being very sensitive to the physical properties of 
the tissue, these methods also rely on imaging as 
a prerequisite for successful treatment planning 
and delivery [ 12 ]. 

 Re-irradiation has been largely avoided in the 
past, due to the risk of severe normal tissue toxic-
ity. But with a more precise defi nition and 3D 
dose documentation together with growing clini-
cal and radiobiological knowledge, re-irradiation 
can now also be given more frequently, provided 
that restaging reveals localized tumor progres-
sion and the area of progression can be defi ned 
clearly (Fig.  4.3 ) [ 13 – 17 ].

   Overall, in the light of all these new possi-
bilities, accurate staging and depiction of the 
geometry of malignant spread are a prerequi-
site for effective and precise radiotherapy 
applications. While very high doses are given 
inside of target volumes, a rather low exposure 
is often achieved in their direct neighborhood 
(Fig.  4.4 ). Technical and interpretational imag-
ing errors may directly translate to impaired 
local tumor control and/or increased risk for 
normal tissue toxicity. Furthermore, erroneous 
interpretation of posttreatment changes may 
lead to unnecessary interventions and patient 
discomfort.

   This chapter will go through the relevant 
applications of imaging in radiotherapy and aims 
at increasing the awareness of the reader about 
radiotherapy specifi c questions and requirements 
for molecular imaging.  

a

c

b

  Fig. 4.2    IMRT-based simultaneous integrated boost tech-
nique: three-plane view ( a ,  b ,  c ) of an RT-treatment plan 
for the curative simultaneous radiochemotherapy of a 
patient with anal cancer. 54 Gy are given to the primary 

tumor and 45 Gy to the nodal CTV. Note the high dose 
prescribed to the primary tumor ( red  isodoses) is given 
simultaneously to the medium-dose treatment to the adju-
vant nodal areas ( yellow  isodoses)       
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4.2     Diagnosis/Staging 

 Imaging is mandatory in the process of diag-
nosis and staging of tumors, as this is a pre-
requisite for interdisciplinary guideline-based 
treatment decisions. The decision for the appro-
priate  radiotherapy concept cannot be made 
without adequate imaging. Obviously, a local 
aggressive treatment with curative option like ste-
reotactic radiotherapy will only be of benefi t for 
the patient in a metastasis-free situation. During 
initial evaluation of the benefi t of improved stag-
ing, several groups reported that the detection of 
unexpected metastases by FDG-PET often led to 
a palliative rather than a curative concept with less 
unnecessary interventions in incurable situations 
[ 18 – 22 ]. However, the early accurate diagnosis of 
patients in an oligo-metastatic situation has also 
led to the discussion of new locally curative treat-
ment concepts for this population, and fi rst data 
on long-term survivors have been published [ 23 ]. 
The advances in molecular imaging, e.g., the use 
of FDG-PET/CT for solid tumors, have therefore 
signifi cantly improved patient care (Fig.  4.5 ). It 
has been shown, that the mere fact, to have per-
formed a FDG PET during the staging of a cancer 
patient can be a prognostic factor by itself [ 24 ].

   Although histology is a prerequisite for 
oncologic decision making, there may be cer-
tain situations in which the decision for radio-
therapy can be based on imaging alone, e.g., 
repeated chest CT + FDG-PET/CT in medically 
inoperable patients with small lung cancers. 
Although controversially discussed, it has been 
shown that missing histology in cases with clear 
imaging based diagnosis is prognostically irrel-
evant [ 25 ]. 

 In contrast, further information derived from 
imaging may be of prognostic signifi cance. 
Beyond TNM staging information, data derived 
from molecular imaging like SUVmax, metabolic 
volume [ 26 ], imaging assessed tumor hypoxia 
[ 27 ], perfusion parameters and MRI- spectroscopic 
parameters [ 28 ], have been shown to predict out-
come. Like prognostic indices based on pretreat-
ment data (lymphoma, breast cancer scores), 
these factors might be used to stratify treatments 
in the future. However, such concepts will need to 
be tested in clinical trials before general use. 

a

b

  Fig. 4.3    Re-irradiation of a patient with metachronous 
pulmonary metastases of colon cancer in axial ( a ) and 
coronal ( b ) plane. The actual target volume of IMRT-
SBRT to a metastasis near the thoracic wall ( red arrow ) 
lies in direct neighborhood of the former treatment vol-
ume ( white arrow ) now showing post-RT fi brosis. The 
IMRT technique enables the avoidance of the former 
high-dose area ( light blue  isodose)       

  Fig. 4.4    IMRT plan of a patient with pleural mesotheli-
oma. Note that high-dose areas ( red arrow ) are very con-
fi ned to the PTV ( pink  contour), while the neighboring 
thoracic wall ( white arrow ) and the right kidney ( yellow  
contour) receive far lower doses. In case of erroneous tar-
get volume delineation, the risk for a local recurrence in 
the  white arrow  area would be high       
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 In this context, it is important to know that the 
timing of imaging for radiotherapy needs to be dis-
cussed together with the initial treatment decision. 
In many cases, radiotherapy treatment volumes 
will relate to initial tumor spread,  irrespective 
of whether radiotherapy will be given as initial 
treatment or in a later, e.g., adjuvant, situation 
or after (induction) chemotherapy. Consequently 
the radiotherapy portals may need to include all 
pretreatment tumor spread. As systemic treatment 
may lead to early decrease of signals from molec-
ular imaging, the lack of a pretreatment scan may 
cause an undertreatment of the patient [ 29 ]. On 
the other hand, tumor progression may be present 
between initial staging and onset of radiotherapy. 
Hence, if imaging is to be used for the planning 
of primary radiotherapy or radiochemotherapy, it 
may be necessary to repeat scans. This has been 
shown impressively by the Melbourne group, who 
reported on a 32 % risk of progression in FDG-
PET within 24 days after initial staging of locally 
advanced lung cancer [ 30 ]. 

 After a decision for radiotherapy has 
been made, the specifi c interest of the radia-
tion  oncologist for further development of his 

 treatment concept lies in the geometry of the 
disease. Firstly, the local situation of the primary 
tumor is highly relevant for the choice of radio-
therapy techniques and achievable doses. Here, 
 molecular imaging, e.g., amino acid PET may 
help in giving the correct topography of brain 
tumors [ 31 ] or FDG-PET in the delineation of 
primary or recurrent head and neck tumors [ 32 ]. 

 Secondly, nodal staging is a crucial topic for 
radiotherapy concepts of many solid tumors. In the 
primary radiotherapy and/or radiochemotherapy of 
most cases with head and neck tumors, lung and 
esophageal cancer, upper abdominal malignancies, 
and pelvic tumors, a certain radiation dose will be 
given to macroscopically unaffected nodal areas, and 
this adjuvant radiotherapy of nodal regions is a main 
contributor for treatment toxicity. Obviously, the 
diagnosis of macroscopic nodal involvement will 
infl uence this treatment decision. Furthermore, the 
accuracy of the staging method used may infl uence 
the target of radiotherapy. A prominent example is 
the omission of large mediastinal target volumes 
in the primary radiochemotherapy for lung cancer 
after the advent of FDG-PET [ 33 ]. In the change of 
adjuvant concepts, beyond diagnostic accuracy, 

a b c

  Fig. 4.5    Serial FDG-PET-CT whole body scans (MIPs) 
showing long-term survival after FDG-PET-based treat-
ment of a 50-year-old woman with non-small cell lung 
cancer. ( a ) Initial situation with T3 N3 M0 NSCLC 
(supraclavicular spread,  white arrows ) before combined 
radiochemotherapy. ( b ) Complete metabolic remission of 

the thoracic tumor 9 months later with diagnosis of a soli-
tary bone metastasis ( red arrow ). ( c ) Complete metabolic 
remission 15 months after radiotherapy of the metastasis 
and bisphosphonate treatment. The patient is alive with-
out recurrence 3 years after initial presentation       
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 several other factors have to be respected: aim of the 
treatment, clinical problem, precision of actual target 
volume concepts, achievable doses to the macro-
scopic tumor leading to the chance of cure, risk pro-
fi le for surrounding normal tissues, and the amount 
of dose compromise caused by radiotherapy of adju-
vant nodal areas. The appreciation of these factors 
may lead to different concepts, for example, due to 
remaining diagnostic uncertainties and normal tissue 
profi les in relation to the chance of cure, FDG-PET- 
based staging did not lead to the omission of adju-
vant nodal treatment in the head and neck tumors or 
in the neoadjuvant radiotherapy of rectal cancer [ 34 ]. 
However, future clinical studies will lead to the elab-
oration of new target volume concepts for many 
tumors based on new (molecular) imaging methods 
after their thorough diagnostic workup.  

4.3     Treatment Planning 
and Application 

 Radiotherapy has the aim to kill tumor cells while 
sparing normal tissues as much as possible. 
Necessary tumor doses and tolerance doses as well 
as fractionation regimes have been elaborated 
through decades of clinical and radiobiological 
research. However, the above-mentioned new tech-
nologies pose new questions to tumor and normal 
tissue dosage concepts. While in the conventionally 
fractionated 3D-radiotherapy area, tumors tended to 
show slow mass shrinkage and normal tissues exhib-
ited locally well- confi ned areas of radiation-induced 
changes, the hypofractionated high-dose treatment 
in SRT/SBRT may cause necrosis and “overkill” 
[ 35 ], while IMRT and the volumetric arc techniques 
may lead to diffuse low-dose irradiation of less con-
fi ned volumes [ 36 ] with new profi les and geometries 
of radiation-induced normal tissue changes. 

 Overall, for radiotherapy treatment planning, 
there are basically two fi elds of interest: the iden-
tifi cation of the topography and geometry of 
 diseased tissue and the correct segmentation of 
the anatomy of normal tissues. 

 For decades, the International Commission on 
Radiation Units and Measurements (ICRU) has 
defi ned evolving standard defi nitions for radio-
therapy target volumes. Their recent recommen-
dations [ 37 ] include (Fig.  4.6 ):

•     The gross tumor volume (GTV), being gross 
demonstrable extend and location of the 
malignant growth, irrespective of the method 
used for its detection.  

•   The clinical target volume (CTV), being a vol-
ume that contains a demonstrable GTV and/or 
subclinical malignant disease that must be 
eliminated.  

•   The planning target volume (PTV) including 
the CTV and the surrounding margin. It is a 
geometrical concept used for treatment plan-
ning and defi ned to ensure that the prescribed 
dose is actually delivered to the CTV with a 
clinically acceptable probability.  

•   The organs-at-risk (OAR) tissues, which if 
irradiated could suffer signifi cant morbidity 
and thus might infl uence the treatment plan-
ning and/or the dose prescription.    
 Besides the impact of imaging on CTV con-

cepts (see above), anatomical and molecular 
imaging will mainly be used for the defi nition 
of the GTV. Here, the approach of the treating 

GTV

CTV

PTV

  Fig. 4.6    Schematic illustration of ICRU target volumes. 
 GTV  gross tumor volume,  CTV  clinical target volume, 
 PTV  planning target volume       
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physician towards the imaging used differs sig-
nifi cantly from that of the diagnostic radiologist. 
While the latter aims at reporting the correct diag-
nosis, supplemented by data relevant for staging, 
the radiation oncologist, who then knows diag-
nosis and staging, seeks for information on the 
geometrical spread of the tumor. Hence, his focus 
will be on the exact borders of the tumor and the 
detailed anatomy of neighboring normal tissues 
in order to provide satisfactory dose coverage. 

 The target volume delineation performed by 
the treating physician is one of the weakest links 
in the radiotherapy chain, being characterized 
by a severe interobserver variability (Fig.  4.7 ) 
[ 38 ]. In target volume delineation, the imaging 
modality applied and the methods used may 
have as signifi cant an impact as the expertise and 
education of the staff involved [ 39 ]. Therefore, 
there is a strong need for diagnostic knowledge 
in  radiation oncology and for interdisciplinary 
research and communication between imaging 
specialists and radiation oncologists. A molecu-
lar imaging method is of interest for the delinea-
tion of gross tumor volume, if it shows a higher 
sensitivity and specifi city for tumor tissue in 
comparison to CT and anatomical MRI. This 
is the case for FDG- PET, e.g., in lung cancer 
[ 29 ], head and neck cancer [ 32 ],  gynecological 
 cancers, and g astrointestinal malignancies; for 

amino acid PET (AA PET) in brain tumors [ 31 , 
 40 ]; for choline PET in prostate cancer [ 41 ]; and 
for somatostatin- receptor PET in neuroendo-
crine tumors. Beyond the depiction of primary 
tumors, PET may be of great help in RT plan-
ning for tumor recurrence or progression after 
initial treatment (see below).

   It should be emphasized that imaging used for 
radiotherapy planning must be co-registered 
accurately with the anatomical reference for 
treatment application, i.e., the planning CT [ 42 ]. 
This is best achieved by scanning the patient in 
planning position (Fig.  4.8 ). If such image data 
are not available, diagnostic images should be 
viewed side by side in order to avoid the delinea-
tion of false volumes caused by incorrect fusion. 
Current recommendations do also not advocate 
nonrigid (i.e., elastic) image fusion for RT plan-
ning purposes, as these techniques have not been 
evaluated for their safety in this context [ 42 ].

   Several studies showed a reduction of 
interobserver variability by the use of molecular 
imaging, mainly FDG-PET, in various tumors 
[ 43 – 45 ]. However, a signifi cant variability 
remains, mainly caused by the blurry appear-
ance of PET images. PET-based GTV delinea-
tion needs some practice and may be assisted by 
clinical protocols and/or automatic or semiauto-
matic image segmentation. 

 In order to reach standardization, several 
groups have developed (semi)automatic methods 
for the generation of PET-based gross tumor vol-
umes (GTVs). Unfortunately, there is no consen-
sus on a commonly accepted method and the 
application of different methods to the same 
lesion will lead to signifi cantly different volumes 
[ 46 ,  47 ]. Therefore, automatic methods should 
only be used after institutional evaluation and 
calibration [ 48 ]. Although new initiatives prom-
ise future solutions of this problem [ 49 ,  50 ], pres-
ently the safest and most practical solution for 
PET-based tumor volumes may be the joint delin-
eation by the radiation oncologist together with 
the nuclear medicine physician [ 42 ]. 

 Historic [ 51 ] and recent [ 31 ,  41 ] examples for 
the possible benefi t of PET-based radiotherapy 
planning in lung cancer, brain tumors, and pros-
tate cancer are given in Figs.  4.9 ,  4.10 , and  4.11 .

  Fig. 4.7    Interobserver variability in target volume delin-
eation: representative axial slice showing a mediastinal 
target volume (to contain left and right UICC/AJCC 
lymph node stations 4) anatomically delineated by seven 
different radiation oncologists using the same protocol 
and atlas. The  colors  mark the number of observers hav-
ing included the respective area into their CTV from  dark 
blue  (1 observer) to  red  (all observers)       
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a b

  Fig. 4.8    Importance of patient position for target volume 
delineation. ( a ) Sagittal reconstruction of the planning CT 
scan of a patient with laryngeal cancer in radiotherapy 
treatment position secured by positioning aid (mask), 
CTV marked in red. ( b ) Sagittal reconstruction of CT 

from the PET/CT scanner of the same patient without 
positioning aid, rigid image fusion with respect to the cer-
vical spine. Note that the anatomical position of the lar-
ynx signifi cantly changes its relation to the  red  CTV 
contour (Courtesy W. Vogel, Amsterdam)       

a b

  Fig. 4.9    Historical case of a patient with complete atelec-
tasis of the right lung treated by external beam radiother-
apy in August 1997 (anterior/posterior fi elds in simulator 
planned 2D technique) with the aim of reopening the right 
main bronchus. ( a ) Simulation fi lm with  rectangular  ante-
rior treatment portal marked in  red . ( b ) Corresponding 
coronal slice of non-attenuation-corrected FDG-PET of 

the same patient showing large FDG accumulation from 
mediastinum to thoracic wall (FDG accumulation marked 
in  orange  on simulator fi lm for orientation). Note that 
large parts of the tumors are not covered by the treatment 
portal, while a large volume of normal tissue is given 
radiotherapy       
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     Concerning movements, there are multiple 
methods to assess and account for organ motion 
during radiotherapy [ 52 ]. All of them involve 
imaging. Overall, respiratory movements must be 
accounted for in the chest and upper abdomen, 
while different organ fi llings cause movements in 
the pelvis. Respiratory movements cause signifi -
cant displacements in lung tumors but also in 
mediastinal structures like esophageal tumors and 
lymph nodes as well as in the upper abdomen 
involving not only the liver but also kidneys and 
the retroperitoneum. In conventional radiotherapy, 
these movements are accounted for by adding a 
population-based margin to the CTV. However, it 
has been shown that these margins often fail, espe-
cially when the planning CT has not been acquired 
with respect to motional status, e.g., depicting the 
snapshot of an extreme breathing position [ 33 ]. 
Therefore, with the advent of high-precision tech-
nologies, the concepts of gating (irradiation only 

during certain parts of the breathing phase) and 
tracking (beam following the target) have been 
explored along with various implant, breath-hold, 
and patient feedback technologies. Target volume 
concepts include the defi nition of the internal tar-
get volume (ITV; Fig.  4.12 ), which again can be 
reduced using certain statistical methods accord-
ing to the probability of tumor presence. All these 
methods rely on initial 4D imaging, mainly 
acquired by CT; some of the methods also need 
in-room monitoring of patient’s breathing. To 
date, none of the available methods can be regarded 
as standard. However, an institutional policy for 
movement compensation is needed for any kind of 
high-precision radiotherapy in chest and upper 
abdomen. In this context, the use of 4D PET and/
or cine-MRI techniques is of high interest and a 
fi eld of intensive research.

   Concerning pelvic movements, in the context 
of radiotherapy of the prostate and the bladder, 

a b

c

  Fig. 4.10    Imaging for radiotherapy planning of a patient 
with PSA recurrence of prostate cancer, 3 years after radi-
cal prostatectomy. ( a ) MRI scan (contrast-enhanced fatsat 
T1 sequence) with focal contrast enhancement ( arrow ) in 
the lateral aspect of the prostatic fossa. ( b ) 18-F-choline 

PET/CT showing corresponding focally increased choline 
uptake ( arrow ). ( c ) Radiotherapy planning CT with cor-
responding GTV (dark blue contour,  arrow ) and sur-
rounding PTV ( pink  color wash) for boost irradiation of 
macroscopic recurrence       

 

U. Nestle and A.-L. Grosu



69

a b

c d

  Fig. 4.11    Imaging for radiotherapy planning of a patient 
with recurrent glioblastoma. ( a ,  b ) Two axial slices of the 
MRI scan (contrast-enhanced T1 sequence) with areas of 
pathological contrast enhancement ( white arrows ). ( c ,  d ) 

Two corresponding slices of the 18-F-ethyltyrosine PET 
scan with signifi cantly increased uptake ( arrows ) far 
beyond the area of MRI contrast enhancement leading to 
increase of the target volume (not shown)       
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the fi lling of bladder and rectum are accounted 
for. This is a focus of the so-called adaptive 
radiotherapy (ART), i.e., the re-optimization of 
treatment plans by modifi cation of initial plan-
ning parameters, which is closely connected to 
image-guided radiotherapy (IGRT, see below) 
[ 53 ]. Ideally, a treatment plan can be chosen daily 
according to the respective varying anatomy [ 54 ]. 
Obviously, such an approach will involve daily 
on-site CT imaging. 

 The irradiation of normal tissues is an impor-
tant topic in the context of radiotherapy. While 
some normal tissues (e.g., bone, skin, connective 
tissue) are rather radioresistant and tolerate thera-
peutic doses when given in a fractionated treat-
ment, others are more radiosensitive (e.g., lung, 
kidney, nerve tissue) and therefore need special 
attention. Beyond the issue of tolerance doses, 
there are differences in the character of radiation 
reactions: “parallel” normal tissues (e.g., liver, 
lung), where radiation-induced damage of a 
small volume may not harm the patient, while 

“serial” tissues (e.g., spinal cord, esophagus) 
may completely lose their function, when only a 
small volume is affected by severe radiotherapy 
toxicity. With respect to this in a time of rising 
doses and precision, it is clear that in order to 
ensure maximum normal tissue sparing, the rele-
vant normal tissues within the area to be treated 
need to be thoroughly delineated. This is a pre-
requisite for the use of modern treatment plan-
ning, e.g., IMRT optimization. Differences in NT 
delineation may directly affect treatment plans 
[ 55 ]. 

 Therefore, a lot of effort is presently being 
invested in the use of atlas-based automatic 
 anatomical normal tissue delineations. While 
some groups have shown the possibility and 
 benefi t of the integration of functional normal tis-
sue data (e.g., lung perfusion) [ 56 ] into the plan-
ning process, molecular imaging methods are not 
widely used for the characterization of normal 
tissues for radiotherapy planning. This is a fi eld 
of future research and improvement. 

a b

c

  Fig. 4.12    Internal target volume (ITV) composed from three CTVs ( red ,  yellow , and  green  contours) of different 
breathing positions in a patient scheduled for stereotactic radiotherapy of the lung       
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 In the technical process of modern radiother-
apy application, imaging plays a major role. 
Modern linear accelerators provide the possibil-
ity to acquire plain X-ray or 3D datasets (e.g., 
cone beam CT) with the possibility to match ana-
tomically to the planned position and automati-
cally reposition the patient before treatment. This 
“image-guided radiotherapy” (IGRT) is one of 
the tools for highly precise treatment delivery 
[ 57 ]. However, as IGRT is based on anatomical 
landmarks, molecular imaging does not play a 
role in this context. Furthermore, the basic use of 
anatomical correlation in treatment planning and 
delivery shows the need for a high-quality co- 
registration of molecular imaging data with anat-
omy if used for radiotherapy.  

4.4     Response Assessment 

4.4.1    Detection of Recurrence 

 Besides IGRT and anatomical ART, molecular 
imaging during treatment is a focus of present 
research. It has been shown that the reduction of 

FDG uptake (Fig.  4.13 ) and the remainder of 
FDG accumulations during radiochemotherapy, 
e.g., of lung cancer, is predictive for the outcome 
after treatment [ 58 ]. As it is clear that the achieve-
ment of a complete tumor remission is related to 
prognosis [ 59 ], ongoing studies investigate, if a 
boost to highly FDG active regions within the 
tumor improves outcome [ 11 ]. Other groups 
address the behavior of hypoxic areas (Fig.  4.14 ) 
during radiotherapy with the aim of dose modifi -
cation to improve outcome [ 60 ]. As in the context 
of systemic treatment, the early assessment of 
tumor response is also an interesting conceptual 
topic for radiotherapy, ongoing clinical studies 
investigate, if the assessment of response during 
radiotherapy (e.g., by FDG- or FLT-PET, by 
apoptosis imaging or perfusion and diffusion 
MRI) may lead to treatment modifi cations, e.g., 
to changes in the dose prescription or possibly to 
the re-discussion of consecutive treatments, e.g., 
to the omission of surgery in patients well 
responding to radiation [ 61 ]. Still, the multicenter 
standardization of response measures is a chal-
lenge. However, the result of these trials may lead 
to solid interdisciplinary concepts and stress the 

a b

c

  Fig. 4.13    Early response FDG-PET/CT predicting late 
CT response in a patient with locally advanced NSCLC. 
( a ) Axial fused FDG-PET/CT depicting the large tumor 
invading the thoracic wall before radiochemotherapy. ( b ) 
Corresponding slice of FDG-PET/CT 2 weeks after start 

of treatment showing signifi cant decrease of FDG accu-
mulation without relevant morphologic changes in CT. ( c ) 
Corresponding slice of FDG-PET/CT 11 months later 
showing a nearly complete metabolic and very good mor-
phologic tumor remission       
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importance of imaging during and after 
radiotherapy.

    Of high interest is furthermore the monitor-
ing of normal tissue changes during radiother-
apy by molecular imaging. DeRuysscher and 
colleagues found a correlation of the FDG 
uptake in normal lung with radiation-induced 
lung disease after treatment [ 62 ]. Other 
authors found a similar correlation and fur-
thermore a correlation of normal tissue 
changes with tumor remission [ 63 ]. However, 
all these data need further investigations 
before they may become part of treatment 
concepts. 

 After completion of radiotherapy or radio-
chemotherapy, imaging will be used to assess 
response and to detect recurrences. For lung 
cancer, a clear survival advantage has been 
shown for complete metabolic responders as 
assessed by FDG-PET [ 63 – 66 ]. The high pre-
dictive value of FDG-PET in the differential 

diagnosis of posttreatment changes and tumor 
recurrence has also been shown in the head and 
neck tumors [ 67 ]. Other applications include 
the imaging characterization of early and late 
normal tissue reactions. As the correct diagno-
sis of radiation-induced normal tissue changes 
is closely related to the treatment geometry, this 
fi eld again requires the close collaboration 
between diagnostic radiologists and radiation 
oncologists. Problems are often caused by radi-
ation-induced infl ammatory changes in normal 
tissues. These may severely hamper imaging 
assessment of tumor response in anatomical as 
well as in molecular imaging (Fig.  4.15 ). 
However, thorough image analysis beyond 
merely measuring the SUV, e.g., including 
image patterns and the knowledge about the 
former radiotherapy dose distribution will often 
lead to correct diagnoses. Molecular imaging 
has been shown to be of help in the differential 
diagnosis between treatment-related changes 

a b

  Fig. 4.14    Hypoxia imaging in a patient with locally 
advanced oropharyngeal carcinoma. ( a ) Axial slice of 
FDG-PET scan showing pathologic FDG uptake in the 
primary tumor ( green arrow ) and a cervical lymph node 

( white arrow ). ( b ) Corresponding slice of 18-F-MISO 
PET scan. Note the relatively low tracer uptake in the pri-
mary tumor ( green arrow ) as compared to the uptake of 
the lymph node ( white arrow )       
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and recurrence, e.g., perfusion MRI and amino 
acid PET in the differential diagnosis of radio-
necrosis versus recurrent glioma [ 68 ].

        Conclusion 

 Imaging is an indispensable part of radiother-
apy practice. With the development of effective 
high- precision technologies, the requirements 
for pre-, interim, and posttreatment imaging 
and the fi elds of their application have 
increased. For the most effective use of imag-
ing in radiation oncology, the interdisciplinary 
exchange on concepts, technologies, and 
mutual demands between the specialists 
involved is required and best ensured by close 
collaboration and joint research.     
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  PC    Prostate cancer   
  pCR    Pathological complete response   
  PCT    Perfusion CT   
  PET    Positron emission tomography   
  RC    Renal cancer   
  SUV    Standardized uptake value   
  VDAs    Vascular disruptive agents   
  VEGF    Vascular endothelial growth factor   
  WB-MRI    Whole-body magnetic resonance 

imaging   

5.1           Introduction 

 Over the last decade, the molecular and genetic 
causes underlying cancer development have been 
unraveled through major advances in genomics, 
proteomics, and metabolomics. It is now clear that 
“tumorigenesis” is a complex, multistep, mul-
tipath process that is many years in the making. 
Genetic content and tumor microenvironment 
determine the appearance of key features expressed 
by the malignant tumor phenotype [ 1 ,  2 ]. The 
major characteristics of cancer are caused by 
deregulation of cell control pathways, such as 
uncontrolled proliferation via sustained prolifera-
tive signaling, evading growth suppressors, resist-
ing cell death and enabled replicative immortality 
together with sustained angiogenesis, and activat-
ing invasion and metastasis formation. Underlying 
these hallmarks is genome instability, which gen-
erates the genetic diversity that facilitates their 
acquisition and infl ammation, which promotes the 
development of multiple hallmark functions [ 1 ,  2 ]. 

 Advances in our understanding of cancer hall-
marks have created great expectations on trans-
lating these discoveries into effective treatments 
for patients. The central pillars of cancer therapy 
have historically been surgery, radiotherapy, che-
motherapy, and hormonal manipulations; but 
recently there has been an emergence of a wide 
range of novel oncologic therapies (NOTs) 
including drugs designed to target and disrupt 
specifi c biological pathways such as antiangio-
genic drugs; vascular disruptive agents; drugs 
interfering with tumor cell surface growth signal-
ling (EGFR-Her2 or KIT receptors); drugs affect-
ing pathways mediating downstream effects of 
EGFR, ALK, and c-KIT (PI3K/Akt/mTOR and 

RAS-RAF-MAPK pathways); novel hormonal 
therapies (HT); immunotherapy (IT); advanced 
forms of radiation therapy (stereotactic radiation 
therapy); and interventional techniques (such as 
embolization or ablation) [ 3 – 7 ]. 

 Currently, imaging infl uences every step of 
routine cancer patient care; and developments in 
functional and molecular imaging (FMI) capa-
bilities have further transformed our perceptions 
of the expressed cancer phenotype. FMI tech-
niques, such as positron emission tomography 
(PET), dynamic contrast medium- enhanced 
MRI (DCE-MRI) and CT (DCE-CT), diffusion-
weighted MRI (DW-MRI), and magnetic reso-
nance spectroscopic imaging (MRSI), are 
important tools for the assessment of tumor hall-
marks providing quantitative biomarkers for the 
noninvasive assessment for tumors in vivo 
[ 6 – 13 ]. Imaging approaches probing physiolog-
ical and molecular processes complement 
detailed structural imaging information. In this 
chapter, we describe the role of clinically avail-
able FMI techniques in the evaluation of novel 
therapy approaches.  

5.2     Cancer Hallmarks and New 
Oncologic Therapies 

 Preclinical discoveries had changed our under-
standing of key biological processes that are 
altered in tumors including angiogenesis, 
metabolism, proliferation, and invasiveness [ 1 ]. 
Translating improved understanding in cancer 
genetic changes to new therapies has opened 
up the possibility of high-precision/personal-
ized cancer therapy based on tumor genotype-
specifi c features. This new therapeutic approach 
has been shown to be successful with clinical 
approval by regulatory authorities for a number 
of new drugs such as imatinib, directed against 
breakpoint cluster region-abelson (BCR-ABL) 
for chronic myeloid leukemia (CML) or against 
mutant c-KIT for gastrointestinal stromal tumor 
(GIST), erlotinib and gefi tinib directed against 
mutant epidermal growth factor receptor (EGFR) 
for non-small cell lung cancer (NSCLC), crizo-
tinib directed against echinoderm microtubule- 
associated protein like 4-anaplastic lymphoma 
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kinase (EML4-ALK) for NSCLC, polyADP- 
ribose polymerase (PARP) inhibitors    in breast 
and ovarian cancers, and vemurafenib directed 
against mutant B-type Raf kinase (BRAF) for 
melanoma [ 3 ,  6 ]. 

    For the successful development and clinical 
deployment of NOTs, it is increasingly important 
to develop imaging techniques that improve deci-
sion making when using and evaluating these 
therapies. Understanding the relationship 
between tumor hallmarks, therapy effects and 
imaging fi ndings is essential to demonstrate clin-
ical effectiveness of novel therapeutic approaches 
(Fig.  5.1 ). Specifi cally FMI techniques will 
increasingly be used because they are able to 
depict time-varying alternations in tumor physi-
ology, biochemistry, and microenvironment in 
response to therapy [ 6 – 13 ].

5.2.1       Tumor Angiogenesis 

 Neoangiogenesis, the formation of new blood 
vessels, is a critical event in tumor growth [ 14 ]. 
Angiogenesis is a multistep process regulated 
by pro- and antiangiogenic factors. In cancer, 
genetic mutations, infl ammatory processes, and 
hypoxia are able to tilt and sustain the angiogenic 

balance towards a pro-angiogenic form [ 14 – 16 ]. 
Angiogenesis is initiated when cells experi-
ence low oxygen tensions and develop adaptive 
responses mediated by the hypoxia-inducible fac-
tor-1a (HIF-1a), which activates the expression 
of vascular endothelial growth factor (VEGF), 
the key central mediator of tumor angiogenesis. 
Upregulation of VEGF pathways has been shown 
in many different tumors [ 14 – 17 ]. Other angio-
genic activators such as placental growth factor 
(PlGF), fi broblast growth factor (FGF), hepato-
cyte growth factor (HGF), and matrix metallo-
proteinases also facilitate the tumor angiogenic 
process. 

 Tumor angiogenesis is sustained and uncon-
trolled and lacks remodelling, ultimately resulting 
in the development of a heterogeneous and disor-
ganized network of tortuous and dilated vessels 
with characteristically show increased microves-
sel permeability. Tumor microvessel hyperperme-
ability to macromolecules is a direct contributor to 
raised hydrostatic interstitial fl uid pressure which 
itself acts as a barrier to successful therapy [ 18 ]. 

 Structural microvessel abnormalities also 
exacerbate the already precarious oxygen supply 
to tumors causing further tumor hypoxia [ 14 – 19 ]. 
Tumors attempt to overcome oxygen defi ciency 
by further overexpressing pro-angiogenic factors 

  Fig. 5.1    Lung carcinoma in a 53-year-old man treated 
with VEGFR agent combined with platinum-based che-
motherapy. New therapies may induce central necrosis 
and cavity formation. Tumor response assessment would 
change if one took into account loss of tumor volume as a 

result of cavitation because RECIST does not capture this 
feature. Pre-therapy CT shows a lung mass in the left 
upper lobe ( arrow ). Post-therapy CT images demonstrate 
extensive cavitation       
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thus creating a vicious feedback cycle of hypoxia- 
abnormal angiogenesis. This abnormal cycling 
via HIF-1a also promotes the development an 
aggressive tumor phenotype prone to spread via 
metastasis pathways [ 2 ]. 

 Tumor angiogenesis is a proven target for anti-
cancer therapy (ACT). In this setting, two distinct 
approaches for antiangiogenesis therapy (AAT) 
in tumors have emerged: inhibition of growth 
factors/signalling pathways necessary for endo-
thelial cells growth and proliferation and thera-
pies that directly target the established tumor 
vasculature. In the latter group, we can include 
vascular disruptive agents (VDAs) but also radio-
therapy. Antiangiogenic target therapies act via 
the inhibition of angiogenesis often mediated by 
VEGF-action blockade. In the short term, they 
may also act through vascular normalization, 
which results in reduction in interstitial fl uid 
pressure and temporary improved tumor oxygen-
ation. VDAs selectively target endothelial cells 
and pericytes of the tumor vasculature [ 18 ] pro-
ducing an acute vascular shutdown and tumor 
necrosis but have not yet been approved for clini-
cal use [ 6 ,  7 ,  16 – 21 ]. Radiation-induced tumor 
cell death is usually attributed to DNA damage to 
tumor cells, thus triggering cell death by apopto-
sis and/or necrosis. However, radiation may also 
cause damage to endothelial cells. Stereotactic 
radiotherapy (SRT), which maximizes radiation 
dose/fraction, can lead to rapid endothelial apop-
tosis and to the obliteration of the tumor vascula-
ture [ 21 ].  

5.2.2     Tumor Metabolism 
and Proliferation 

 Different intracellular pathways are involved in 
tumor proliferation and metabolic activity regula-
tion. The majority of human epithelial cancers are 
noted for upregulation of cell surface receptors 
capable of activation by growth factors includ-
ing those of the epidermal growth factor recep-
tor (EGFR) family, such as EGFR and HER2 
[ 22 ,  23 ]. Given the importance of the EGFR 
pathway in cancer development, both anti-EGFR 
monoclonal antibodies and small-molecule EGFR 
tyrosine kinase receptor inhibitors (TKIs) have 

been developed. KIT receptor also plays critical 
oncogenic roles in a broad spectrum of hema-
tologic and solid tumors controlling various 
cellular processes such as proliferation and dif-
ferentiation, apoptosis, and metabolic tumor 
activity [ 24 ]. Imatinib mesylate inhibits KIT 
kinase activity and represents the front-line drug 
for the treatment of unresectable and advanced 
gastrointestinal stromal tumors (GISTs). Beside 
this, a variety of human malignancies have ana-
plastic lymphoma kinase (ALK) translocations. 
In lung cancers, the presence of a fusion gene, 
EML4-ALK, activates ALK overexpression, 
which contributes to increased cell proliferation 
and survival signalling via a number of intracel-
lular pathways. Lung cancer cell lines harboring 
ALK gene rearrangements are sensitive to ALK 
inhibitor crizotinib [ 25 ,  26 ]. 

 Different pathways mediate downstream 
effects of EGFR, ALK, or KIT pathways, includ-
ing the phosphoinositide-3-kinase/Akt/mamma-
lian target of rapamycin (mTOR) (PI3K/AKT/
mTOR) pathway, which activates cellular sur-
vival signals [ 27 ], and the RAS-RAF-MAPK 
pathway [ 28 ] that affects cell proliferation, tumor 
invasion, and metastasis. Downstream pathways 
are also viable oncologic targets. Several drugs 
such as everolimus or temsirolimus specifi cally 
target the downstream signalling pathway PI3K/
Akt/mTOR in renal carcinoma [ 27 ]. This strategy 
has merit for breast cancer also [ 29 ]. Beside this, 
approximately 40–60 % of malignant melanomas 
contain a BRAF mutation. The RAS family 
members act as critical mediators in cellular 
growth and survival. BRAF inhibitors have 
shown notable activity in patients with mela-
noma with BRAF gene mutations [ 28 ]. 

 Hormonal therapy (HT) constitutes a different 
type of therapy for modulating tumor prolifera-
tion. Steroid hormone growth factors interact 
with nuclear receptors to activate the transcrip-
tion of genes whose products stimulate the 
growth and viability of hormone-dependent 
malignancies [ 30 ,  31 ]. HT blocks the effects of 
hormones in tumors, mainly in breast cancer 
(BC) and in prostate tumors. A number of novel 
hormonal therapies have recently been intro-
duced for the treatment of metastatic breast and 
prostate cancers including drugs targeting the 
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endogenous production of estrogen/testosterone 
and selective estrogen/androgen receptor degrad-
ers (SERDs/SARDs).  

5.2.3     Tumor Invasiveness 

 The receptor tyrosine kinase MET and its ligand, 
hepatocyte growth factor (HGF), regulate multi-
ple cellular processes that stimulate cell prolif-
eration, invasion and angiogenesis. Abnormal 
MET activation and causes por clinical out-
comes. Abnormal MET activation correlates 
with poor prognosis in patients with cancer. 
Thus, MET has emerged as an attractive target 
for cancer therapy. Several MET inhibitors have 
been introduced into the clinic [ 32 ]. Cabozantinib 
(XL184) is a small- molecule kinase inhibitor 
with potent activity towards MET and VEGF 
receptor 2. It is currently being evaluated in a 
number of tumor types with encouraging results 
in prostate cancer (PC) [ 33 ,  34 ].  

5.2.4     Avoid Immune Surveillance 

 Tumor cells are able to evade immune recogni-
tion and suppress immune reactivity despite the 
fact that many tumors elicit a strong immune 
response [ 35 ]. Nevertheless, the immune system 
can respond to some types of tumors that display 
highly immunogenic cancer cell-related anti-
gens. It is also possible to activate the immune 
system into an antitumor state [ 5 ]. 
Immunotherapy has been successfully intro-
duced into the clinic for treatment of metastatic 
prostate and breast tumors, lymphoma, and 
melanoma.   

5.3     Assessment of New Oncologic 
Therapies by Functional 
and Molecular Imaging 

 When considering therapy effects on tumors, 
there appear to be differences in imaging obser-
vations between therapies [ 6 – 13 ,  36 – 41 ]. In 
each case, imaging fi ndings appear to depend on 
 anatomic sites and on interactions between spe-

cifi c tissue microstructure and the mechanism of 
action of therapy given. Traditional oncologic 
therapies, such as chemotherapy or radiother-
apy, do not selectively attack malignant cells, 
but affect proliferating cells regardless of their 
malignant status. These therapies cause cellular 
lysis often via necrosis or apoptotic mechanisms. 
Tumor cell loss will lead to difference changes 
depending on the imaging technique applied. 
On DW-MRI, cellular lysis results in increased 
water diffusion, which increases apparent dif-
fusion coeffi cient (ADC) values [ 36 – 38 ]. 
Chemotherapy and radiotherapy have also been 
shown to have an indirect antivascular effect via 
tumor cell killing and subsequent withdrawal 
of angiogenic cytokines; the latter is needed as 
a survival factor for immature vessels. On DCE 
imaging, a favorable tumor response to chemo-
therapy results in decreases in the rate and mag-
nitude of enhancement for a number of tumor 
types [ 38 ,  39 ]. Such decreases in DCE-MRI 
kinetic parameters may be delayed after radia-
tion therapy when an initial hyperemic response 
is often seen [ 42 ]. Concomitantly, FDG-PET 
shows reductions in glucose metabolism activity 
of tumors in response to therapy [ 40 ]. Applying 
this knowledge to novel biologic targeted drugs, 
hormonal therapy, advanced forms of radiation 
therapy, and interventional techniques, such as 
embolization or ablation, is not always straight-
forward. These aspects are considered more 
fully below. 

5.3.1     Antiangiogenic 
and Antivascular Therapies 

 The structure and function of tumor vasculature 
is distinct compared to normal vessels. Malignant 
tumors show vessels with spatial heterogeneity, 
chaotic structure, and increased perfusion, cap-
illary permeability to macromolecules, and vol-
ume of extravascular-extracellular space [ 41 ]. 
These abnormalities of new tumor vessels per-
mit distinction of malignant vascularity from 
benign vascularity using FI techniques. In clini-
cal practice, indirect measurements of angio-
genesis can be performed noninvasively using 
different imaging techniques, including dynamic 
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contrast- enhanced MRI (DCE-MRI), dynamic 
susceptibility- enhanced MRI (DSC-MRI), dif-
fusion MRI (intravoxel incoherent motion), PET 
with oxygen-labeled water, perfusion CT (PCT), 
and dynamic microbubble-enhanced ultrasound; 
but DCE imaging with CT and MRI seems to be 
the most useful clinical tools [ 39 ,  41 ,  43 – 46 ]. 
DCE techniques are based on the acquisition of 
serial images through a region of interest before, 
during, and after the intravenous injection of a 
contrast agent. DCE images can be analyzed by 
quantitative model-dependent or semiquantita-
tive (non-model-dependent) means to obtain 
different functional parameters, which can be 
related to vascular properties: blood fl ow (BF), 
blood volume (BV), microvessel permeability, 
extraction fraction, and plasma and interstitial 
volumes [ 38 ,  39 ,  44 ,  45 ] (Fig.  5.2a–c ). Data 
acquisition and analysis are comparable despite 
inherent differences between imaging tech-
niques in signal production and mechanism of 
tissue contrast enhancement [ 47 ].

   DCE parameters allow the monitoring of 
changes in tumor vascularity. Many of the calcu-
lated kinetic parameters have physiological sig-

nifi cance, are repeatable, and have clear clinical 
uses in diagnosis, guiding therapy, predicting 
patient outcome, and evaluating response to dif-
ferent therapies [ 6 ,  39 ,  43 – 45 ]. The effects of 
antiangiogenic drugs and VDAs on DCE kinetic 
parameters have been found to be similar with 
the dominant effect of successful therapy being 
reductions in BF and permeability. However, 
there are clear differences in the timing of the 
onset and duration of vascular changes. The 
effects of AAT are not immediate, arising at least 
1–2 days post-drug administration. On the other 
hand, VDAs cause rapid shutdown of the vascu-
lature within minutes to hours of drug adminis-
tration, and reversibility of effects can be visible 
in the short term (24–48 h) [ 6 ,  39 ,  43 ,  48 ]. The 
vascular pruning of “normalization” induced by 
AAT can be detected on DCE by a combination 
of fi ndings including reductions in vascular 
 permeability and leakage space and regional 
increases in BF [ 18 ,  19 ,  49 ]. 

 There is a clear need to establish thresholds 
for change that can be considered as signifi cant 
for change and response. For example, in 
DCE- MRI, a reduction in transfer constant ( K  trans ) 

a b c

  Fig. 5.2    Renal carcinoma with metastatic mediastinal 
lymph nodes treated with an anti-VEGFR agent. 
Pretherapy coronal ( a ) and axial ( b ) reformatted conven-
tional CT images ( top row ) and perfusion blood volume 
(BV) parametric maps ( bottom row ) show a conglomerate 
of hypervascular metastatic nodes in the subcarinal area 
( arrows ). Perfusion BV parametric maps show high BV 

suggesting intense active angiogenesis. Functional map 
evidences a mean BV value = 43.9 mil/100 g. ( c ) 
Posttherapy with an anti-VEGFR agent ( c ), axial CT 
image and perfusion BV parametric map show early 
angiogenic tumor response with marked decrease in 
tumor enhancement and BV value ( arrows ). Functional 
map evidences a mean BV value = 10.2 mil/100 g       
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of >40 % is usually considered a true difference 
caused by drug effect [ 50 ], while Petralia et al. 
[ 51 ] evidenced using PCT that decreases between 
scans of patients with hepatocellular carcinoma 
of more than 35 % for BF and 43 % for BV, or an 
increase of more than 55 % for mean transit time, 
could be considered beyond the analysis variabil-
ity. Such thresholds often seem to depend on ana-
tomic regions being evaluated but also on 
imaging acquisition parameters and on analysis 
[ 52 ]. It should be remembered that thresholds for 
true changes are not necessarily the same as 
thresholds for change that result in clinically sig-
nifi cant alterations in tumor vasculature when in 
generally larger reductions in vascular kinetic 
parameters are needed. Finally, there has been an 
emerging interest in the development of imaging 
biomarkers for identifying patients who will 
likely respond favorably to inhibition of angio-
genesis. However, no validated imaging bio-
marker signature has yet emerged [ 53 ,  54 ]. What 
is known is that the greater the magnitude of 
enhancement, the greater is the change following 
AAT. However, the latter observation has not 
translated into a predictive imaging biomarker of 
AAT [ 55 ]. 

 DW-MRI may also; evaluate AAT directed 
towards VEGF pathway. These agents cause 
reductions in tumor ADC values, secondary to 
antivascular effects (reducted tissue perfusion) 
and via reductions of the extravascular- 
extracellular space secondary to vascular normal-
ization and the lowering of vascular permeability.    

Reductions of ADC values due to reduction of tis-
sue perfusion are not always notable using antian-
giogenic and antivascular therapies. On the 
contrary, succesful treatment with AVT increases 
ADC values can be detected, particularly when 
causes signifi cant tumor necrosis [ 37 ,  38 ]. PET 
has also been used to evaluate the effects of AAT. 
There seem to be no systematic effects on FDG 
uptake [ 41 ,  56 ]. However, AAT induces tumor 
hypoxia, which causes increased HIF-1a levels. 
HIF produces an upregulation of cell membrane 
glucose transporters and secondary increases in 
FDG uptake by tumors. Finally, direct PET-
perfusion measurements of BV and BF or direct 
PET imaging of angiogenesis may allow a specifi c 
PET evaluation of angiogenesis in the clinic [ 41 ].  

5.3.2     Target Therapies Blocking 
Tumor Proliferation 

 FDG-PET has demonstrated effi cacy in the 
assessment of tumor response to anti-EGFR/
HER-2 drugs [ 57 – 59 ]. However, tumor 
 proliferation changes may be directly evaluated 
using  18 F-3-deoxy-3-fl uorothymidine (FLT)-
PET (Fig.  5.3a, b ). This thymidine analogue 
is retained within cells by thymidine kinase 1 
(TK1); the  latter is specifi cally active during 
DNA synthesis. Intracellular trapping of  18 F-
FLT that presumably gives a measure of the TK1 
activity is increased in malignant cells and cor-
related with cellular proliferation [ 58 ,  59 ]. In 

a b

  Fig. 5.3    FLT-PET in a patient with HER-2-positive 
locally advanced breast cancer treated with chemotherapy 
and anti-EGFR agent. Pre-therapy ( a ). Sagittal FLT-PET 
image shows an increased uptake in the breast ( arrows ) 
corresponding to tumor involvement. SUV max = 5.6. 

Post-therapy ( b ). Sagittal FLT-PET image 9 days post-
therapy shows early decreased FLT uptake in the breast. 
SUV max = 2.5 (Courtesy of JA Richter, MD, PhD. 
Department of Nuclear Medicine, Clínica Universitaria de 
Navarra, Pamplona, Spain)       
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this setting, preclinical observations have found 
that FLT-PET but not FDG-PET imaging may 
be a robust early indicator of erlotinib response 
in EGFR-dependent tumor models [ 60 ,  61 ]. 
However, on the contrary, different studies found 
that a marked decrease in FDG uptake preceded 
changes in FLT uptake and cell death in gefi -
tinib-sensitive cell lines [ 62 ] and that the results 
of FDG scans were more informative than FLT 
scans in NSLC patients [ 63 ]. A practical limita-
tion for using FLT in NSCLC patients is that FLT 
has relatively low uptake compared with FDG in 
many lesions [ 63 ]. It is anticipated that direct 
PET imaging of EGFR/HER2 expression and 
activity will eventually be able to predict which 
patients will likely respond to therapy and moni-
tor tumor response [ 64 ].

   There is very limited evaluation of EGFR 
inhibitors with perfusion techniques [ 6 ,  39 ]. 
DCE-MRI did not show a signifi cant change in 
quantitative parameters in patients with 
advanced colorectal cancer treated with vande-
tanib (an inhibitor of VEGFR, EGFR, and RET 
signalling pathways) [ 65 ] or with nasopharyn-
geal cancer treated with combined therapy 
including cetuximab [ 66 ]. There are no pub-
lished reports on the DW-MRI evaluation of 
anti-EGFR/HER-2 agents. It seems rational to 
expect increases in ADC values with therapies 
that cause cell death [ 37 ,  38 ]; however, the mag-

nitude of ADC increases will depend on the 
mechanism of cell death (necrotic versus apop-
totic) and whether there is an infl ammatory 
response to tumor cell kill. 

5.3.2.1     Anti-ALK Drugs 
 Genetic alterations of ALK are associated with a 
number of cancers, including anaplastic large cell 
lymphoma (ALCL) and a subset of NSCLC 
(Fig.  5.4a, b ). Small-molecule inhibitors of ALK 
kinase activity have been developed in the recent 
years, and crizotinib (combined c-MET and ALK 
inhibitor) has been clinically approved [ 25 ,  67 ]. 
There are scarce reports in the literature of the 
use of FMI in ALK-positive tumors, which sug-
gest the possible role of FDG-PET for detecting 
response to crizotinib [ 26 ,  68 ].

5.3.2.2        Drugs Inhibiting c-KIT Pathway 
 Drugs targeting c-KIT pathway has been mainly 
focused in GISTs treated with imatinib. FDG- 
PET has a signifi cant value in assessing treat-
ment response to imatinib in GIST patients with 
dramatic decreases in glucose metabolism in 
responder patients. FDG-PET allows an early 
assessment of treatment response and is a strong 
predictor of clinical outcome [ 69 ] (Fig.  5.5 ). 
Further evaluation of new candidate markers of 
treatment response, such as quantitative perfu-
sion or DW-MRI, may be the key for optimized 

a b

  Fig. 5.4    ( a ) Non-small cell lung carcinoma with adrenal 
metastases in a 53-year-old man treated with an ALK 
inhibitor. Pre-therapy ( a ). CT image shows bilateral 

adrenal metastatic deposits ( arrows ). Post-therapy ( b ). 
CT image shows a marked response with almost complete 
resolution of the adrenal masses       
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monitoring of targeted therapies in GIST. In 
this setting, preliminary results show that 
DW-MRI may predict tumor response. A low 
pre-therapy ADC and marked ADC increase at 
1 week after therapy is associated with good 
response [ 70 ].

5.3.2.3        Pathways Mediating 
Downstream Effects 
of EGFR, ALK, and c-KIT 

   PI3K/Akt/mTOR Pathway 
 PI3K/Akt/mTOR pathway is a commonly used 
pipeline for many growth stimuli and regulates 
key tumor processes by promoting protein syn-
thesis, glucose metabolism, cellular migration, 
cell survival, and angiogenesis [ 27 ]. PI3K/Akt/
mTOR pathway inhibitors include rapamycin 
and its analogues (everolimus and temsirolimus), 

which target a distal pathway component, mTOR. 
FDG-PET studies show decreases in metabolic 
activity and tumor proliferation with mTOR 
inhibitors [ 71 – 73 ]. mTOR signalling plays a spe-
cifi c role in the control of angiogenic pathways in 
renal cancer. mTOR inhibitors act by reducing 
the levels of HIF-1a. However, HIF-2 alpha is 
most active in the subtype of clear cell cancers, 
explaining the limited response of these tumors 
to mTOR inhibitors [ 74 ].  

   RAS-RAF-MAPK 
 The BRAF proto-oncogene activates RAF/
MEK/ERK signaling, a major driver of carcino-
genesis in various malignancies, most notably in 
melanoma [ 28 ]. The BRAF inhibitor, vemu-
rafenib, has been approved for the treatment of 
metastatic melanoma in patients harboring 

  Fig. 5.5    GISTs    in a 53-year-old woman. Pre-therapy. 
Coronal MIP FDG-PET image ( left ) shows an FDG-avid 
mass ( arrow ). PET image obtained 72 h after therapy with 

imatinib mesylate shows an early partial response with a 
decrease in tumor uptake ( arrow-right )       
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BRAF V600  mutations. Tumors containing RAS 
mutations displayed enhanced FDG uptake, and 
vemurafenib reduces FDG uptake in tumors with 
BRAF V600  mutation that are successfully treated. 
On the other hand, FDG may predict acquired 
drug resistance. An increase in FDG uptake 
observed of a specifi c lesion in a patient on 
vemurafenib treatment suggests the develop-
ment of drug resistance [ 75 ,  76 ].    

5.3.3     Drugs Inhibiting Tumor 
Invasiveness: The MET 
Pathway 

 There is a limited experience evaluating the HGF/
MET pathway using FMI. However, although 
FLT-PET is not a direct measure of MET activity 
itself, preliminary results suggest the possibility 
of FLT-PET as a clinical biomarker for monitor-
ing tumor response to MET inhibition with crizo-
tinib [ 77 ]. On the contrary, no signifi cant change 
in DCE-MRI parameters was observed after 7 
days of tivantinib treatment [ 78 ]. Recently, it has 
been noted that metastatic PC patients treated 
with the c-MET inhibitor XL-184 (cabozantinib) 
show dramatic decreases in bone scan agent tech-
netium-99m-methylene diphosphonate. It is not 
clear why such dramatic changes in technetium 
uptake in the majority of patients is accompanied 
by only a littel proportion of patients responding 
clinically to therapy [ 34 ]. However, a possible 
explanation could be based on the overexpression 
of MET within bone osteoblasts and osteoclasts, 
which action could be inhibited by cabozantinib. 
Skeletal uptake of technetium-99m occurs as a 
function of skeletal osteogenic activity, being 
consequently affected by cabozantinib. This 
observation serves as a reminder that changes 
seen on FMI may represent bystander effects on 
adjacent tissue within or beside tumor masses 
and should not only be ascribed to antitumor tar-
geting action.  

5.3.4     Hormonal Therapy 

 Steroid hormones play important roles in 
hormone- receptor-positive BC and PC due to 

their effects on cell growth, differentiation, and 
function. These hormone effects are mediated via 
activation of cell surface receptors, which are 
often upregulated. Hormonal therapy (HT) repre-
sents a powerful therapeutic option in hormone-
receptor- positive breast and prostate cancers 
(Fig.  5.6 ). Androgen deprivation therapy (ADT) 
has shown antivascular and metabolic effects in 
PC. HT reduces perfusion and permeability of 
both malignant tumors and normal prostate gland 
within a month after starting therapy [ 79 ,  80 ]. 
Metabolic glandular atrophy reduces citrate 
peaks in tumor and in normal glandular tissues, 
but there is only slow loss of choline and creatine 
in tumor foci on H-MRSI [ 80 ]. These data seem 
to be contradicted by Røe et al. [ 81 ] who showed 
an increased tumor vascularization after ADT. 
Initial data using DW-MRI evaluation in PC 
treated with HT suggests minimum change in 
ADC values, although there is limited experience 
in this fi eld [ 80 ,  82 ].

      Metastatic BC and PC frequently remain con-
fi ned to the skeleton. In these tumors, metastatic 
disease is often fi rst treated with HT. FDG-PET 
shows only a limited value in evaluating bone 
response in metastatic PC, because osteoblastic 
bone lesions only show low FDG uptake [ 83 ]. 
However, FDG-PET scans tend to be positive in 
higher-grade disease, and baseline specifi c 
uptake values (SUV) do correlate with prognosis 
in some tumor types. In BC, tamoxifen and aro-
matase inhibitors demonstrated a paradoxical 
increases in tumor FDG uptake at early time 
points after treatment in some patients, the so-
called metabolic fl are. FDG metabolic fl are has 
been correlated with positive tumor response to 
HT in BC and if observed is associated with bet-
ter overall survival [ 84 ]. 

 A number of tumor-specifi c PET tracers have 
been evaluated for their ability to predict and 
monitor bony therapy response, including  18 F- FES  
(fl uoroestradiol) for BC and  18 F-FDHT (fl uorodi-
hydrotestosterone) for PC [ 85 ]. These ligands 
report on tumor cell expression of estrogen and 
androgen receptors.  18 F-DHT uptakes have been 
correlated with androgen receptor (AR) expres-
sion levels in castrate-resistant prostate cancer, 
and it has been noted that spatial distribution of 
 18 F-DHT is often different to that of  18 FDG scans. 
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As a result, different imaging phenotypes are rec-
ognizable at the patient and lesion level (AR pre-
dominant, glycolysis predominant, and AR/
glycolysis concordant). This differential expres-
sion related to the total tumor burden maybe a 
predictive biomarker for response to novel thera-
peutics targeting these receptors and their intra-
cellular pathways (SERDs/SARDs). 

 The effect of hormonal on metastatic bone 
disease in BC and PC patients is incompletely 
described. In our experience, decreases in bone 
marrow disease signal intensity on high-b-value 
images are generally observed with successful 
treatments. Effective tumor cell death should 
result in greater water diffusivity manifested as 
higher ADC values [ 36 – 38 ,  86 ,  87 ]. However, the 
extent of ADC increases seems to depend on the 
type of treatment given with greater ADC 
increases for cytotoxic chemotherapy and radia-
tion. These treatments cause tumor cell death via 

a number of mechanisms (apoptosis, necrosis, 
mitotic catastrophe, autophagy, and senescence), 
many of which lead to tumor necrosis with an 
infl ammatory component [ 36 – 38 ,  86 ,  87 ]. When 
patients are treated successfully with HTs, ADC 
value increases seem to be less marked possibly 
because cell death is less likely to be associated 
with infl ammation [ 87 ].  

5.3.5     Immunotherapy 

 Ipilimumab, an anti-CTLA-4-blocking antibody, 
is licensed for the treatment of melanoma 
(Fig.  5.7 ) and is currently undergoing trials for 
the treatment of lung cancer and castrate- resistant 
PC. Therapy assessment of soft tissue disease 
using this treatment is problematic because initial 
increases in tumor burden or the appearance of 
new lesions can be seen. That is, RECIST criteria 

  Fig. 5.6    Prostate cancer in a 72-year-old man. 
T2-weighted TSE, b1000 diffusion-weighted imag-
ing (DWI), and ADC map obtained pre-therapy ( top 
row    ) and before hormonal therapy (HTP) ( bottom row ). 
Images show a focal area in the right peripheral zone with 

increased signal on b1000 DWI and low ADC values 
(mean, 0.83 × 10–3 mm 2 /s) ( arrows ). ADC maps obtained 
3 months after hormonal therapy ( bottom row ) show 
increased ADC values (mean, 1.32 × 10–3 mm 2 /s) in the 
same area. The tumor is not depicted on b1000 DWI       
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cannot be readily applied for therapy assess-
ments. Novel criteria for the evaluation of antitu-
mor responses with immunotherapeutic agents 
are required. New morphologic criteria have 
recently been suggested [ 88 ], but these remain 
unsatisfactory for clinical use at the individual 
patient level.

   The role of FMI techniques to monitor the ther-
apy effects of immunotherapy (IT) is limited. 
FDG-PET fi ndings may be confusing, because 
both activated immune cells and cancer cells show 
increased glucose analogue uptake. Beside this, IT 
may produce different immune-mediated toxicities 
that may mimic malignancy. For example, ipilim-
umab may produce FDG-avid uptake secondary to 
immune-mediated toxicities such as colitis [ 89 ]. To 
address these PET limitations, novel PET radio-
tracers and other techniques that can demonstrate 
and quantify antigens, receptors, and enzymes spe-
cifi cally expressed by immune cells are under 
development [ 90 ,  91 ]. Their clinical applicability is 
unlikely to be forthcoming in the near term. 

 In past, interferon has been a standard-of-care 
therapy for metastatic renal cancer. However, 
interferon showed a relatively weak antiangio-
genic effect in clinical practice with any signifi -
cant association between changes in tumor 
perfusion and progression-free survival in these 
patients [ 92 ]. Thalidomide also modulates immune 
responses which also causes potent inhibition of 
angiogenesis. Faria et al. [ 93 ] showed that 
decreases in BF in CT perfusion in renal cancer 
were signifi cantly associated with clinical benefi t. 

 Caution is mandatory in the evaluation of 
cancer patients when the granulocyte colony- 
stimulating factor (G-CSF) is used to moderate 
the degree of neutropenia occurring because of 
chemotherapy. This therapy stimulates the BM 
to produce granulocytes and stem cells and 
also stimulates the proliferation and function 
of neutrophils (a part of the immune system). 
G-CSF increases BM cellularity and causes 
increased BM signal intensity on high-b-value 
diffusion- weighted images (Fig.  5.8 ). This 

  Fig. 5.7    Whole-body MRI 
(WB-MRI) tumor evaluation 
in a 68-year-old female with 
melanoma treated with 
ipilimumab. WB-MRI images 
pre ( left )- and post ( right )-
administration of ipilimumab. 
Note background bone 
marrow atrophy. Post-therapy 
exam evidenced disease 
progression (nodes are bigger 
and more regions are 
involved) but left common 
iliac region ( white arrow ) 
responded. The patient also 
had colitis ( red arrowheads ). 
The anti-CTLA4 antibody, 
ipilimumab, may cause 
severe side effects. Diarrhea 
due to immune-related colitis 
is the most frequent serious 
toxicity and, if untreated, 
may lead to intestinal 
perforation       
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phenomenon is observed in normal adult red-
marrow areas (spine, vertebrae, pelvis, ster-
num, ribs) and in areas with reconversion of 
yellow marrow to red marrow (proximal limb 
bones) [ 37 ]. This finding may be confused to 
disease progression on WB-DWI. In order to 
avoid this problem, signal intensity changes 
should be correlated with ADC values and 
with appearances on other MR imaging 
sequences.

5.3.6        New Radiation Therapy 
Techniques 

 A number of preclinical and a few clinical studies 
have evaluated the effects of external beam radia-
tion therapy with DCE-MRI and DW-MRI. Initial 
increases in rate and magnitude of enhancement 
corresponding to the recognized acute hyperemic 
response mediated via release of cytokines 

including VEGF are well documented in the DCE 
literature. However, RT causes necrosis or cellu-
lar lysis, which leads to late decreases in the rate 
and magnitude of enhancement. New radiation 
techniques such as SRT deliver very high indi-
vidual doses of radiation to ablate small, well-
defi ned tumors. With this technique, there are 
also hyperacute hyperemic, but rapid decreases 
in kinetic parameters secondary to acute vascular 
collapse have been shown by DCE-CT [ 94 ,  95 ]. 

 Preclinical studies show that ADC increases 
occur rapidly in tumors that are radiosensitive, 
with changes visible as early as 24–72 h after a 
single large fraction of radiation [ 96 ]. Such 
increases in ADC values are not seen in squa-
mous cell cancer, which are relatively radioresis-
tant unless concomitant chemotherapy is given 
[ 97 ]. Increases in ADC values appear to occur 
incrementally in fractionated regimens with the 
greatest increases visible at the end of therapy 
[ 98 ]. These increases seem to be related to two 

PRE POST

  Fig. 5.8    Bone marrow 
hyperplasia induced by 
chemotherapy with G-CSF 
therapy. Whole-body MRI 
(WB-MRI) images in a 
50-year-old woman with 
metastatic breast cancer before 
and after 3 cycles of chemo-
therapy and granulocyte colony 
stimulating factor (G-CSF) 
given to prevent neutropenia. 
Inverted grey-scale 
3D-maximum intensity 
projection WB-MRI (b900) 
images pre- and post-G-CSF. 
 Left image  shows multiple 
bone metastases (some of them 
marked with  arrows    ).  Right 
image  after 3 cycles of 
chemotherapy shows increases 
in signal intensity of the bone 
marrow leading to the 
decreased visibility of the bone 
metastases. The splenic size 
has also increased. The 
increased signal intensity of 
the background bone marrow 
should not be misinterpreted as 
malignant progression       
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different features: tumor cell death and tissue 
edema secondary to infl ammation and increased 
microvessel leakiness. Early increases in ADC 
values (1–3 weeks) have also been noted for 
squamous cell head and neck cancers, brain glio-
mas, locally advanced rectal cancer, and uterine 
cervical cancers treated with CRT [ 99 – 101 ]. In 
fact, a number of clinical studies have shown that 
the failure of tumor ADC values to increase in 
response to radiation or CRT results in a poorer 
response to therapy [ 99 ,  102 ]. At present, the 
temporal evolution of changes in ADC in 
response to CRT has not yet fi rmly established.  

5.3.7     Interventional Techniques 

 There are relatively few studies evaluating with 
FMI the effects of radiofrequency ablation (RFA) 
on tumors and  surrounding tissues. An animal 
study showed modest increases in ADC values 
and reductions in glucose uptake 2–3 days after 
therapy. Ablated areas did show heterogeneous 
appearances on ADC maps refl ecting treatment 
effects, such as interstitial edema, hemorrhage, 
carbonization, necrosis, and fi brosis [ 37 ,  38 ]. 
Tumors treated with RFA show large decreases in 
FDG uptake in tumor bed and a persistent periph-
eral FDG uptake indicating infl ammation. 
Perhaps, new imaging techniques such as perfu-
sion CT may provide an opportunity for improved 
assessment of the post- therapy tumor bed [ 103 ]. 

 The effects of high-intensity focused ultra-
sound (HIFU) have been investigated on uterine 
fi broids using contrast medium enhancement and 
DW-MRI. Initial reductions in ADC values 
within ablated tissues were observed in combina-
tion with decreasing contrast enhancement. At 
6-month follow-up, areas of decreased contrast 
agent uptake persisted, but the signal intensity on 
DW images appeared heterogeneous within 
treated regions. Increasing ADC values were pre-
sumed to refl ect cell loss and liquefactive necro-
sis [ 37 ,  38 ]. Transarterial chemoembolization 
(TACE) causes an early reduction of ADC values 
after therapy (within the fi rst few hours), after 
which consistent rises in ADC values occur, 
coinciding with the development of cystic and 
necrotic changes [ 37 ,  38 ]. Kamel et al. [ 104 ] 

observed that reductions in the degree of enhance-
ment were seen immediately on DCE-MRI 
images after chemoembolization and were sus-
tained over the observation period. However, 
increases in ADC values became most apparent 
after 1–2 weeks but had returned to the baseline 
values by 4 weeks.  

5.3.8     Development of New 
Therapeutic Agents in Cancer 

 Currently, many therapeutic agents are under 
development, including anti-hypoxia agents, 
proteasome inhibitors, agents that counteract 
tumor glycolysis, antiangiogenic therapy based 
on integrin αvβ3 inhibitors, or agents that target 
drug resistance. Among these, anti-hypoxia 
drugs and agents targeting drug resistance may 
represent the most attractive future oncologic 
therapies [ 105 – 108 ]. Hypoxia and intrinsic or 
acquired drug resistance are key obstacles to 
successful cancer treatment. However, there are 
limited data on in vivo imaging evaluation of 
these agents in clinical practice [ 107 ,  108 ]. 
Finally, proteasome inhibitors have a signifi cant 
antiproliferative and proapoptotic activity on 
patients with multiple myeloma [ 109 ,  110 ]. 
Myeloma plasma cells synthesize large quanti-
ties of immunoglobulin. The buildup of excess 
protein triggers a number of downstream signal 
transduction cascades. Myeloma cells are reliant 
on protein handling pathways for their survival. 
Bortezomib targets the ubiquitin- proteasome 
pathway, which plays a critical role in important 
processes for tumor cell growth and survival. 
FMI techniques, such as whole-body magnetic 
resonance imaging (WB-MRI) or FDG- PET/CT, 
are increasingly used to evaluate multiple 
myeloma and to monitor therapeutic response 
(Fig.  5.9a, b ) [ 111 ,  112 ].

5.4         New Perspectives  

 Imaging techniques that assess tumor hallmarks 
have gained credence for response assessment 
alongside standard response criteria with the emer-
gence of novel therapies as promising strategies for 
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a

b

  Fig. 5.9    Myeloma treated with proteasome inhibitors. A 
46-year-old female with relapsed multiple myeloma. 
Imaging fi ndings pre-therapy and post 3 cycles of chemo-
therapy (bortezomib, doxorubicin, and dexamethasone). ( a ) 
Diffusion-weighted b900 3D maximum intensity projection 
(MIP) images (inverted scale) show that there is a decrease 
in intensity in the background bone marrow signal and in 
the size and signal intensity of many focal lesions. However, 
many small focal lesions (both sides of the pelvis and in the 
proximal femora) have persistent high signal intensity con-
sistent with an incomplete response to therapy. ( b ) Axial 
apparent diffusion coeffi cient ( ADC ) maps, b900 images, 

and ADC histograms before ( top row ) and after therapy. 
Many lesions show decreases in signal intensity on b900 
images ( white arrows ) accompanied by increases in ADC 
values ( black arrow ) – these are responding lesions. Some 
lesions show no change in appearances ( arrow head ) 
indicating persistent active disease. ADC histograms of 
the whole pelvis volumen of interest prescribed on the 
pre-therapy scan applied to the posttreatment scan after 
image registration. There is some increase in the number of 
pixels with ADC values greater than 1,500 µm2/s ( red ), but 
the majority of pixels remain below. The patient ultimately 
relapsed with plasma cell leukemia       
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cancer treatment [ 6 – 13 ]. FMI has begun to mature 
technologically as shown by the numerous studies 
focused on technical optimization, reproducibility, 
validation, biological correlation, and clinical uses. 
FMI techniques may provide useful quantitative 
imaging parameters for tumor evaluation, includ-
ing prognostic parameters that allow for a better 
patient stratifi cation for therapy and tumor response 
assessment [ 113 ,  114 ]. But, in this role, there are 
several challenges that FMI needs to continue to 
address. We need imaging biomarkers to be able to 
identify patients who are likely to respond to a 
given therapy, as well as for measuring patient 
response to therapy. These two measures are neces-
sary for selecting the right therapy for the right 
patient. There are several challenges to the wide-
spread implementation of FMI techniques as can-
cer response biomarker [ 6 ,  113 – 115 ]. First, there is 

often a lack of standard approaches to data collec-
tion and analysis. Second, measurements of repro-
ducibility are needed if one is to use quantitative 
FMI parameters for the assessment of therapy 
response. Biologic parameters are subject to ran-
dom and systematic errors including the natural 
biologic variability of parameters, the variability 
inherent in the measuring instruments, and addi-
tional errors induced by appraisers or analysis tech-
niques. Third, new user-friendly software tools for 
image analysis and data visualization are needed in 
order to be able to integrate/cross-correlate data 
analyses. Fourth, based on current data, the time 
course of changes in tumors secondary to therapy is 
yet to be fully defi ned for the entire range of thera-
pies/therapy combinations. Finally, future studies 
that include good quality prospective validation 
correlating FMI parameters to outcome end points 

  Fig. 5.10    PET/MR multiparametric tumor evaluation in a 
patient with pancreatic cancer ( arrow ). Contrast-enhanced 
T1-weighed fat-saturation, fused image superimposing 
axial contrast-enhanced T1-weighed fat-saturation MR 
image and  18 F-FDG-PET, DCE-MRI, and fused image 
superimposing ADC parametric map and  18 F-FDG-PET. 
PET/MRI evaluation shows high metabolic activity in the 
tumor, while in the DCE-MRI, high perfusion is mainly 
depicted at the tumor periphery. In the scatter plot for 
voxel-by-voxel analysis (Anima M3P) of different imag-

ing signals (SUV and ADC), you can see a inverse cor-
relation of SUV and ADC, with most areas in the tumor 
showing high FDG uptake and low ADC values (coded 
in  red ). A combined analysis has a synergistic effect and 
tells us more about tumor aggressiveness, patient progno-
sis, and tumor biology in general as compared to simple 
ROI analysis of single parameters individually (Courtesy 
of A Beer, MD, PhD. Department or Nuclear Medicine, 
Technische Universität München, Munich, Germany)       

 

R. García-Figueiras and A.R. Padhani



93

in the trial setting are needed to take imaging for-
ward as a biomarker in oncology. It must be under-
stood that tumors are genetically and phenotypically 
heterogeneous, and they may vary in their responses 
to therapies. That is why multiplexed/multipara-
metric imaging evaluations will be needed to 
unravel the underlying biology [ 115 ] (Fig.  5.10 ). In 
this scenario, discordant results between techniques 
are likely to be biologically meaningful, represent-
ing the actual tumor phenotype. There is a real 
opportunity to advance multiparametric imaging 
with the emergence of new imaging technologies in 
both hardware (e.g., PET-MRI scanners) and soft-
ware. These advances offer new opportunities for 
improving patient care towards increased precision 
and ultimately personalization.

       Conclusion 

 In conclusion, our understanding of the com-
plexity of cancer hallmarks, their evaluation 
using imaging, and their modifi cation by NOTs 
is incomplete. The potential of FMI, which 
allows the visualization of fundamental bio-
molecular and cellular processes, remains 
unrealized. Much of the hope in “personalized 
medicine” in oncology is based on it. New FMI 
techniques offer insights into tumor hallmarks, 
and imaging features should allow us to answer 
key questions relating to prognosis, identifi ca-
tion of therapeutic targets for selecting patients 
for a given therapy, individualized response 
assessments, defi nition of new response crite-
ria, and early prediction of clinical outcome.     
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6.1  Introduction

Medical imaging captures images of the human 
body or organs for clinical purposes or medical 
science. Preclinical imaging can visualize living 
animals for research purposes. Various imaging 
modalities have long been crucial to the researcher 
in observing morphometric and functional 
changes of tumor within different organs at tis-
sue, cellular, or molecular levels. Longitudinal 
data in animals also respond to physiological or 
environmental changes during drug discovery. 
Imaging modalities that are noninvasive and in 
vivo have become especially important to study 
human and animals. Broadly speaking, tech-
niques such as high-frequency micro-ultrasound, 
magnetic resonance imaging (MRI), and com-
puted tomography (CT) are usually used for ana-
tomical imaging, while optical imaging 
(fluorescence and bioluminescence), positron 
emission tomography (PET), and single-photon 
emission computed tomography (SPECT) are 
usually used for molecular visualizations.

Medical imaging is routinely used for cancer 
diagnosis and monitoring. Commonly used modal-
ities include digital radiography, fluoroscopy, CT, 
MRI, ultrasound, and PET. Mammography is one 
of the successful imaging modality used for screen-
ing breast cancer regularly and uses low-energy 
X-rays (usually around 30 kVp) to examine the 
human breast. On the other hand, because CT and 
MRI are sensitive to different tissue properties, the 
appearance of the images obtained with the two 
modalities differs markedly but can be used for 
diagnosis and follow- up studies. In CT, X-rays 
must be blocked by some form of dense tissue to 
create an image, so the image quality for soft tis-
sues is poor. On the other hand, in MRI, while any 
nucleus with a net nuclear spin can be used, the 
proton of the hydrogen atom remains the most 
widely used, especially in the clinical setting, 
because it is so ubiquitous and returns a strong sig-
nal. It reconstructs soft-tissue image and presents 
better contrast than CT.

Nuclear medicine acts as an important tool 
both in diagnostic imaging and in treatment of 

disease and may also be referred to as molecu-
lar imaging and therapeutics. Different from the 
typical concept of anatomical radiology, nuclear 
medicine enables assessment of physiology and 
molecular activities in vivo. This function-based 
approach to medical evaluation has useful appli-
cations in most subspecialties, such as oncology, 
neurology, and cardiology. Scintigraphy, SPECT, 
and PET are used to detect regions of biologic 
activity that may be associated with disease. 
PET uses coincidence detection to image func-
tional processes. Short-lived positron- emitting 
isotope, such as 18F, is incorporated with an 
organic substance such as glucose, creating F18- 
fluorodeoxyglucose, which can be used as a 
marker of metabolic utilization. Images of activity 
distribution throughout the body can show rapidly 
growing tissue, like tumor, metastasis, or infec-
tion. PET images can be viewed in comparison to 
computed tomography scans to determine an ana-
tomical correlate. Modern scanners may integrate 
PET, allowing PET/CT or PET/MRI to optimize 
the image reconstruction involved with positron 
imaging. This is performed on the same equip-
ment without physically moving the patient off of 
the gantry. The resultant hybrid of functional and 
anatomical imaging information is a useful tool in 
noninvasive diagnosis and patient management.

Although many algorithms and methods of 
image analysis have been reported, validated, and 
are freely available on line, very few have been 
engineered or integrated into medical image 
workflow for clinical trials or routine clinical use. 
This gap has seriously limited the impact that 
computational algorithms and methods devel-
oped by the medical imaging research commu-
nity have made to advance image-based clinical 
trials and translational research. It is interesting 
to organize and manage medical imaging datas-
ets as well as their quantitative results generated 
by the manual or semiautomated image analysis 
tools to support safer and more effective “tar-
geted” therapy that goes beyond the capability of 
existing image management systems, such as pic-
ture archiving and communication systems 
(PACS) [1, 2].
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An integrated medical imaging computing 
system is designed to enhance efficacy and 
reduce error in the interpretation and monitor-
ing of cancer therapy responses. The system 
provides physicians and researchers with auto-
mated tools and integrated information needed 
to allow sensitive, reproducible, quantitative 
assessment of longitudinal changes in response 
to therapeutic intervention. The primary goal is 
to introduce the tools and techniques resulting 
from imaging informatics research into real-life 
settings in clinical care, supporting the imaging 
follow-up studies and clinical trials in cancer 
therapy. The FDA requires imaging findings to 
be reproducible so that an independent reviewer 
can draw the same conclusion or derive the 
same computed measurements as those included 
in a trial submission. As a result, a unified archi-
tecture is required for a DICOM-based imaging 
data management platform that supports hetero-
geneous image capture environments and 
modalities. Automated markups and computa-
tions are recommended to facilitate reproduc-
ibility, but manual segmentation or annotations 
are often needed to compute the imaging find-
ings. A common vocabulary or lexicon server is 
often included in the integrated image comput-
ing system for generating diagnosis and treat-
ment reports and specifying the imaging 
protocols.

The data scheme includes image data, meta-
data definitions from image analysis such as 
regions of interest (ROIs) or lesions, standard 
uptake value (SUV) for each ROI, image seg-
mentation labels, as well as longitudinal defor-
mation fields among serial images, and associated 
metadata such as treatment outcome, radiology 
report, patient information, and other clinical 
data if any. The data model is instantiated via a 
relational database in which metadata are stored 
in tables as specified by the scheme and image 
data (raw and processed) are stored in a trusted 
file system indexed by the pointers stored in the 
database tables. The metadata is archived in a 
structured way to support advanced statistical 
analysis and modeling.

6.2  Tumor Segmentation: 
Examples from Glioblastoma 
Multiforme

6.2.1  Introduction

Despite the best available standard therapies, 
including surgery, radiation, and chemotherapy, 
the survival in patients diagnosed with glioblas-
toma multiforme (GBM) remains dismal at 
14 months [3]. Newer therapeutic strategies aim-
ing at targeting specific molecules are being 
developed and tested in clinical trials [4]. 
Temozolomide chemoradiation has significantly 
prolonged survival but produces pseudoprogres-
sion that is difficult or impossible to distinguish 
from recurrence in 30–50 % of patients [3, 5]. In 
addition, antiangiogenic therapies have been 
used in combination with conventional chemo-
therapy in patients with recurrent GBM, demon-
strating radiographic response rates of 35–50 % 
[6–8]. These agents improve significantly patient 
quality of life but alter the pattern of recurrence 
by a potent effect on tumor permeability, sup-
pressing enhancement within a solid tumor with 
a resulting increase in the frequency of infiltra-
tive recurrence [9].

These therapy-induced alterations in the natu-
ral history and imaging appearance of treated 
GBM have made imaging follow-up by conven-
tional MRI difficult, which motivates widespread 
ongoing research to discover additional imaging 
biomarkers and has led to a revision in response 
criteria. Although the most commonly used 
imaging criteria for evaluating treatment response 
are still based on measurement of enhancing 
tumor (the Macdonald Criteria) [10], the increase 
in infiltrative recurrence and the difficulty in dis-
tinguishing recurrence from progression has led 
to proposal of a new criteria for tumor response 
that includes abnormality on T2-weighted or 
fluid-attenuated inversion recovery (FLAIR) 
images as additional markers for progression (the 
RANO criteria) [11]. The RANO criteria also 
recommend the use of volumetric measurements 
of enhancing tumor because reliance on cross 
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product diameters is problematic and highly 
operator dependent in cases of irregularly shaped 
tumor, multifocal tumor, or tumor with cystic or 
necrotic components. Recently, volumetric mea-
sures were found comparable [12] or superior 
[13, 14] to linear diameter measures as indicators 
of tumor evaluation.

Volumetric methods have the advantage of 
more reproducibly and precisely measuring the 
size of tumor and are being increasingly used in 
clinical settings. For example, volumetric mea-
surements of both the enhancing and non- 
enhancing tumor have been correlated to 
progression-free survival (PFS) and overall sur-
vival (OS) [9, 15]. To date, the major barrier to 
widespread adoption of these methods in clinical 
neuro-oncology has been that manual and 
assisted manual segmentation methods are quite 
time consuming for the operator. Due to presence 
of heterogeneous signal intensity in necrotic or 
cystic tumor and at the margin of infiltrative 
tumors, it is difficult to segment a tumor by hand, 
and the development of automatic or semiauto-
matic software tools that can provide efficient 
volumetric measurement and assist longitudinal 
shape analysis for follow-up studies could pro-
vide significant benefit.

Tumor segmentation algorithms are classified 
into voxel-based or deformable shape model- 
based methods. Fuzzy clustering methods (voxel- 
based) are among the more popular approaches 
[16–20], and they classify each voxel into one of 
either the normal brain tissues (gray matter, white 
matter, and CSF) or tumor tissues. The algorithm 
developed by Philips et al. [20] can differentiate 
clinically vital boundaries of tumor and edema 
from hemorrhage in multimodal MRI. The per-
formance of multimodal intensity-based cluster-
ing can be limited by overlapping of intensity 
between tumor and normal tissues [21, 22]. To 
account for this, additional features such as mul-
tidimensional intensity vectors have been 
designed for the clustering. Clark et al. [23] has 
integrated knowledge-based techniques and mul-
timodality clustering to segment GBM tumors. 
Fletcher-Heath et al. [19] presented the first 
tumor segmentation for non-enhancing MR data, 
including T1, T2, and proton density-weighted 

images, to track tumor size over time. Prastawa 
et al. [24, 25] designed a knowledge-based tumor 
segmentation algorithm that learns voxel- 
intensity distributions from normal brain and 
detects outlying tumor voxels. Kaus et al. devel-
oped a spatially varying statistical classification 
algorithm using a template to moderate the seg-
mentation obtained by statistical classification 
[26, 27].

A second class of algorithms uses deformable 
shape models to segment tumor from normal 
brain. These methods are derived from the tradi-
tional Snake model [28] that uses surfaces to 
match tumor boundaries. The concept of these 
techniques is the use of energy function and vari-
ous shape models: the external energy derived 
from the matching degree between the shape and 
the image features is used to distinguish tumor 
from normal tissues, and the internal energy is 
used to constrain the tumor shape. In order to 
adjust for the change of topology, implicit mod-
els such as level sets [29–34] can be used. 
Intensity distributions within and outside tumor 
region have been used for level set segmentation 
[35–37].

Voxel-based segmentation algorithms can 
better adapt the segmented tumor shape to local 
image, and deformable model-based segmenta-
tion schemes are more robust but generally need 
proper initialization. To take the advantages 
of both algorithms, we propose an AFINITI 
(Assisted Follow-up in NeuroImaging of 
Therapeutic Intervention) pipeline for segment-
ing MR images by combining them. In the first 
stage, the voxel-based segmentation using the 
FSL FAST [38, 39] is performed automatically 
for initial tumor segmentation from T1-weighted 
images. The T2-weighted images are also auto-
matically segmented and combined with the T1 
segmentation results. Then, a level-set-based 
segmentation is used to refine the segmentation 
results with minimal manual input by embedding 
the major functions of ITK-SNAP [40]. These 
tools are integrated into one pipeline with a sin-
gle GUI. We validate the AFINITI pipeline by 
applying the software to 26 clinical GBM cases 
by comparing the results with those obtained 
using manual segmentation.
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6.2.2  Methods

Serial MRI scans from 26 patients with diagnosis 
of GBM at Brigham and Women’s Hospital 
(BWH) between 2004 and 2009 who had inter-
pretable high-resolution MR scans were retrieved 
from BWH’s PACS. All MRI scans were per-
formed on 1.5 or 3 T MRI scanners. The imaging 
protocol contained at least an axial 3D SPGR 
T1-weighted series covering the whole brain 
acquired at a 5–10-min delay after the intrave-
nous administration of 0.1–0.2 mmol/kg gado-
pentetate dimeglumine contrast agent and an 
axial 2D T2-weighted MR sequences. The slice 
thickness in all cases was between 1.0 and 
1.5 mm for 3D SPGR sequences and 6 mm for 
the 2D FSE T2-weighted sequences. The typical 
1.5 T 3D SPGR parameters were set as 
TR = 25 ms, TE = 6 ms, FOV = 200 × 240 mm, and 
Matrix = 224 × 224.

Manual segmentation was performed under 
the supervision of two practicing faculty neurora-
diologists by a research associate trained in neu-
roanatomy and neuroimaging, and the final 
segmentations were reviewed and corrected 
jointly by the two neuroradiologists to minimize 
the bias among raters. Segmentation was per-
formed using the public domain tool, ITK-SNAP, 
by manually tracing the boundary between the 
areas of abnormal enhancement and normal tis-
sue on the 3D SPGR images, excluding non- 
enhancing, presumably necrotic or cystic, 
portions of tumor but including areas of hetero-
geneous enhancement felt to represent tumor.

The goal of AFINITI is to enhance efficacy 
and reduce errors in the interpretation of neuro-
imaging follow-up studies for several common 
indications and provide the interpreting and refer-
ring physicians with automated tools and aug-
mented information needed to allow sensitive, 
reproducible, quantitative assessment of longitu-
dinal changes in brains in response to therapeutic 
intervention. We have seamlessly implemented 
the state-of-the-art neuroimaging tools into the 
AFINITI image computing pipeline to facilitate 
clinical quantification of GBM [41]. The graphi-
cal user interface (GUI) for implementing and 
visualizing the image processing modules was 

developed based on the ITK-SNAP framework. 
Additional modules were added to assist users in 
selecting input images, specifying and adjusting 
segmentation parameters, as well as examining, 
editing, and saving results. To make the software 
user-friendly, it takes DICOM series inputs for 
processing. DICOM series with overlapping 
ROIs were written with modified DICOM tags as 
the outputs so that the results can be presented on 
different viewing workstations and distinguished 
from the original images. The AFINITI software 
pipeline was written in C++and MS DOS batch 
scripting languages. The major tools embedded 
in the AFINITI pipeline included preprocessing, 
the FSL FAST, and the modified level set method 
in the ITK-SNAP package.

In the AFINITI pipeline, we integrated the 
FAST tool [42] for initial brain tumor segmenta-
tion. The preprocessing step mainly strips skulls 
from T1-weighted images and co-registers 
T1-weighted images to T2-weighted images. 
A deformable brain image registration was used 
to automatically align the skull-stripped template 
image onto each individual image to remove the 
skulls. We classified the tissues into not only the 
normal tissue types (WM, GM, and CSF) but also 
active tumor tissues [16–20]. Figure 6.1 shows 
the preprocessing procedure while Fig. 6.2 pres-
ents an example of segmentation using FAST. It 
can be seen that the segmentation results can be 
noisy with many small vascular spots in normal 
tissues that were classified as tumor tissue.

To reduce the false-positive spots, we 
developed a T2 mapping method to remove 
them. As shown in Fig. 6.3b, the T2-weighted 
image (Fig. 6.3a) was first registered onto the 
T1-weighted image with initial segmentation of 
FAST overlap. A low-bound intensity threshold-
ing was then applied to the registered T2-weighted 
image, and only high-intensity regions cover-
ing all the segmented tumor regions but not the 
false- positive regions were kept. Combining the 
T1 and T2 segmentation results and performing 
morphological shape corrections, we obtained 
the final automatic tumor segmentation. Then, 
the tumor can be automatically selected by using 
morphological operations. Therefore, regions 
with small volumes or flat shapes were deleted 
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by applying 3D open operation. If the tumor seed 
points are provided, a region grow operation will 
be performed to further remove false-positive 
regions. Figure 6.3e illustrates the final automatic 
segmentation of the tumor.

After automatic segmentation, level-set-
based segmentation can be further performed to 
interactively refine the results by visualization 
and manual correction [43]. These tasks were 
accomplished by embedding ITK-SNAP into our 

Fig. 6.1 Registration-based skull stripping method. (a) Original image to be processed; (b) the template image; (c) the 
segmented brain region of the template image; (d) overlapping the brain region onto the original image [41]

a b

c d
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software pipeline. ITK-SNAP is a software appli-
cation used to segment structures in 3D medical 
images. It provides semiautomatic segmentation 
using level set methods, as well as manual delin-
eation and image navigation.

Finally, after the segmented tumor result is 
accepted, the tumor volume, tumor center point 
location, and the overlapping of the segmented 

tumor region on the original images were auto-
matically generated in the original DICOM for-
mat using a new series number. According to 
the current neuroradiology workflow, the new 
data series can be uploaded to a PACS server so 
that radiologists can interpret the images of 
GBM patients by referring to the segmentation 
results.

a

c d

b

Fig. 6.2 Some examples of tumor segmentation results after FAST. (a, c) Input images; (b, d) FAST segmentation 
results [41]
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6.2.3  Results

All the GBM tumor patient cases were pro-
cessed using the proposed AFINITI pipeline. 

Of all 26 cases, 24 were visually inspected and 
found satisfactory by the participating neurora-
diologists, and two cases were further refined 
using the second step, namely, level-set-based 

Fig. 6.3 An illustration of the combined T1 and T2 seg-
mentation. (a) T2 image registered onto T1 image; (b) 
overlaying the segmentation result from T1 image onto 
T2 image; (c) thresholding T2 image (blue shows the ROI 
filtered out); by adjusting the threshold, we can eliminate 

the enhanced big vessels close to the tumor; (d) after 
applying T2 thresholding, the majority of false-positive 
spots were removed; and (e) other isolated spots are 
removed using morphological operations [41]

a b

dc
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refinement. The average time for the two cases 
using level-set- based refinement was approxi-
mately 4 min. Quantitative measurements from 
manual segmentation and from AFINITI were 
compared. Denoting the results of AFINITI as 
set A and those of manual segmentation as M, 
the ratio of the intersection versus the union, i.e., 
|A∩M|/|A∪M|, was calculated. Figure 6.4 shows 
the correlation between AFINITI and manual 
segmentation, and the Pearson correlation coef-
ficient for all the 26 cases is 0.96.

Figure 6.5 shows the original images, the 
manual and AFINITI segmentation results, and 
the overlapping images of these two cases. The 
tumor sizes measured from AFINITI were gen-
erally smaller than those obtained from manual 
segmentation, suggesting that human raters tend 
to over-segment tumor. During manual selection 
of the tumor regions, the bright enhanced regions 
were marked while the small dark regions 
inside and close to the tumor boundary were not 

e

Fig. 6.3 (continued)
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selected. Therefore, although AFINITI results 
generated a more detailed boundary of the tumor 
(Fig. 6.5c), the volumes were slightly smaller. 
Considering the Pearson correlation coefficient 
between AFINITI and manual results, they are 
highly correlated, suggesting comparable per-
formance for the proposed automatic tumor seg-
mentation pipeline.

We also compared AFINITI segmentation 
against voxel-based segmentation (FSL FAST). 
Because the segmentation results of the 
 voxel- based segmentation lacked spatial continu-
ity (see Fig. 6.2d for example), they were further 
processed with tumor selection and morphologi-
cal operation for the comparison. No manual 
interaction was involved in any of the 26 cases 
for the FAST algorithm. The student T-Test of the 
Jaccard indexes of AFINITI and voxel-based 
results (p-value = 0.0071) showed the advantage 
of AFINITI. To further evaluate the agreement 
and systematic differences between segmentation 
methods and manual segmentation, the Bland- 
Altman plots of the volume measures between 
AFINITI and manual results, and between FAST 
and manual results, were shown in Fig. 6.6. The 
horizontal axis is the average of the volume 

 measure, and the vertical axis indicates the differ-
ence between manual and automatic measures 
(manual – automatic). It can be seen that FAST 
generated relatively large errors as compared to 
AFINITI. Meanwhile, as stated in the above dis-
cussions, AFINITI tends to yield less volume 
because of the detailed segmentation of enhanced 
tumor regions (see Fig. 6.5 for details).

Finally, it is worth noting that the automatic 
process of AFINITI took approximately 20 min 
for each dataset using a workstation with 1.86G 
Hz Intel Core 2 CPU and 2 GB RAM, and the 
average interactive refinement process took 
approximately 4 min of operator time. In con-
trast, the time required for manual segmentation 
of the dataset varied considerably, depending on 
the attributes of the tumor, ranging from 30 to 
90 min. In the proposed clinical workflow, the 
scanned data would be first automatically routed 
to the AFINITI workstation for data processing 
prior to study interpretation, and the segmented 
AFINITI output would be transferred as a new 
additional series of images onto the PACS server 
along with the quantitative measurement of 
the tumor. The interpreting radiologists would 
examine the overlays to confirm the accuracy of 

a b c d

Fig. 6.5 Difference between manual and semiautomatic 
segmentations: (a) original image; (b) manual segmen-
tation; (c) semiautomatic segmentation; (d) difference 

between manual segmentation (background white 
shape) and semiautomatic segmentation (highlighted 
red shape) [41]
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automatic segmentation and incorporate the vol-
umetric output into the clinical report as part of 
the standard workflow.

Evaluation of the software by comparison of 
volumetric output with manual segmentation of 
the same clinical dataset showed a significant lin-
ear correlation and high degree of overlapping. 
Although the process time used for manual oper-
ation was not rigorously evaluated, use of the sys-
tem reduced clinical operator time required for 
segmentation and quantitation from approxi-
mately 30–90 min per case to less than 4 min in 
the roughly 8 % of cases that required correction 
and to less than 1 min in the majority of cases 
where the AFINITI output did not require correc-
tion. It is not clear how the average processing 
time using software based on the AFINITI 
method would compare with currently available 
commercial software for assisted manual seg-
mentation. Clearly, recently released commercial 
tools would be expected to substantially decrease 
operator time compared with the open-source 
tools used in this study, but it seems unlikely that 
even these tools could achieve a lower average 
operator time for segmentation and quantitation 
than what the AFINITI method provides. The 
software package was evaluated using the typical 
clinical MRI data, although ideally the robustness 
of the algorithm can be tested with different pro-
tocols. Due to the availability of manual results, 
we did not compare the accuracy for different 
groups of protocols. This could be a future work 
by using clinical studies from multiple scanners.

Nevertheless, the fraction of cases that require 
operator correction are clearly an area that 
requires further development, possibly with 
incorporation of additional data types. In addi-
tion, the processing time of 20 min is significant, 
although, since this is proposed to occur offline 
prior to expert interpretation, it is not a critical 
problem for current diagnostic imaging work-
flow. This processing speed and the user- 
friendliness of the graphical interface need to be 
further improved for full clinical translation of the 
methods presented as will production of FDA-
approved software tools. Both of these improve-
ments and full translation will require product 
development resources that are beyond the scope 
of our lab, so we are releasing the AFINITI soft-
ware pipeline free of charge on our website http://
www.cbi-tmhs.org/AFINITI/ in the hope that 
other groups will be able to extend our work and 
that its availability will motivate the development 
of fully translatable clinical tools.

An additional significant weakness is that 2D 
input data was used for the T2-weighted image 
analysis, which has large separation between slice 
thickness (5 ~ 6 mm). 3D T2-weighted whole 
brain image data was not available routinely at 
the time that the initial datasets were acquired for 
this study, but because of rapid progress in 3.0 T 
MRI, they are now routinely available for clini-
cal brain imaging. Adaptation of the software 
to perform segmentation on high-resolution 3D 
T2-weighted image datasets is important because 
inclusion of such datasets would allow automated 
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respectively [41]
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assessment of infiltrative progression as required 
for use of the recently proposed RANO criteria 
for brain tumor follow-up and would allow auto-
mated computation of recently proposed image 
metrics such at rNTR that may be more predic-
tive of patient outcome [9].

The automatic tumor delineation pipeline 
could be applied in clinics by first automatically 
routing the scanned data to the AFINITI worksta-
tion for automatic data processing prior to study 
interpretation. After this, the segmented AFINITI 
output will be superimposed on the original MRI 
images, and new images are generated with new 
series numbers under the same patient ID. The 
data are then transferred onto the PACS server 
along with the quantitative measurement of the 
tumor. The interpreting radiologists would exam-
ine the overlay images together with the original 
sequences for diagnosis and for incorporating the 
volumetric measures into the clinical report as 
part of the standard workflow.

Currently, after segmentation, quantitative 
measures of tumor can be obtained, relieving the 
tedious work load for manual segmentation. The 
quantitative measures can be used in a follow-up 
study that precisely gives the temporal changes 
for tumor evaluation. In the long run, we fore-
see that computational image analysis could 
provide more detailed measures after segmenta-
tion, such as  heterogeneity measures, transition 
from enhanced tumor to necrosis, and transi-
tion from enhanced tumor to edema. Generally, 
in contrast- enhanced MR images, GBM consists 
of enhancing tumor, necrosis, and non-enhancing 
tumor, including edema. In multimodal MR, 
enhanced tumor can be clearly seen from T1 
post-contrast images but non-enhanced tumor 
often overlaps with edema by visual assessment. 
Quantitative segmentation is thus important to 
segment GBM in detail and to help neuroradiolo-
gists determine the tumor margin and determine 
the aggressiveness of GBM.

6.2.4  Improvement of Level Set 
Segmentation to 4D

The GBM segmentation can also be improved for 
semiautomatic segmentation of brain tumor from 

T1 images in serial MR images, called prior infor-
mation constrained evolution (PICE) [43]. First, 
PICE uses a level set framework not only based 
on image gradient but also based on  intensity dis-
tribution inside and outside brain tumor, which 
is estimated using nonparametric density estima-
tion. Then, we show that this framework can be 
extended to tumor segmentation for longitudinal 
images so that the prior distribution consists of 
the intensity distribution in the current image 
can also contain information obtained from 
other time-point images. For a single-time- point 
image, the evolution of the level set is based on 
the image gradient and the intensity distribution 
of the current image. For serial images, the prior 
information obtained from the images of the 
same patient at other time points is added to the 
level set evolution for more longitudinally con-
sistent segmentation. In experiments we com-
pared PICE with the traditional level set method 
in 3-D. In addition, we also illustrate that it can 
be easily extended to 4-D images, which facili-
tates follow-up studies of brain tumor treatments. 
Using longitudinal glioblastoma data from five 
patients, we showed the advantages of the pro-
posed algorithm.

The proposed method aims to segment brain 
tumor semiautomatically from T1-weighted MR 
brain images. Our approach is a combination of 
the image gradient information and the image 
intensity information in the level set formulation. 
In level set methods, the basic idea is that a con-
tour C can be represented by the zero-level set of 
a higher dimensional function ϕ : Ω → R in the 
image domain Ω. The embedding function can be 
defined as the signed distance function (SDF) 
with ϕ < 0 inside the contour and ϕ > 0 outside the 
contour. The contour is propagated by evolving 
the embedding function ϕ according to an appro-
priate partial differential equation (PDE). The 
PDE can be directly derived from the energy 
function E(ϕ) defined on the space of the image 
domain.

6.2.4.1  3-D PICE
For tumor segmentation from single-time-point 
3-D images, gradient and intensity distribution of 
brain tumor can be combined in the evolution 
with the energy function:
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E v H x E Ef f a b( ) ( )= ∇ + +
Ω∫ d g p ,

 
(6.1)

where the first term guarantees a smooth zero- 
level set function and the second term Eg is the 
gradient term ensuring that the image gradients 
along the zero-level set are larger than others. 
The last term Ep is the intensity prior term used 
to constrain the intensity distribution inside and 
outside tumor. The level set function can be 
calculated by minimizing the energy function 
E(ϕ). The gradient term Eg is defined as follows:

 
E g xg f d f( ) ( ) ∇=

Ω∫ f d ,
 

(6.2)

where δ is the Dirac function, g is the boundary 
indicator function g = 1/1 + | ∇ G ∗ I(x)|2, and G is 
the Gaussian function. I(x) is the image intensity 
at voxel x. It can be seen that this energy term can 
be minimized when the zero-level set matches 
the boundaries in image I. For the prior inten-
sity information, in the Bayesian framework, this 
can be computed by maximizing the posterior 
distribution:

 
P I P I Pf f f| =( ) ( ) ( )| ,

 
(6.3)

where P(I|ϕ) is the conditional distribution of 
image intensities given the current zero-level set 
ϕ. P(ϕ) is the shape prior. Because in tumor seg-
mentation the shape prior is unknown, the energy 
term Ep can be calculated as

 
E = P I x,p −

Ω∫ log d|f( )
 

(6.4)

Using the Heaviside step function H(), the 
energy term ends up with

 

E H P I

H P I x

p = − ( ) ( )

 + ( − ( )) ( )
Ω∫ (

)

f f

f f

log |

1 log |

out

in d ,  
(6.5)

where Pin(I|ϕ) and Pout(I|ϕ) are the conditional 
distribution of image intensities inside and out-
side of the zero-level set function. It can be seen 
that the difference of this method with other 
methods is that it combines both boundary 
 information and intensity distribution in one evo-
lution and uses nonparametric density estimation 
for distribution estimation.

6.2.4.2  4-D PICE
In this section we show that PICE can be easily 
extended for 4-D tumor segmentation. One of 
the important applications of tumor segmenta-
tion is follow-up study, wherein longitudinal 
changes are the important measures. Although 
registration of longitudinal images is necessary 
for this application, the accuracy is not very 
important since we only need to establish cor-
respondence of tumor, not the tumor boundar-
ies. Thus the image intensity information of the 
tumor at different time points can then be used 
for tumor segmentation. Notice that the tumor 
shapes can be different and the intensity infor-
mation might be more consistent. Intuitively 
our rationale is that by correlating the intensity 
distribution among different time points, the 
segmentation criteria tend to be the same at dif-
ferent time points and thus yield relatively sta-
ble segmentation results across different time 
points.

Specifically Ep in Eq. (6.1) needs to consider 
not only the intensity information from the cur-
rent time-point image but also the intensity distri-
bution from other time-point images. Therefore, 
Eq. (6.3) can be rewritten as

 
P P P( ) = ( ) ( )f f f f f f| | |I I I I I, , , , , ,     

 
(6.6)

where f  and I  reflect the segmentation results 
and the images at other time points. In Eq. (6.6), 
P I( )f | , f  can be omitted since we do not want 
to enforce any temporal shape constraints on the 
longitudinal tumor shapes. However, for the same 
patient, our rationale is that the intensity informa-
tion within the brain tumor might be longitudi-
nally similar which can help to improve the 
longitudinal consistency in segmenting tumors in 
different time points. Based on this observation, 
Eq. (6.6) becomes

 P I ,I P I P I ,I ,( ) ( ) ( )| | |f,f f f  �    (6.7)

where the constraints of image information from 
other time-point images can be reflected by the 
prior probability P I( )I | , f  and P(I|ϕ) is the 
same as Eq. (6.3). The prior probability is 
divided into two parts: inside the tumor and out-
side the tumor or ϕ. We use the histograms of the 
inside and outside as the prior information 
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obtained from other time-point segmentation 
results. So P I ,I( )|  f  can be written as 

P I ,I P h h h p h, h ,h P h h( )=| |  = | |( ) ( ) (     f in out in out in in out out)),
 

assuming that the two conditional distributions 
are independent and can be separated. In this 
work for convenience of calculation, we only 
consider the histogram inside the tumor, 
P I ,I P h hin in( ) = ( ),| |  f  since the selection of cor-
responding regions outside tumor is ad hoc. 
Thus the energy function E(ϕ) in Eq. (6.1) can 
be written as

E = v H dx+ g dx

P I + P h

( ) ∇ ( ) ( ) ∇

− ( ( ( )) ( (

Ω Ω

Ω

∫ ∫
∫

f f a d f f

b f

| | | |

log | log in|| h dx,in )))
 

(6.8)

where hin represents the histogram of image inten-
sity inside the tumor at the current time point and 
hin  is the histogram of image inside f  at another 

time point. This term involves the information in 
other time points and can be calculated as

 

∂ ( )
∂
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where y is the range of intensity, such as [0,…, 
255]. F(y) is the integrate of histogram of image 
in the current time point. This term ensures that 
the tumor intensity distributions at different time 
points for the same patients are similar. Notice 
that P h h( )in in|   can be calculated not only from 
one image but also from multiple images at dif-
ferent time points.

In order to achieve the proposed algorithm, 
image registration is necessary for serial images 
of the same patient. Given a series of MRI images 
In, n = 1, …, N, all the subsequent images were first 
globally aligned onto the space of the baseline by 
applying the rigid registration in FLIRT. This is 
accurate enough to build the correspondence 
among the tumor regions at different time points.

6.2.4.3  Results
The experiment consists of two parts. One is the 
segmentation of GBM from single-time-point 

images. Another one is the serial image segmen-
tation. The dataset contains the MRI image from 
five patients, and every patient has two time- point 
images. For each patient, the images are either 
longitudinal images before resection or those 
after resection. Currently the proposed PICE does 
not apply to the longitudinal data containing both 
images before and after resection. The MRI images 
of each patient are acquired on a 1.5 T GE signal 
MR scanner. Images are T1 modality with a high 
resolution of 256 × 256 × 124 or 192 × 256 × 128. 
The voxel size is 0.94 × 0.94 × 1.50 mm3.

In our experiments, we found that the tradi-
tional level set method can derive good results 
if the tumor intensity is homogeneous, e.g., 
when the tumor is brighter than the tissues 
around it, and it did not work well when both 
bright and dark regions are present in the tumor, 
i.e., it can’t handle the inhomogeneous tumor 
due to complexity of edges. In comparison, 
using the same seed points inside the tumor, the 
results from PICE show that it can segment 
tumor well from single-time-point 3-D MRI 
images, even the intensity of the tumor vary 
complex. Figure 6.7 gives an example. 
Quantitatively, for all the ten testing images, 
compared to the manually marked ground truth, 
the volumetric ratios of the automatically seg-
mented tumors with respect to the manual 
tumors are 98.3 ± .2 % for PICE and 87.8 ± 4.7 % 
for the traditional level set algorithm. It can be 
seen that PICE obtains very accurate 
 segmentation results and significantly improves 
the performance of the traditional level set 
method (p < 0.05).

The PICE algorithm was then used to segment 
tumor from longitudinal images. Figure 6.8 
shows the segmentation results of a patient at dif-
ferent time points using 4-D PICE. Quantitatively, 
in terms of volumetric ratios of the segmented 
tumors with respect to the manual results, they 
are actually very similar to those of the 3-D cases, 
and we did not find significant differences 
between them. In fact, the improvement might be 
in the subtle temporal stability in tumor follow-
 up study, and two time points are limited to test 
this factor. More tests will be done after sufficient 
data are collected.
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Fig. 6.7 Example of the segmentation results by traditional level set method (left) and PICE (right). The red contour 
is the boundary of the segmentation result [43]

Fig. 6.8 Segmentation results illustrated on globally aligned images. Left is the result at time point 1; right is the result 
at time point 2 [43]
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6.2.5  Concluding Remarks 
on AFINITI for GBM 
Applications

We presented an image computing pipeline for 
GBM segmentation and demonstrated its appli-
cability to clinical data. The software adopts 
the current state-of-the-art tumor segmentation 
algorithms and combines the advantages of the 
traditional voxel-based and deformable shape-
based segmentation methods. This provides auto-
matic tumor segmentation based on both T1- and 
T2-weighted MR brain data, with graphical and 
numerical output that can be visualized and inter-
actively refined using the embedded GUI based 
on the ITK-SNAP framework. Finally, the soft-
ware was incorporated into a conventional PACS-
based MRI interpretation workflow. Validation of 
results using clinical GBM data showed high cor-
relation between the AFINITI results and manual 
annotation and suggested significant reduction in 
operator time for performing volumetric quanti-
tation of GBM. The AFINITI pipeline is freely 
available from our public website (see http://
www.cbi-tmhs.org/Projects/AFINITI/).

6.3  Tumor Follow-Up Study: 
Examples of PET/CT Dual- 
Modality Imaging

6.3.1  Introduction

Lymphoma is a hematologic malignancy of lym-
phocyte origin, accounting for approximately 5 % 
of all cancers in the United States [44]. Classically, 
lymphomas are classified as Hodgkin’s disease 
(HD) or non-Hodgkin’s lymphoma (NHL) with 
several subclassification schemes to describe var-
ious cellular, genetic, and clinical subtypes [45]. 
Treatment for lymphoma is dependent on its type 
and stage, as well as the age and general clinical 
status of patients. For most early-stage lympho-
mas, standard first-line therapy for lymphoma 
includes chemotherapy with or without radiation 
therapy [46]. Immunotherapy and hematopoietic 
stem-cell transplantation have added to the onco-
logic armamentarium particularly for patients 

with aggressive or advanced disease. Adoptive 
immunotherapeutic approaches using genetically 
modified cytotoxic T lymphocytes (CTL) with 
engineered tumor-antigen-recognizing receptors 
have shown promising preclinical and clinical 
results to date [47–50]. The Epstein-Barr virus 
(EBV) is known to be associated with a high per-
centage (up to 40 %) of HD and NHL [51]. Thus, 
viral-expressed proteins represent highly specific 
antigen targets. Recently engineered CTLs that 
recognize an EBV protein, called LMP2, can 
produce complete responses in HD and NHL 
patients [52].

Accurate monitoring of patients undergoing 
adoptive CTL therapy is critical for evaluating 
response and disease recurrence. The diagnostic 
gold standard, tissue biopsy, is both invasive and 
logistically difficult to perform on all patients at 
specific time intervals. Treatment responses are 
currently assessed by a canonical approach that 
integrates clinical examination, laboratory find-
ings, and imaging data. The preferred imaging 
technique is PET/CT, which combines metabolic 
information using the positron-emitting sugar 
analog, [F-18]-fluorodeoxyglucose (FDG), with 
morphologic changes in tumor size acquired from 
conventional CT [53–59]. Relative FDG uptake 
in lesions of active high-grade lymphomas is 
typically high thus allowing for semiquantitative 
assessment of disease status [60]. However, inter-
pretation of PET/CT studies is dependent on non-
standardized criteria for assessing relative tumor 
metabolism and methods for measuring mass 
lesions, both of which are manually performed 
and calculated. Moreover, diagnostic PET/CT 
scans acquired at periodic intervals generate a 
massive amount of data, which require manual 
selection of regions of interest (ROI) for compar-
ative and quantitative analyses. Currently clini-
cal investigators are hampered by the absence 
of validated quantitative methods for evaluating 
therapy response in a comprehensive format. 
For example, in assessing longitudinal PET/CT 
imaging data, oncologists generally refer patients 
to radiologists or nuclear medicine physicians, 
who then generate interpretations in their stan-
dard reporting format. However, conventional 
diagnostic reports generally do not describe all 
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detectable lesions, and there is usually no quanti-
tative longitudinal comparison. Furthermore, the 
presence of the adoptively transferred T cells at 
disease sites may give false-positive results on 
PET requiring prolonged follow-up on imaging. 
Thus there is an urgent need to develop robust 
methods and tools for quantitative assessment of 
therapeutic response.

Several methods have been developed to 
evaluate the treatment response in patients with 
lymphoma [61–68]. Although computer-aided 
methods for lymphoma segmentation [69, 70] 
and longitudinal CT analysis exist [71], these 
methods apply global affine transformation or 
pairwise free-form deformable registration for 
processing longitudinal image data, and there is 
a lack of longitudinal stability in the quantitative 
analysis. Traditional pairwise [72, 73] and group-
wise [74] image registration algorithms have been 
used for image alignment; however, the pairwise 
algorithms warp each image separately and often 
cause relatively unstable measures of the serial 
images because no temporal information of the 
serial images has been used in the registration 
procedure. Groupwise image registration meth-
ods simultaneously process multiple images but 
consider the images as a group, not a time series. 
Thus the temporal information has not been used 
efficiently. For longitudinal images, the relation-
ship between temporally neighboring images is 
much more important than that of the images 
with larger time intervals.

In this work the recently developed joint 
serial image registration and segmentation algo-
rithm for longitudinal CT data [75] is used in 
the computer- assisted quantitative analysis for 
lymphoma treatment monitoring. This longi-
tudinal image navigation and analysis (LINA) 
software tool [76] facilitates the quantitative 
evaluation of treatment outcomes for lymphoma 
patients using a computer-assisted serial image 
analysis approach and automatically constructs 
the  longitudinal correspondences along serial 
images for each individual patient. In this way, 
it is possible to automatically determine ROIs 
in the serial images after defining them at each 
time point using a semiautomated segmentation 
algorithm.

In experiments, we applied the proposed 
methodology to the datasets of patients with 
lymphoma in the clinical trial investigating 
LMP- specific CTLs in patients with relapsed 
EBV-positive lymphoma (ClinicalTrials.gov 
Identifier: NCT00671164). Two sets of experi-
ments were performed to validate the method. 
In the first experiment, we tested the accuracy 
of the registration method using simulated serial 
lung CT images with known ground truth about 
the deformation. The results show that the aver-
age error using the longitudinal deformable reg-
istration on ten randomly simulated images was 
3.3 mm. The second experiment calculated the 
errors of all the maximum of standardized uptake 
value (SUVmax) within each ROI determined by 
LINA and the semiautomatic/manual segmenta-
tion method, respectively. For all the ROIs of the 
nine patients studied in this section, the mean 
error of SUVmax between the automatic and the 
semiautomatic segmentation results was 0.02. 
Based on these measures, the longitudinal quanti-
tative index curves showing treatment responses 
using the proposed method are also consistent 
with the semiautomatic method. Implementing 
the proposed serial image quantification approach 
into the LINA pipeline can therefore supply more 
accurate, complete, and intuitive assessments of 
the treatment responses in patients with lym-
phoma after CTL therapy.

6.3.2  Methods

PET/CT serial images of nine patients in the 
clinical trial (ClinicalTrials.gov Identifier: 
NCT00671164), administering LMP-specific 
cytotoxic T lymphocytes to patients with relapsed 
EBV-positive lymphoma, were acquired in an 
integrated PET/CT system (GE Discovery ST) 
with conventional dosing of 18F-FDG (0.21 mCi/
kg). Serial images of each patient consisted of 
two to six complete PET/CT datasets obtained 
at multiple time points. The resolution of CT 
images was 0.98 mm × 0.98 mm × 3.75 mm, and 
that of PET was 5.47 mm × 5.47 mm × 3.75 mm. 
The clinical protocol was approved by the Food 
and Drug Administration, the Recombinant 
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DNA Advisory Committee and the hospitals’ 
Institutional Review Boards. Nine patients had 
active disease at the time of CTL therapy. Tumor 
samples had been established as EBV + ve, 
using immunohistochemistry for LMP-1, in situ 
hybridization for EBER, or both [77].

We developed an image computing tool 
(called LINA: longitudinal image navigation and 
analysis) to semiautomatically segment the 
lesions, to automatically calculate the longitudi-
nal deformations for each image series, and to 
map the ROIs from one time point onto all other 
time points. Both the volumetric shape changes 
and longitudinal quantitative PET measures of 
each ROI can be visualized using LINA. The 
detailed steps are introduced in detail as follows. 
After global co-registration of the PET and CT 
images at each time point, ROIs and liver were 
segmented using a level set-based semiautomatic 
method. Longitudinal deformations of the serial 
data were automatically calculated. Then, any 
semiautomatically segmented ROI at one time 
point can be automatically mapped onto other 
time-point images to facilitate quantitative 
analysis.

After acquiring PET/CT scans, the first step 
is a global co-registration between recon-
structed PET and CT images. Precise identifica-
tion of the lymphoma region also requires the 
aid of CT images, which supply information 
regarding the precise anatomical structure and 
the lymphoma boundary. To facilitate their 
interpretation, it is necessary to co-register PET 
and CT images, thereby relating the metabolic 
activity (uptake pattern) from the PET scan to 
the morphologic information from the CT scan. 
Thus the combined imaging improves the accu-
racy of assessing pathologic versus physiologic 
uptake.

PET/CT images were co-registered based on 
maximization of normalized mutual informa-
tion (NMI) using a global optimization method 
developed by Jenkinson et al. [78]. Affine 
 transformation and trilinear interpolation were 
used in the multi-resolution implementation of 
the algorithm by combining a fast local optimiza-
tion Powell’s method [79]. Denoting the transfor-
mation between the CT It and PET Pt images at 

time point t as At, a voxel v in the CT image will 
correspond to voxel u = At(v) in the PET image. 
All these transformation matrices were stored for 
constructing the longitudinal correspondences 
among the PET images by combining with the 
longitudinal.

To quantitatively analyze the treatment 
response in lymphoma patients, who received 
adoptive CTL therapy, ROIs of mass lesions 
needed to be visually identified in PET/CT 
images. These ROIs included lymph nodes and 
other lymphoid organs with increased PET activ-
ity. In our application, we segment two types of 
ROIs: (1) shapes or boundaries of ROIs that are 
clearly detectable, e.g., discrete lymph nodes, 
and (2) ROIs without discernable boundaries. 
We therefore used a level set-based semiauto-
matic ROI segmentation for this study. For the 
ROIs with clear boundaries on CT, we used the 
image boundary-based level set algorithm [80] to 
extract the ROI shapes with a proper initializa-
tion; for ROIs without discernable boundaries, 
manual segmentation will be used if the level set 
method fails.

Even with the help of the semiautomatic seg-
mentation tool, the extraction of lymphoma 
regions is laborious, especially for patients 
requiring extensive serial imaging with a rela-
tively large number of mass lesions (ROIs) in 
many sets of PET/CT images. Moreover, in 
order to calculate the longitudinal PET activity 
changes of each ROI, it is also necessary to con-
struct their temporal correspondences. Generally, 
the images taken at the first time point are cho-
sen as the baseline datasets, and the ROIs (pos-
sible lymphoma mass region and liver region) 
are semiautomatically segmented or manually 
marked from the fused PET/CT images at the 
baseline. Since the longitudinal deformations 
among each image series are known, these seg-
mented ROIs can be deformed onto the images 
at other time points so that all corresponding 
ROIs in the follow-up images can be automati-
cally extracted. Similarly, any new ROI that is 
only observable in a follow- up image can also be 
marked or segmented, which can then be auto-
matically mapped onto the baseline and other 
time-point images.
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We recently developed a serial CT image reg-
istration algorithm [75] to automatically align all 
the CT images of the same patient at different 
time points to automatically calculate the longi-
tudinal correspondences. For serial image regis-
tration, the relationship between temporally 
neighboring images is much more important than 
that of the images with larger time intervals, since 
both anatomical structure and tissue properties of 
neighboring images tend to be more similar for 
neighboring images than others; moreover these 
temporal changes might be characterized using 
specific physical processes models. Therefore, 
we formulated the serial image registration so 
that the registration of the current time-point 
image is related to not only the previous but also 

the following images (if available). Given a series 
of CT images It, t = 0, 1, …, T (I0 is usually called 
the baseline), all the subsequent images were first 
globally aligned onto the space of the baseline by 
applying the rigid registration in Insight Toolkit 
(ITK). Thus matrix R0 → t or Rt will reflect the 
transformation from time point 0 to time point t. 
In addition to the global transformation, we 
needed to estimate the deformations from the 
baseline onto each image, i.e., f0 → t or simply 
denoted as ft. For the current CT image It, if the 
deformation of its previous image It − 1, ft − 1, and 
that of the next image It + 1, ft + 1, are known, the 
deformation ft can be calculated by jointly con-
sidering both the previous and the next images 
and by minimizing:
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where e[] is the operator for calculating the fea-
tures around each voxel of the image and Ω is the 
image domain. In this work, the feature vector 
for each voxel consisted of the image intensity, 
gradient magnitude, and the fuzzy member-
ship functions obtained by performing a FCM 
 algorithm on the images (assuming three tissue 
types: bone, low-intensity and high-intensity tis-
sues), i.e., e[v] = [I(v),  | ∇ I(v)| ,  μv,1,  μv,2,  μv,3]. 
Since the cubic B-Spline was used to model the 
deformation field, the continuity and smoothness 
was guaranteed; thus the regularization term of 
the deformation field was omitted. Further, we 
used a topological regularization step to ensure 
that the Jacobian determinants of the deforma-
tions fields were positive. In this way the topol-
ogy of the deformation field did not change from 
one image onto the subsequent images. The serial 
image registration algorithm then iteratively 
refines the deformation field ft of each time-point 
image by minimizing the energy function in Eq. 
(6.1) and performs 4-D clustering of the image 
series until convergence. Notice that in the first 
iteration, since the registration results for neigh-
boring images were not available, only the first 
term of Eq. (6.1) was used, which is essentially a 
pairwise FFD [81].

After global co-registration and longitudinal 
deformable registration, correspondences 
among the CT image series were constructed, 
and all the ROIs segmented at one time-point 
image were automatically mapped onto other 
time points. Suppose an ROI r0 has been 
obtained from the baseline CT image, the cor-
responding region in the baseline PET image 
will be A0(r0). The corresponding region in the 
PET image at time t will be rt = At[ft(Rt(r0))], 
where the global transformation from time 
point 0 to time point t, Rt, is first applied, fol-
lowed by a deformable transformation ft, and 
finally the deformed ROI is transformed onto 
the PET space at time point t using At. If the 
ROI is not segmented at the baseline, it can 
also be automatically mapped onto other time 
points in a similar way. The reason that we 
combine the global transformations between 
CT and PET images, the global transforma-
tions between the baseline CT image and other 
 time- point images, as well as the longitudinal 
deformation fields for the globally aligned CT 
images for mapping the ROI is that no interpo-
lation on the PET images needs to be performed 
in order to obtain accurate SUV measures from 
PET images.
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Our next step is to quantify the signals in PET 
image, given each region rt at time t. In PET 
imaging, a radioactive material (e.g., FDG) is 
systemically administered by intravenous injec-
tion and allowed a period of cellular uptake of the 
compound (up to 40 min). Following this period, 
the patient is scanned in an instrument that detects 
positron annihilation 511 keV photons. FDG 
accumulates in cell through a mechanism involv-
ing glucose transport and phosphorylation by 
hexokinase, rending it trapped inside cells. Thus 
FDG concentration is proportional to the first 

biochemical steps in glucose metabolism. One 
widely applied semiquantitative method for mea-
suring FDG activity is the maximum of standard-
ized uptake value (SUV) [82–87], which relates 
the value of activity concentration found in a cer-
tain tissue to the injected activity per the patient 
body weight. The SUV of a voxel v in region rt is 
calculated using attenuation-corrected images, 
injected dose of FDG and FMT, patient’s body 
weight, and the cross calibration factor between 
PET and dose calibration [88] and is defined as 
follows:

  SUV( ) ( )
( )

=v
vRadioactiveconcentration at MBq/g

Injected dose MBq //Patient body weight g
.

( )  (6.11)

As expected, higher SUV corresponds to 
greater metabolic activity. There is some evidence 
[86, 89] suggesting that an SUV greater than 2.5 
indicates metastatic disease identified as sus-
pected tumor sites. However, due to the interindi-
vidual differences and diffusion ability of 
radioactivity at different time points, a relative 
SUV value in an ROI should be compared with 
those in normal brain, liver, or heart organ region. 
Therefore, it is suggested that quantitative evalu-
ation to determine the response to therapy in 
patients with lymphoma needs to refer to the SUV 
in normal and tumor tissue since different image 
reconstruction, processing techniques, patient 
conditions, and dose of radioactive drug may 
affect the specific numerical value of the SUV.

In our study, the ratio of maximum of SUV in 
an ROI versus the mean SUV of a liver region is 
employed as the quantitative index (QI) to 
 quantify the therapeutic effect, which can be 
expressed by the following equation:

 

QI r
v
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t
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max SUV

mean SUV liver
max

mean  
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6.3.3  Results and Discussion

The LINA toolkit has been applied to lymphoma 
patient follow-up studies in the experiments. 
Patients included six men and three women. The 

median age was 29 (range 20–63). The total num-
ber of lesions identified on imaging was 34, and 
the mean number of lesions per patient was3.7 
(range, 1–7 lesions). In the first experiment, we 
evaluated the accuracy of the longitudinal regis-
tration algorithm using chest lung CT images, 
and in the second experiment, the quantitative 
follow-up results of the proposed method are 
compared with the manual results.

The proposed longitudinal deformable reg-
istration algorithm has been evaluated by using 
randomly simulated lung CT images. First, for 
each series of the sample images, the demon’s 
algorithm [90] was used to register the subse-
quent images onto the first time-point image. 
Then, one sample image was selected as the 
template image, and all the other first time-point 
images of other subjects were deformed onto 
the template space using the same deformable 
registration algorithm. Finally, the statistical 
model for the spatially warped/normalized tem-
poral deformations was calculated, which was 
then used to randomly generate the longitudinal 
deformation of the template image. In this sec-
tion, the statistical model of deformation (SMD) 
presented in [91] was used to train such a model. 
In this experiment we used the chest CT images 
obtained from The Methodist Hospital as our 
datasets, one image was selected as the template, 
and other 19 images were selected as the train-
ing samples. After applying the algorithm on the 
ten randomly simulated images, the  registration 

Z. Xue and S.T.C. Wong



117

errors with the ground truth were calculated 
reflecting the accuracy of the registration. The 
results showed that the mean registration error 
(resolution 0.98 mm × 0.98 mm × 3.75 mm) was 
3.3 mm. In general, the registration errors were 
found in less than the largest voxel spacing of the 
simulated images.

In the second experiment, we compared the pro-
posed automatic ROI mapping based on longitudi-
nal registration with the semiautomatic/manual 
segmentation methods for ROI. First, the FLIRT 
program [92] was used to co-register the PET/CT 
images at same time point. For each CT image, a 
radiologist delineated all the ROIs using our semi-
automatic segmentation tools or manually. In the 
automatic ROI mapping method, the segmented 
ROIs from the baseline were automatically mapped 
onto all the CT images in the follow- up time points. 
Finally, the SUVs of each ROI were calculated in 
the original PET image space by transforming the 
corresponding regions to PET, so that no interpola-
tion of the PET images is performed.

For a dataset with PET (image size 
128 × 128 × 300) and CT (image size 
512 × 512 × 300), the average time for co- 
registration was about 8 min on HP xw4400 
workstation by using the FLIRT program. The 
time for deformable registration of two CT 
images was dependent on the sub-volume to be 
registered. For sub-volumes cut from the CT with 
size 256 × 256 × 70, the calculation time is less 
than 200 s.

We compared the results of automatic ROI 
mapping with the original semiautomatic/manual 
segmentation results, using SUV values of each 
region. The mean of the relative squared differ-
ences between two SUVmax values for all the 
regions of all the patients is calculated as follows:
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where ri and r̆i  denote the segmentation results 
using the semiautomatic/manual segmentation 
and the proposed automatic mapping for the ith, 
respectively. N is the total number of ROIs under 
evaluation. For all the ROIs of the nine patients 

we studied, this average normalized squared dif-
ference is 0.02. Therefore, the computer-assisted 
quantitative analysis method obtains similar 
results with the “gold standard.”

First, the semiautomatic and manual ROI seg-
mentation are illustrated in Figs. 6.9 and 6.10, 
respectively. From Fig. 6.9a we can visually 
identify the region of interest, and then manual 
points are initialized inside the lymph nodes 
(Fig. 6.9b), and the algorithm automatically 
extracts the boundaries of the lymph nodes as 
shown in Fig. 6.9c. When the boundaries of an 
ROI are blurry, the level set algorithm normally 
leaks into a larger region, and a manual segmen-
tation of the ROI is then applied. From Fig. 6.10a 
we identified a region of interest, but from the 
initial point shown in Fig. 6.10b, the level set 
segmentation leaks into a larger region in the CT 
image. Therefore manual segmentation of the 
ROI is necessary. Figure 6.10c shows the manu-
ally marked region.

It is worth noting that the PET signal can also 
be used to facilitate the segmentation process. 
For example, the level set evolution can stop to 
grow when the PET signal is weak. However, 
since the PET signal is the one that we need to 
measure, if the selection of ROI is dependent on 
the PET signal itself, it will introduce biased 
quantitative calculation. Thus in this study we 
used the strategy that the ROIs are only selected 
from the CT images.

Based on the proposed algorithm, a longitudi-
nal imaging navigation and computing tool are 
developed. The key functions include a sophisti-
cated data management system to facilitate quan-
titative longitudinal studies and statistical 
analysis, an exceptional 4-D viewer of longitudi-
nal images with underlying longitudinal defor-
mations and 4-D ROIs, and the quantitative 
results for the follow-up study of each patient. In 
this section, we introduce the visualization of 
some results. Compared to the radiological 
reports, the new tool will provide a platform for 
comprehensive dataset management.

Figure 6.11 shows an example with four 
time points, where lymph nodes can be clearly 
 segmented. The first row shows the fused PET/
CT images, where lymphoma region has obvi-
ous high intensity. The segmentation results  
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are shown in the second row, and the yellow 
curves illustrate the semiautomatic lymph node 
segmentation results. For the follow-up CT 
images, we applied the serial image registra-
tion algorithm and warped the baseline image 
onto each subsequent CT image shown in row 
3. Correspondingly, the ROI at baseline can be 
transformed onto these CT images, shown as 
the green contours in row 3. At each follow-up 
time point, the warped baseline image appears 
similar to the CT image captured at that time 
point. By using the automatically mapped 
ROIs, SUV and QI measurements can be auto-
matically generated for each case. These data 
can be used to quantitatively assess metabolic 
activity in specific lesions over multiple imag-
ing datasets which is critical for evaluating 
therapy response. From the QI values given, we 
can see the positive response of the treatment 
quantitatively.

After calculation of QI (the ratio of maximal 
SUV of lesion to the mean SUV of the liver), they 

can be plotted longitudinally and supplied as 
quantitative response of treatment. Figure 6.12 
shows some results in our datasets. Each figure 
shows the plots of QIs of all ROIs of one patient. 
For the same longitudinally corresponding ROI, 
we used lines with the same color to link them, 
and solid line shows the semiautomatic/manual 
results and dashed lines indicate the results of the 
automatic mapping results. The big solid circle 
markers indicate that semiautomatic/manual 
 segmentations at that time point are automati-
cally mapped onto other time points for auto-
matic SUV calculation.

Figure 6.12a, b show two examples where 
semiautomatic segmentation of ROI is per-
formed from the baseline. By comparing the 
solid lines with the dashed lines, it can be seen 
that the longitudinal QI values obtained by using 
both methods are in reasonable agreement. The 
longitudinal change of QI of each ROI indicates 
that these ROIs are obvious response to treatment 
within the first five and a half months, while the 

a b

c

Fig. 6.9 Illustration of semiautomatic lymph node seg-
mentation using level set method. (a) The region of inter-
est is first identified by overlapping the PET with the CT; 

(b) an initial point is then manually marked for each 
lymph node from CT image; and (c) the level set method 
is applied to automatically extract the lymph nodes [76]
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situation might become worse between 5.5 and 
8.5 months. Figure 6.12c, d show two examples 
where it might be difficult to identify some ROIs 
in the images. Figure 6.12c shows the results of 
one patient with four ROIs at five time points, 
in which it is difficult to identify the ROIs at the 
fifth time point except for one. All the lesions 
are determined from the baseline image and the 
computer- assisted method can determine the cor-
responding lesions for all the follow-up studies, 
while it is difficult to even manually mark the 
lesion for some scans. The results show that our 
method can delineate other three ROIs at the fifth 
time point by using serial CT registration, which 
assists oncologist to quantitatively evaluate the 
treatment response. In Fig. 6.12d, two ROIs can 

be detected at the first time point (blue and red 
circle point indication), and the other two ROIs 
indicated by green and magenta circle points 
can be identified at the second time point. By 
using the proposed computer-assisted quantita-
tive approach, we can automatically calculate 
the SUV values of along the image series and 
hence prove a comprehensive quantitative evalu-
ation of the treatment outcomes of lymphoma. 
Figure 6.12c, d indicate that our proposed method 
enables to provide pro- and post-perspective 
analysis for treatment outcomes of lymphoma.

From the experimental results, one can see 
clearly that this method has the following advan-
tages. Since lymphomas are often gathered together 
in some patients, it is difficult to map one-to-one 

a b

c

Fig. 6.10 An illustration of manual segmentation of ROI 
where boundaries are not clearly discernable, in which the 
semiautomatic method has failed. (a) The ROI is first 
identified by overlapping the PET with the CT; (b) the 

level-set segmentation leaks into a larger region in the CT 
image; and (c) the region of interest is then manually 
marked on the CT image by referring to (a) [76]
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correspondence among the lymphoma regions 
segmented by hand at different time points. Our 
method is able to automatically segmented ROIs 
from follow-up CT images by using ROI mapping 
based on the longitudinal correspondences, and it 
is more efficient to accomplish the goal of quanti-
tative analysis; the novel analysis tool enables us 
to show the longitudinal image data with ROI in 
4D. The volume and QI of ROIs can be visualized 
in time sequence. The plots of QI supply a quanti-
tative evaluation means for treatment response of 
lymphoma. All these functions simplify the analy-
sis and improve the efficiency of analysis.

In our experiments, the only one error occurred 
when the lesion size is small (<12 mm). There are 
several factors affecting this error. First, the pre-
cision of PET/CT co-registration will undoubt-
edly affect the accuracy of SUV calculation of 
lymphoma region especially when the lesion is 
small and does not have clear boundary from CT 
images. Another factor is that whether the auto-
matically mapped ROIs are accurate enough to 

cover the PET peak region. Based on our valida-
tion of the algorithms, the matching accuracy for 
longitudinal CT series is about 3.3 mm for reso-
lution 0.98 × 0.98 × 3.75 mm, and it is less than 
one voxel size. Therefore, in the case where 
lesion size is small (<12 mm), we applied a rela-
tively large ROI to cover the whole PET peak 
spot, i.e., grow the accurate ROI by 3.75 mm in 
all directions. In this way, all the 34 lesions can 
be successfully analyzed using our computer- 
assisted quantitative analysis tool.

6.4  Future Trends

Medical image computing has been widely 
used in clinical and preclinical assessment of 
cancer. This chapter presents the components 
and techniques of medical image computing 
and describes two representative applications 
in oncology, namely, one assists the neuroim-
aging follow-up during GBM Therapeutic 

Baseline 4 months 11 months 14.5 months
SUVmax (lesion) /
SUVmean (liver) =
1.386

SUVmax (lesion) /
SUVmean (liver) =
1.773

SUVmax (lesion) /
SUVmean (liver) =
2.216

SUVmax (lesion) /
SUVmean (liver) =
3.046

Fig. 6.11 Comparison of the semiautomatic segmenta-
tion of lymph node and the automatically mapped shapes. 
Row 1: Fused PET/CT images at different time points; 
Row 2: semiautomatically segmented lymph nodes; Row 

3: the warped baseline CT image and the corresponding 
ROIs at subsequent time points. It can be seen that the QI 
of ROI decreases along with time/treatment [76]
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Intervention and the other enables computer-
assisted quantitative analysis for lymphoma 
treatment monitoring. Among all the imaging 
modalities, ex vivo and in vivo microscopy 
and medical imaging are mostly used in 
research and clinics, respectively. The former 
can capture cellular and tissue-level morphom-
etry and molecular activities while the latter 
images organ- and tissue-level properties. One 
notable trend is to combine the macro- and 
microscale imaging information that would 
help better diagnose, subtype, and quantify the 
formulation, progression, and mechanism of 
various types of cancers. Imaging is also com-
monly used for drug discovery, starting from 
microscopic imaging in vitro and then quanti-
fying the therapeutic response in tissue and 
tumor level.
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7.1           Introduction 

 The ability to sustain angiogenesis and develop 
independent vascular supply is one of the classic 
hallmarks of the cancer cell [ 1 ] (Fig.  7.1 ). The com-
plex biological signalling mechanisms that underlie 
the angiogenic process have been the target of 
unprecedented research interest for the past 
30 years. The understandable hope of early pioneers 
in the fi eld that inhibition of vessel growth would 
provide a “magic bullet” to target multiple tumours 
has proven to be unfounded. However, our knowl-
edge of the angiogenic process and the signalling 
mechanisms involved in it continues to evolve, lead-
ing to the development of novel antiangiogenic 
therapeutic strategies. The spatial heterogeneity of 
the tumour microenvironment and of the biological 
mechanisms involved in the angiogenic process has 

led to considerable interest in the development of 
quantitative imaging biomarkers (IB) that can be 
utilised both in clinical applications and in clinical 
studies of therapeutic strategies with antiangiogenic 
intent. In this chapter we will briefl y review the rel-
evant biology of the angiogenic process and the 
rationale behind the development of novel antian-
giogenic cancer therapies. We will then explore the 
range of relevant imaging biomarkers and their 
potential strengths and weaknesses for future clini-
cal and research applications.

7.2        The Biology of Angiogenesis 

 Tumour development and growth is dependent on 
development of new blood vessels to meet 
increasing demands for nutrient delivery and 

Self-sufficiency in
growth signals

Insensitivity to
anti-growth signals

Evading
apoptosis

Sustained
angiogenesis

Limitless replicative
potential

Tissue invasion
& metastasis

  Fig. 7.1    The hallmarks of 
cancer (From Hanahan and 
Weinberg [ 1 ] with 
permission)       
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waste removal. This process of neovascularisa-
tion is called angiogenesis. The biology of angio-
genesis is complex and continues to be a source 
of active research [ 2 ]. In tumour tissue, the pro-
cess of angiogenesis is controlled by a number of 
angiogenic signalling mechanisms mediated by 
small molecules or cytokines. These may be 
released by tumour cells or by hypoxic or infl am-
matory tissue. Some knowledge of the angio-
genic process is essential to understand the 
development of imaging-based biomarkers, and a 
brief, relatively simplifi ed, description is pre-
sented here and illustrated in Fig.  7.2 . Readers 
are referred to specifi c detailed reviews for fur-
ther information regarding the biological pro-
cesses involved in angiogenesis [ 2 ].

   In healthy vessels endothelial cells (ECs) form 
a monolayer interconnected by junctional mole-
cules, which include claudins and VE-cadherin. 
ECs are covered in a sheath of pericytes that 
actively suppress endothelial proliferation and 
which, together with EC, form a common base-
ment membrane. Pericytes produce a range of 
signalling molecules including vascular endothe-
lial growth factor (VEGF), angiopoetin-1 (ANG- 
1), fi broblast growth factors (FGFs), NOTCH 
and chemokines which support endothelial cell 
repair. EC can also respond directly to dissolved 
oxygen concentration and have receptors for 
hypoxia-inducible factors such as prolyl- 
hydroxylase domain 2 (PHD2) and hypoxia- 
inducible factor-2α (HIF-2α) which support a 
mechanism to enable remodelling of vessels to 
optimise oxygen delivery. 

 Under hypoxic and hypoglycaemic condi-
tions, tumour cells will release pro-angiogenic 
signalling molecules including VEGF, ANG-2, 
FGFs and chemokines into the local microenvi-
ronment. When normal vessels are exposed to 
pro-angiogenic signals, pericytes detach from the 
basement membrane by the action of matrix 
metalloproteinases (MMPs), and tight junctions 
between endothelial cells loosen with increase in 
the permeability of the endothelial membrane. 
There is then extravasation of plasma proteins, 
which are involved in formation of an early extra-
cellular matrix (ECM). Integrin signalling stimu-
lates migration of EC onto this ECM, which in 

turn stimulates further release of pro- angiogenic 
signalling molecules. Growth of new vessels is 
an ordered process that involves a single EC, 
known as the tip cell. Neighbouring ECs, known 
as stalk cells, divide under the infl uence of 
NOTCH, placental growth factor (PlGF   ) and 
FGDFs to form an elongated vascular stalk that 
then develops a patent lumen in response to 
VEGF and a range of other signalling molecules. 
New vessels fuse with existing vasculature to ini-
tiate blood fl ow, and the new vessels develop 
pericyte coverage, reform EC tight junctions and 
develop new basement membranes.  

7.3     Antiangiogenic Therapies 

 The development of imaging biomarkers to study 
the process of angiogenesis has been a major area 
of imaging research development. This was 
largely driven by the anticipation that antiangio-
genic small molecules would provide an effec-
tive therapeutic intervention which, by targeting 
a common biological mechanism, would be 
effective across a range of cancer types. In prac-
tice, compared to initial expectations, therapeutic 
benefi ts of antiangiogenic agents have been 
rather disappointing [ 3 ]. Development of resis-
tance to antiangiogenic therapy is relatively com-
mon [ 4 ], and some agents have proven toxic 
when combined with chemotherapy [ 5 ,  6 ]. 
Worryingly, some evidence is beginning to sug-
gest that antiangiogenic therapy may cause can-
cer cells to become increasingly malignant in 
behaviour [ 7 ,  8 ]. Nonetheless, anti-VEGF target-
ing agents such as bevacizumab [ 9 ] have shown 
signifi cant benefi t and are licensed for use in a 
number of clinical settings (metastatic colorectal 
cancer, metastatic non-squamous non-small-cell 
lung cancer, glioblastoma (GBM) and metastatic 
renal cancer) although anti-VEGF agents are 
used as a monotherapy only in GBM. Agents 
which target the TKI pathways to block pro- 
angiogenic signalling have also been approved 
for use in a number of clinical applications [ 10 ] 
(Table     7.1 ).

   Although the initial hopes for antiangiogenic 
therapy have not been entirely fulfi lled,  enormous 
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  Fig. 7.2    The consecutive steps of blood vessel branching 
are shown, with the key molecular players involved denoted 
in parentheses. ( a ) After stimulation with angiogenic factors, 
the quiescent vessel dilates, and an endothelial cell tip cell 
is selected ( DLL 4 and  JAGGED 1) to ensure branch forma-
tion. Tip-cell formation requires degradation of the basement 
membrane, pericyte detachment and loosening of endothelial 
cell junctions. Increased permeability permits extravasa-
tion of plasma proteins (such as fi brinogen and fi bronectin) 
to deposit a provisional matrix layer and proteases remodel 
pre-existing interstitial matrix, all enabling cell migration. For 
simplicity, only the basement membrane between endothelial 
cells and pericytes is depicted, but in reality, both pericytes and 
endothelial cells are embedded in this basement membrane. 
( b ) Tip cells navigate in response to guidance signals (such 
as semaphorins and ephrins) and adhere to the  extracellular 

matrix (mediated by integrins) to migrate. Stalk cells behind 
the tip cell proliferate, elongate and form a lumen, and sprouts 
fuse to establish a perfused neovessel. Proliferating stalk cells 
attract pericytes and deposit basement membranes to become 
stabilised. Recruited myeloid cells such as tumour-associated 
macrophages (TAMs) and TIE-2- expressing monocytes 
(TEMs) can produce pro-angiogenic factors or proteolytically 
liberate angiogenic growth factors from the ECM. ( c ) After 
fusion of neighbouring branches, lumen formation allows 
perfusion of the neovessel, which resumes quiescence by pro-
moting a phalanx phenotype, re-establishment of junctions, 
deposition of basement membrane, maturation of pericytes 
and production of vascular maintenance signals. Other fac-
tors promote transendothelial lipid transport (From Carmeliet 
and Jain [ 2 ] with permission)       
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resource continues to be applied to the develop-
ment of improved agents by increasing under-
standing of the modes of action, mechanisms of 
resistance and the principles that underlie the 
identifi cation of optimised combination therapies 
[ 11 – 15 ]. Multiple mechanisms of resistance have 
been identifi ed relating to changes occurring in 
tumour cells, EC or other cells in the tumour 
stroma. Some tumours, such as pancreas, are 
simply hypovascular by nature and therefore less 
sensitive to antiangiogenic strategies. Production 
of other pro-angiogenic signalling molecules can 
render tumours VEGF independent. Hypoxia 
in the native tumour or induced by vessel loss 
after antiangiogenic therapy can also promote 
mutations supporting development of hypoxia-
resistant tumour cells and alternate  pro- angiogenic 

mechanisms. Furthermore, there is some evi-
dence, in GBM, that tumour stem cells can dif-
ferentiate into EC via a process which is relatively 
insensitive to VEGF blockade [ 16 ].  

7.4     Imaging Angiogenesis 

 Recognition of the importance of the angiogenic 
process led to substantial research efforts to 
identify tissue, soluble and imaging biomarkers 
that could be used clinically and in preclinical 
and clinical research. Imaging biomarkers have 
specifi c potential benefi ts that make them highly 
attractive. Quantitative imaging investigations 
can be performed non-invasively, can be repeated 
on a number of occasions to examine therapeutic 

   Table 7.1    Summary of phase II and III trials of anti-vascular agents      

 Drug  Approved indication 
 Improvement in 
RR (%) 

 Improvement in 
PFS (months) 

 Improvement 
in OS (months) 

 Bevacizumab  Metastatic colorectal cancer 
(with chemotherapy) 

 10  4.4  4.7 a  
 0  1.4  1.4 a  
 7.8  2.8  2.5 a  
 14.1  2.6  2.1 b  

 Metastatic non-squamous NSCLC 
(with chemotherapy) 

 20  1.7  2.0 a  
 10.3–14.0  0.4–0.6  NR a  

 Metastatic breast cancer (with 
chemotherapy) c  

 15.7  5.9  NS a  
 9–18  0.8–1.9  NS a  
 11.8–13.4  1.2–2.9  NS a  
 9.9  2.1  NS b  

 Recurrent GBM (monotherapy)  Currently only phase II data reported 
 Metastatic RCC (with IFN-α)  18  4.8  NS a  

 12.4  3.3  NS a  
 Sunitinib  Metastatic RCC  35  6.0  4.6 a  
 Sorafenib  Metastatic RCC  8  2.7  NS b  

 Unresectable HCC  1  NS  2.8 a  
 2  1.4  2.3 a  

 Pazopanib  Metastatic RCC  27  5.0  NR a,b  

  From Carmeliet and Jain [ 2 ] with permission 
 For reference, see   http://clinicaltrials.gov     
 Antiangiogenic therapies currently approved by the US Food and Drug Administration (FDA) for treatment of malig-
nancies. Per indication, the results of various trials are shown. The data show the improvement observed after the addi-
tion of the anti-VEGF therapy 
  GBM  glioblastoma multiforme,  HCC  hepatocellular carcinoma,  IFN  interferon,  NR  not reported,  NS  not signifi cant, 
 NSCLC  non-small-cell lung carcinoma,  OS  overall survival,  PFS  progression-free survival,  RCC  renal cell carcinoma, 
 RR  response rate 
  a First-line therapy 
  b Second-line therapy 
  c The FDA recommended the withdrawal of bevacizumab for breast cancer in December 2010; this is under appeal, with 
a hearing expected in June 2011. However, bevacizumab is approved for metastatic breast cancer in Europe, except in 
the United Kingdom  
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responses and, most importantly, provide unique 
spatial data that allows investigation of hetero-
geneous tumour biology in vivo. In addition, the 
nature of antiangiogenic therapies and the sheer 
number of potential candidate compounds avail-
able made, and continue to make, the design of 
clinical outcome trials challenging. Development 
of panels of appropriate biomarkers to allow 
phenotypic classifi cation, early response predic-
tion and detection of biological activity in early, 
pre- phase 1, clinical trials became increasingly 
important. 

 Early development focused on the identifi ca-
tion of biomarkers that quantifi ed aspects of 
microvascular structure such as vascular fraction, 
endothelial permeability and blood fl ow. These 
biomarkers now have wide clinical application 
and are also routinely employed in clinical trials 
of antiangiogenic therapies. However, more 
recently there has been signifi cant interest in 
developing biomarkers that target other aspects 
of the angiogenic process leading to the descrip-
tion of an increasingly wide range of PET-based 
molecular imaging agents. 

7.4.1     Biomarkers of Perfusion 
and the Vascular 
Microenvironment 

 The technical details associated with the various 
imaging techniques are covered in considerable 
detail in earlier chapters. However, it is worth 
reviewing the characteristics and potential 
 benefi ts of the quantitative imaging methods that 
now form an integral component of many or most 
antiangiogenic drug trials. Early approaches 
focused on the known histological features of 
angiogenic tissue. Classically, histochemical 
staining studies had identifi ed the importance of 
the density of new vessels (microvascular den-
sity; MVD) measured on stained tissue. Although 
it is associated with a number of technical prob-
lems, MVD has been shown to relate to malig-
nancy and outcome in a number of tumours and 
is routinely used in histological studies [ 17 ]. 
Many early imaging studies focused on identify-
ing surrogate biomarkers of MVD mainly using 

dynamic contrast-enhanced MRI (DCE-MRI) 
with technical development commonly occurring 
in brain tumours due to favourable signal-to- 
noise characteristics and a lack of physiological 
motion. Most early studies used T2*-weighted 
acquisitions, often referred to as dynamic suscep-
tibility contrast-enhanced MRI (DSCE-MRI), 
since susceptibility effects produce larger pro-
portional signal changes in normal grey and 
white matter and, at that time, system architec-
ture made rapid dynamic acquisitions with T2* 
weighting easier than T1 weighting. A propor-
tional cerebral blood volume (rCBV) estimation 
is easily obtained from this data assuming that 
technical problems associated with contrast leak-
age are appropriately dealt with [ 18 ]. By scaling 
to normal white matter or pure vascular tissues 
(large veins), rCBV can be normalised to produce 
absolute values (CBV) which have shown close 
agreement with histological assessment of MVD 
in a number of cancer types and show similar 
correlations with tumour grade, aggressiveness 
and survival data [ 19 – 21 ]. 

 Most early antiangiogenic agents targeted 
VEGF or VEGF signalling. Since VEGF pro-
duces rapid and signifi cant increases in the 
permeability of the endothelial membrane, 
considerable work was directed towards the 
quantifi cation of permeability by measurement 
of MR contrast agent leakage. Unfortunately, 
measurement of contrast agent leakage using 
T2* dynamic images is problematic, and the 
adoption of T1-weighted dynamic sequences, 
often referred to as dynamic relaxivity contrast- 
enhanced MRI (DRCE-MRI), received increas-
ing attention. DRCE-MRI data can be acquired 
on most standard clinical MR imaging systems; 
however, dynamic signal intensity changes can 
vary between systems due to differences in 
acquisition sequence design, receiver gain set-
tings and other technical variables. Early studies 
attempted to minimise these sources of variation 
by the use of simple, normalised, metrics such as 
the maximal rate of change of signal intensity or 
the ratio of pre- and post-contrast signal inten-
sity. However, a desire for better standardisation 
across imaging systems and for greater physi-
ological specifi city led to the development and 
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widespread  application of pharmacokinetic ana-
lytical approaches [ 22 ]. Signal intensity changes 
are used together with direct measurements of 
baseline T1 values to calculate contrast concen-
tration time course curves (CC-TCC). These can 
then    be analysed using simple pharmacokinetic 
models to derive variables which have, in the-
ory, both relative independence from variations 
resulting from differences in scanning equipment 
and sequence implementation and also offer 
increased physiological specifi city. Most stud-
ies use a modifi ed version of the original Toft’s 
pharmacokinetic model that produces estimates 

of vascular fraction ( v  p ), extravascular extracel-
lular space fraction ( v  e ) and the transfer contrast 
coeffi cient ( K   trans  ) [ 23 ,  24 ] (Fig.  7.3 ).

   Table  7.2  lists the parameters which can be 
extracted by the application of pharmacokinetic 
models and which are believed to be of value in 
clinical trials of novel therapies [ 26 ].

   The  K   trans   value will be affected by blood 
fl ow and by the permeability surface area prod-
uct of the endothelium (P.S). It rapidly became 
evident that the VEGF inhibition was indeed 
associated with rapid and profound reductions 
in  K   trans   [ 25 ,  27 ,  28 ]. However, it must be noted 

Time T1 map

Cp
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Time

Time

Pharmacokinetic modeling

Ktrans veEFETV

IAUC60

T1WTV

Physical parameters

Acquire dynamic time series of 25–100 imagesa b c

d

Defining AIF and ROI Signal intensity is converted into CA concentration map

Enhancement parameters

∫[CAdt]
vp

  Fig. 7.3    DCE-MRI data acquisition and analysis. ( a ) 
Multiple images (typically 25–100) are acquired as a 
bolus of contrast agent passes through tissue capillaries; 
( b ) the region of interest for a tumour and the feeding 
vessel arterial input function are defi ned; and ( c ) signal 
intensity values for each voxel are converted into contrast 
agent concentration using a map of T1 values. These steps 
allow calculation of ( d ) WTV and T1 values. Next, voxels 
are classifi ed as enhancing or not after which parameters 
based on the amount and proportion of enhancement can 
be defi ned, along with the IAUC60. Finally, a pharmaco-
kinetic model may be applied to derive parameters such 

as  K  trans . Abbreviations: ∫[CA]d t  area under the contrast 
agent–time curve,  AIF  arterial input function,  Cp  con-
trast–agent concentration in plasma,  CA  contrast agent, 
 DCE - MRI  dynamic contrast-enhanced MRI,  EF  enhanc-
ing fraction,  ETV  enhancing tumour volume,  IAUC  60  ini-
tial area under concentration agent–time curve at 60 s, 
 K   trans   volume transfer constant between plasma and the 
extracellular extravascular leakage space,  ROI  region 
of interest,  S  signal,  T  1  longitudinal relaxation time,  v  e  
volume of extracellular extravascular leakage space,  v  p  
blood plasma volume,  WTV  whole tumour volume (From 
O’Connor et al. [ 25 ] with permission)       
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that  pharmacokinetic analyses have been far 
less popular in clinical practice where simple 
semi- quantitative metrics have become well 
established in many areas of oncology includ-
ing prostate [ 29 – 31 ], breast [ 32 – 43 ], pancre-
atic [ 44 ], cervical [ 45 ], colonic [ 46 ] and rectal 
cancers [ 21 ,  47 ], bone sarcoma [ 48 ] and brain 
tumours [ 49 ,  50 ]. This clinical preference for 
semi- quantitative metrics refl ects the complexity 
of pharmacokinetic analysis. The requirement to 
measure baseline T1 values and to identify a rep-
resentative arterial input function (LIF) together 
with potential confusion concerning the choice 
of the most appropriate pharmacokinetic model 
make the use of semi-quantitative metrics far 
more attractive in a busy clinical environment. 
However, semi- quantitative metrics are capable 

of providing signifi cant insight into the angio-
genic status of tumour microvasculature which 
is, in most cases, comparable to pharmacokinetic 
parameters (Fig.  7.4 ).

   With the development of rapid multi-slice CT 
acquisitions, it was natural that the analytical 
approaches taken with DCE-MRI would be 
applied to CT data. Dynamic CT (DCT) has a 
number of potential advantages over MRI. The 
main one of these is that the concentration of 
contrast agent is directly linearly related to the 
measured attenuation value [ 51 ]. This makes mea-
surements of semi-quantitative parameters and 
the application pharmacokinetic models more 
simple and alleviates many of the problems asso-
ciated with multicentre studies in MRI (Fig.  7.5 ) 
[ 52 – 54 ].

   Table 7.2    Imaging biomarkers used in studies of anti-vascular agents   

 Parameter defi nition  Unit  Notes 

  Primary end points     
  K  trans   Volume transfer constant between 

plasma and the EES 
 min −1   Composite measure of 

permeability, capillary 
surface area and fl ow 

 IAUC 60   Initial area under concentration 
agent-time curve at 60 s 

 mmol min  Similar measure to  K  trans , 
but also infl uenced by  v  e  

  Alternative functional biomarkers  a  
  k  ep   Rate constant between EES and 

plasma 
 min −1   NA 

  v  e   Volume of EES per unit volume of 
tissue 

 NA  NA 

  v  p   Blood plasma volume  NA  Relatively poor 
reproducibility 

  F   Blood fl ow  ml/g min −1   Temporal resolution 
achieved in most studies 
is too slow 

 PS  Permeability surface area product 
per unit mass of tissue 

 ml/g min −1   Temporal resolution 
achieved in most studies 
is too slow 

  Alternative biophysical measurements  b  
 WTV  Whole tumor volume  mm 3   Easy to measure 
 ETV  Enhancing tumor volume  mm 3   Easy to measure 
  E  F   Enhancing fraction (ETV: WTV 

ratio) 
 none  Easy to measure 

 T 1   Longitudinal relaxation time  ms  Easy to measure 

  Parameters derived from DCE-MRI: As recommended by Leach et al. [ 26 ] 
  Abbreviations :  DCE - MRI  dynamic contrast-enhanced MRI,  EES  extracellular extravascular leakage space,  NA  not 
applicable 
  a Require pharmacokinetic modelling 
  b Do not require pharmacokinetic modelling  
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   The main problem with DCT is of course the 
radiation dose that is signifi cant and limits the 
application of the technique into clinical trials 
requiring repeated imaging measurements. 

 The development of microbubble contrast 
agents led to the development of contrast- 
enhanced ultrasound (CEUS) which allows imag-
ing of vessels with diameters of 50–100 μm using 
a combination of intravascular contrast and 
Doppler sonography. However, CEUS is limited 
by the presence of appropriate sonographic win-
dows and is extremely operator dependent. 

 Although DRCE-MRI rapidly became an key 
component of many antiangiogenic studies, a 
number of other specifi c IB have been developed 
for angiogenesis. Some of these refl ect recogni-
tion that novel antiangiogenic strategies may well 
not show changes in endothelial permeability but 
may affect other parts of the angiogenic process. 
One example of this is the recognition that anti-
angiogenic agents change the branching structure 

of the angiogenic vascular tree so that it more 
closely resembles normal vascular tissue [ 55 ]. 
This process, named normalisation, produces a 
change in the balance of vessel sizes within the 
tissue which can be detected by examining the 
differences in contrast-induced signal change on 
T2- and T2*-weighted images [ 56 ]. A number of 
studies used this approach to develop a vessel 
normalisation index which showed signifi cant 
changes in response to tyrosine kinase inhibitors 
(Fig.  7.6 ) [ 57 ,  58 ].

   Changes in vessel structure induced by 
antiangiogenic therapy can also be expected 
to produce changes in blood fl ow and blood 
fl ow velocity which can, in theory, be detected 
by arterial spin labelling. The ability to study 
antiangiogenic effects without the use of gad-
olinium-based  contrast media is attractive, and 
a number of groups have examined the feasi-
bility of ASL showing both treatment-induced 
changes and evidence that these changes can be 
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  Fig. 7.4    Axial view of central slices of 3D longitudinally 
co-registered kinetic and semi-quantitative parametric 
maps obtained in 26-year-old woman, who has type II 
neurofi bromatosis with a progressive VS ( arrow heads ) 
and an occipital located meningioma ( arrow ) undergoing 
treatment with bevacizumab. Images show comparisons 
of pharmacokinetic leak derived parameters  K  trans ,  v  p  and 
 v  e  with semi-quantitative parameters (before and 2 and 
90 days after the start of treatment): (1)  absolute signal 

enhancement  ( SE   1min  ), (2)  relative signal enhancement  
( SE   rel  ) which uses a baseline value for normalisation in 
order to reduce the dependence on biological and imaging 
system variables, (3)  the sum of SE over a fi xed postinjec-
tion duration  ( SE ), (4)  the sum of SE   rel    over a fi xed postin-
jection duration  ( SE   rel  ) and (5)  signal enhancement ratio , 
commonly defi ned as the ratio of early to late contrast 
enhancement ratio, e.g.  R  se1/se2  = (SI 1 min post  − SI pre )/(SI 5 min  
 post  − SI pre )       
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used as early predictors of therapeutic response 
(Fig.  7.7 ) [ 60 ,  61 ].

   A small number of studies have been per-
formed using PET-based biomarkers to measure 
fl ow and vascular fraction. The most commonly 
employed method is  15 O-water which allows 
direct measurement of tissue perfusion and the 
volume of distribution (V D ) for water sometimes 
called the exchanging water space. This param-
eter is poorly understood but appears to repre-
sent the proportion of tissue that is available for 
 perfusion by water and is predicted to be low 
in areas of fat or necrosis [ 59 ]. Measurements 

of tumour perfusion using  15 O-water appear to 
show high reproducibility within an interclass 
correlation coeffi cient of 0.95 in one study of 
patients with lung tumours [ 62 ]. However, V D  
appears to be rather more variable. Early clini-
cal applications of  15 O-water measurements have 
been relatively limited but have demonstrated a 
relationship between fl ow measurements and 
the angiographic vascularity of liver metasta-
ses, changes induced by combined nicotinamide 
and carbogen administration in colorectal liver 
metastases and increased perfusion in patients 
with malignant breast disease [ 63 – 66 ].  15 O-water 

  Fig. 7.5    ( a ) CT volume ( grey ) backtransformed into MR 
space and intersecting tumour ROI ( red ), sagittal and cor-
onal views in a patient with bladder cancer. ( b ) Example 
of  K  trans  map for DCE-MRI overlaid onto T 2 -weighted 
anatomical image after affi ne transformation to CT space. 
( c ) Example of  K  trans  map for DCE-CT at native resolution 

overlaid onto image from dynamic CT set. Colour scale in 
min −1 . ( d ) Bland–Altman plots for the median values of 
 K  trans  (in min −1 ),  v  p  and  v  e  (both unitless). The  dashed lines  
indicate the mean difference, and the dotted lines indicate 
the limits of agreement (From Naish et al. [ 52 ] with 
permission)         
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perfusion measurements have also been used 
in a limited number of studies of conventional 
chemotherapy and antiangiogenic therapies. 
Anderson and colleagues used a combination 
of  15 O-water to measure fl ow and  15 O-carbon 
monoxide to measure regional blood volume in 
12 patients with renal carcinoma treated with 
razoxane, an oral agent with mixed cytotoxic and 
antiangiogenic activity [ 67 ]. They found that per-
fusion of renal tumours was lower than normal 
kidney but demonstrated no signifi cant changes 
in tumour perfusion or blood volume in response 
to drug. There were also no signifi cant changes 
in a group of four patients who showed disease 
progression at follow-up. A study of six patients 
receiving thalidomide for androgen-independent 
prostate cancer showed an inverse correlation 
between prostate-specifi c antigen and blood 
fl ow suggesting that response to antiangiogenic 
agents is associated with improved tumour cir-
culation [ 68 ]. Although PET-based methods for 
measurement of fl ow and blood volume are read-
ily available, they have been seldom used. This 
presumably refl ects the radiation dose and rela-
tive complexity of the approach compared to the 
increasingly reliable DCE-MRI techniques.  

7.4.2     DCE-MRI in Clinical Trials 

 DCE-MRI techniques have now been used in 
over 100 early-phase clinical trials of anti- 
vascular therapies [ 25 ]. Despite this, the role of 
DCE-MRI in decision-making or drug develop-
ment and the design of trials using T1-weighted 
DCE-MRI remains relatively controversial. 
The earliest trials of anti-vascular agents were 
reported approximately 10 years ago. Many 
used semi-quantitative parameters similar to 
those used in clinical breast cancer evaluation, 
but as discussed above, the majority of studies 
have relied on pharmacokinetic analysis most 
commonly using the modifi ed Toft’s model 
[ 69 ], and a number of consensus workshops 
have proposed the selection of IAUC 60  and  K  trans  
as the preferred DCE-MRI endpoints in clinical 
trials [ 26 ,  70 ]. 

 By the end of 2011, 86 DCE-MRI studies 
reporting 1,604 patients had evaluated single- 
agent anti-vascular therapies. Fifty-nine of these 
used inhibitors of VEGF or VEGFR [ 25 ], 16 
used vascular targeting agents and 11 used agents 
with other postulated anti-vascular activities. In 
some studies, clinical benefi t was associated with 
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  Fig. 7.6    Reversibility of normalisation: ( a ) vascular and 
volume changes as a function of time in a patient with 
glioblastoma multiforme who did not take drug from days 
43–56 and was imaged on day 55 (shown as drug holiday). 
T 1 -weighted anatomic images after intravenous adminis-
tration of gadolinium-DTPA. Note that at day 55, there is 
a rebound in tumour enhancement, which decreases again 
after restarting the drug as seen on follow-up imaging on 

day 110. In this patient, maps of relative vessel size also 
show fl uctuation with the drug holiday and resumption 
of AZD2171 treatment. ( b ) Measurements of imaging 
parameters confi rm the reversibility of vascular normali-
sation by drug interruption followed by renormalisation 
after AZD2171 is resumed. ( VS  vessel size,  P  endothe-
lial permeability,  CE - T1  contrast-enhanced T 1 -weighted 
sequence) (From Batchelor et al. [ 57 ] with permission)       

 

7 Imaging Angiogenesis



138

clear early reduction in IAUC 60  and/or  K  trans  with 
VEGF, VEGFR and tyrosine kinase-targeted 
agents. In contrast, drugs with little demonstrable 
clinical benefi t showed minimal or insignifi cant 
reductions in these parameters. Examples of 
this include three trials of semaxanib (targeting 
VEGFR) in 46 patients [ 71 – 73 ] and three trials of 
vandetanib (targeting VEGFR and EGFR) in 41 
patients [ 74 – 76 ] in which IAUC 60  and  K  trans  did 
not change with drug treatment. 

 Unfortunately, reductions in  K  trans  reported in 
studies of vatalanib, a VEGFR inhibitor, [ 77 – 80 ] 
were similar to those seen with inhibitors of VEGF 

such as bevacizumab, cediranib, sorafenib and fos-
bretabulin. However, vatalanib has failed to demon-
strate a survival benefi t in phase III trials in patients 
with colorectal cancer when used in combination 
with cytotoxic agents [ 81 ]. Thus, anti-vascular drug 
activity (measured by DCE- MRI in studies of 
monotherapy) in phase I and phase II trials does not 
guarantee success of an anti-vascular agent in com-
bination regimens in phase III testing [ 82 ]. Various 
studies have also suggested utility of DCE-MRI-
based metrics in optimising drug dose, particularly 
in identifying a therapeutic window between the 
biologically active dose which produces DCE-MRI 

a b

c d

  Fig. 7.7    ( a – d ) Forty-fi ve-year-old female patient presenting 
with IgG lambda-secreting multiple myeloma. The patient 
was treated with bortezomib and showed a good response to 
therapy. For anatomical orientation one M0 image is given 
without coloured perfusion overlays ( a ). At baseline exami-

nation ( b ), tumour perfusion was measured at 358 ml min −1  
100 g −1 . Three weeks after onset of bortezomib therapy, 
myeloma perfusion dropped to 143 ml min −1  100 g −1 ( c ). 
Another 5 weeks later, tumour perfusion was decreased to 
74 ml min −1  100 g −1 ( d ) (From Laking and Price [ 59 ])       
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parameter change and the clinical maximum toler-
ated dose. It has also been suggested that DCE-MRI 
parameters may help with dose scheduling [ 83 ]. 
However, some vascular targeting agents have 
shown complex non-linear relationships between 
drug dose and vascular response [ 25 ]. 

 It is important to note that signifi cant changes in 
other DCE-MRI-derived parameters have been 
reported in a large number of clinical trials. Tumour 
volume considered as a continuous variable or graded 
in such a way to take account of relatively small 
reductions has been demonstrated as a common 
response to both VEGF/VEGFR targeting and TKI 
inhibitors. Similarly the T1 parameter, which is calcu-
lated routinely to allow contrast concentration calcu-
lations, has also shown signifi cant change in response 
to antiangiogenic agents which has been taken to 
indicate drug-induced changes in free fl uid within the 
tumour [ 25 ,  27 ]. Blood plasma volume ( v  p ) and frac-
tional extravascular extracellular space volume ( v  e ) 
are commonly not reported in clinical trial data. 
However, 13/86 studies of antiangiogenic monother-
apy that did include calculations of  v  p  demonstrated 
large statistically signifi cant reductions in response to 
bevacizumab, cediranib, sorafenib and sunitinib [ 25 ]. 

 These fi ndings, taken in combination, suggest 
that DCE-MRI metrics do provide useful guid-
ance in drug development and early-phase clini-
cal studies. However, emerging evidence clearly 
indicates a multi-parametric analysis of DCE- 
MRI data offers greater insight into the 
 mechanism of drug actions than studies that use 
only a single parameter such as  K  trans .  

7.4.3     Molecular Biomarkers 

 Our understanding of the angiogenic process 
continues to increase at an almost exponential 
rate. Numerous novel therapeutic targets are 
identifi ed and candidate compounds screened for 
activity in preclinical models. It is increasingly 
clear that the established imaging biomarkers 
available for clinical trials are severely limited. 
Although, as we have seen, DCE-MRI provides 
valuable and reliable information; it describes 
only selected elements of the tumours micro-
vascular environment. Increasingly, there is a 
demand for biomarkers that can quantify specifi c 

molecular processes associated with angiogen-
esis to provide a more comprehensive toolkit for 
preclinical and clinical studies. The development 
of novel PET radiotracers has received extensive 
attention, and a number of promising molecular 
imaging agents, targeting the angiogenic process, 
have been assessed in preclinical and early-phase 
clinical studies. There is an extensive literature 
regarding the potential targets for the develop-
ment of molecular markers [ 84 – 90 ]; however, we 
will focus here on the three best-developed and 
most promising approaches: (1) imaging of VEGF 
receptors, (2) imaging of integrin expression and 
(3) imaging of matrix metalloproteinases.   

7.5     Imaging VEGF 

 VEGF is a potent regulator of neovascularisation 
both in healthy tissue development and cancer. 
Variations in mRNA splicing result in at least 
seven isoforms of VEGF with varying receptor 
binding affi nities. There are two VEGF receptor 
tyrosine kinases, VEGFR-1 and the VEGFR-2, 
that are principally expressed on EC. Elevated 
levels of VEGF have been described as a poor 
prognostic sign in cancer and correlate with 
increased metastatic behaviour [ 91 ]. VEGF 
imaging has been accomplished using radiola-
belled antibodies or antibody fragments. The fi rst 
imaging was performed using radiolabelled beva-
cizumab in mice [ 92 ]; however, the antibody 
showed poor immune reactivity, and maximum 
uptake did not occur until 4–7 days postinjection. 
The fi rst human VEGF imaging used HuMV883, 
a humanised version of a mouse monoclonal anti-
VEGF antibody (MV833) that has antitumour 
activity against a number of human tumour xeno-
grafts. Imaging in patients with solid tumours 
using radiolabelled HuMV833, after treatment 
with the antibody, demonstrated heterogeneity of 
distribution and clearance both between patients 
and individual tumours [ 28 ]. 111In-labelled bev-
acizumab was later used to image VEGF in 
colorectal cancer patients with liver metastases. 
Although 9 of 12 patients with metastatic lesions 
were detected, no correlation was found between 
the level of antibody accumulation and expres-
sion of VEGF in post- resection analysis [ 93 ]. 

7 Imaging Angiogenesis



140

 An alternative approach to image VEGF 
expression is the use of radiolabelled soluble 
forms of VEGF, like VEGF121. One preclinical 
study using  64 Cu-DOTA-VEGF121 demonstrated 
prominent uptake in small highly vascularised 
U87MG grafts but lower uptake in less well-vas-
cularised large tumours [ 94 ]. This led to a follow-
up study which demonstrated that the VEGFR-2 
expression is regulated in a narrow window of 
tumour sizes which may imply that repeated 
VEGFR-targeted studies might help in the man-
agement of angiogenic therapies [ 95 ]. More 
recently, Nagengast and colleagues [ 96 ] devel-
oped 89Zr-ranibizumab for potential use as non-
invasive biomarker of VEGF signalling. 
Ranibizumab, a monoclonal antibody fragment 
(Fab) derivative of bevacizumab, used to treat 
macular degeneration, has a higher affi nity than 
bevacizumab for all soluble and matrix bound 
human VEGF-A isoforms. In contrast to  18 F- 
FDG and  15 O-water PET, VEGF-PET demon-
strated dynamic changes within the tumour 
during sunitinib treatment with a strong decline 
in signal in the tumour centre and only minimal 
reduction in tumour rim, with a pronounced 
rebound after sunitinib discontinuation. VEGF- 
PET results corresponded closely with tumour 
growth and immunohistochemical vascular and 
tumour markers.

7.6       Integrin Imaging 

 Integrins are heterodimeric membrane receptors 
comprised of an α and a β subunit that mediate 
interactions between cells. To date, 18 different 
α and 8 different β subunits have been identifi ed, 
forming 24 different integrin receptors [ 97 ]. 
A common property of many integrins is their 
interaction with the arginine–glycine–aspartic 
acid (RGD) sequence found in extracellular 
matrix proteins like vitronectin, fi brinogen, 
thrombospondin and fi bronectin. The most 
extensively studied of these in the angiogenic 
process is the integrin αvβ3 which is highly 
expressed on the surface of activated EC. 
However, integrins are commonly expressed on 
the surface of tumour cells, and the  interpretation 

of the signal obtained from integrin imaging can 
therefore be complex [ 98 ]. The fi rst integrin-
specifi c PET tracer used in humans was [ 18 F]
galacto-RGD. The initial study of mixed tumour 
types demonstrated wide variability of tumour 
uptake with high background in the kidneys, 
liver, spleen and bowel. Immunohistological 
examination of resected tissue demonstrated 
that the number of αvβ3- positive vessels per 
fi eld of view correlated highly with tumour 
uptake of [ 18 F]galacto-RGD [ 99 ]. A similar cor-
relation between uptake and immunohistochem-
ical staining was also demonstrated in a later, 
larger study [ 100 ]. 

 The use of [ 18 F]galacto-RGD in a mixed 
tumour population of 19 patients produced a 
detection rate the malignant lesions of 79 % 
whilst in a study of 12 patients with squamous 
cell carcinoma of the head and neck the detection 
rate was 83 % in primary tumours but lower in 
lymph node metastasis [ 101 ]. In 16 patients with 
breast cancer, all primary lesions were identifi ed, 
and no false-positive lesions were seen, but once 
again sensitivity for lymph node metastases was 
lower (37 %) [ 102 ]. 

 A number of modifi cations designed to 
improve the pharmacokinetic properties of 
RGD peptides have been described. A recent 
approach is the development of multimeric 
tracers since RGD interactions are thought to 
be based on multivalent interactions with clus-
ters of integrin membrane proteins. These trac-
ers are designed to more effectively identify 
tumours in areas of high physiologic integrin 
expression, such as the liver, spleen and bowel. 
Direct comparison of monomeric, dimeric 
and tetrameric cyclic RGD tracers conjugated 
with DOTA and radiolabelled with [ 103 ]. In 
in mice with SK-RC-52 renal cell  carcinoma 
xenografts demonstrated tumour uptake of the 
 tetramer which exceeded that of both the dimer 
and the monomer [ 104 ] and a  64 Cu-DOTA- 
RGD octamer demonstrated higher uptake 
than tetramer versions in human glioblastoma 
tumour grafts [ 105 ]. 

 One signifi cant alternate integrin-specifi c 
tracer is [ 18 F]fl uciclatide which has been 
developed by GE Healthcare and is becoming 
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widely available. This commercially available 
tracer shows different binding affi nities with 
the highest affi nity for αvβ5 (IC50 0.1 nM), 
followed by integrin αvβ3 (IC50 11.1 nM). 
A study in human glioma heterografts treated 
with  sunitinib  demonstrated a  therapy-induced 
reduction in tumour uptake over a 2-week 
period. This correlated with a reduction in 
tumour MVD suggesting that this agent is 

capable of demonstrating vascular responses 
transgenic inhibition prior to the occurrence of 
signifi cant volumetric changes [ 106 ]. 

 The potential role of integrin imaging in 
the clinical environment remains uncertain. 
Observations of associations between inte-
gral expression and tumour progression in 
melanoma and tumour grade in sarcoma have 
suggested potential clinical utility (Fig.  7.8 ). 

  Fig. 7.8     Upper row  galacto- RGD PET coronal, 60 min 
p.i.  Lower row  MRI post-Gd-DTPA coronal. Whereas the 
well- differentiated G1 chondrosarcoma in the right shoul-
der and the dedifferentiated G3 chondrosarcoma in the 

right pelvis both show contrast enhancement in MRI, the 
G3 tumour shows intense tracer uptake (especially in the 
upper parts of the tumour), but the G1 tumour shows only 
faint tracer uptake (Reproduced from Gaertner et al. [ 107 ])       
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Similarly, preclinical studies have demonstrated 
that integrin αvβ3 has an important role in 
 promoting  aggression and metastatic potential 
in breast cancer and glioma. These observations 
suggest specifi c potential clinical utility for 
integral imaging, particularly in the selection 
of patients for antiangiogenic therapies. This is 
supported by a study using integrated imaging 
in metastatic colorectal carcinoma in the liver 
where increased uptake correlated with a partial 
response to therapy [ 107 ].

7.7        Imaging Matrix 
Metalloproteinases 

 MMPs are a group of extracellular proteins that 
disrupt the components of the extracellular 
matrix and basement membrane. The family 
includes a wide range of over 20 MMPs that play 
roles in angiogenesis but also in tissue develop-
ment and wound healing [ 108 ]. Many of the 
MMPs are expressed by malignant cells and are 
involved in angiogenesis and metastatic dissemi-
nation, but MMP-2 and MMP-9 are most com-
monly present in malignant tissue [ 109 ]. In 1999 
Koivunen and colleagues discovered a peptide 
known as CTT that inhibits MMP-2 and MMP-9 
activity and prevents tumour growth and metas-
tasis [ 103 ,  110 ]. In-radiolabelled CTT uptake 
correlated with both normal and tumour tissue 
MPP activity [ 103 ], but its application to imag-
ing is limited by poor tumour uptake [ 111 ]. 
Alternative approaches to image MMP activity 
by labelling small molecular MMP inhibitors 
have been developed but also suffer from poor 
tumour contrast and high levels of non-specifi c 
activity [ 112 ,  113 ].  

    Conclusions 

 Angiogenesis has provided one of the most 
important therapeutic targets for the treat-
ment of cancer for nearly 20 years. Despite a 
greater investment in the study of the process 
and the development of associated therapeutic 
approaches, current antiangiogenic therapies 
offer only modest benefi ts in limited clinical 
applications. The development and validation 

of novel antiangiogenic therapies and, more 
importantly, the development of combina-
tion therapies are likely to rely increasingly 
on accurate identifi cation of patients who are 
likely to respond. Imaging biomarkers cur-
rently offer the most promising approaches 
to this kind of personalised medicine and will 
continue to be of vital importance in drug 
development, clinical trial and  clinical set-
tings. Although at the present time DCE-MRI 
techniques remain the backbone of antiangio-
genic imaging, there is a clear and increasing 
need for improved imaging biomarkers which 
will lead to increasing applications of molecu-
lar imaging techniques.     
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  AMPK    Adenosine monophosphate- activated 

protein kinase   
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  CCL-103F    1-(2-hydroxy-3-hexafl u–oroisopro-
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transferase   
  CDP-Eth    Cytidine diphosphate ethanolamine   
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  CEST    Chemical exchange saturation 
transfer   

  CF3PM    5,6-dimethyl-4-[3-(2-nitro1-
imidazolyl)-propylamino]-2-trifl u-
oromethylpyrimidine 
hydrochloride   

  Cho    Free choline   
  CHPT    Cholinephosphotransferase   
  CHT    High-affi nity choline transporter   
  CK    Choline kinase   
  CLT    Choline transporter-like proteins   
  CoA    Coenzyme A   
  Cr    Creatine   
  CSI    Chemical shift imaging   
  CTP    Cytidine triphosphate   
  DNP    Dynamic nuclear polarization   
  FGF    Fibroblast growth factor   
  FID    Free induction decay   
  FNuct    Fluoronucleotides   
  Gln    Glutamine   
  Glu    Glutamate   
  Glx    Sum of Glu and Gln   
  GPC    Glycerophosphocholine   
  GPE    Glycerophosphoethanolamine   
  HIF    Hypoxia-inducible factor   
  HR-NMR    High-resolution NMR   
  HSQC    Heteronuclear single-quantum cor-

relation spectroscopy   
  IEPA    2-imidazole-1-yl-3-ethoxycarbonyl 

propionic acid   
  IgG    Immunoglobulin   
  IL    Interleukin   
  JNK    c-Jun N-terminal kinase   
  LDH    Lactate dehydrogenase   
  MAP    Mitogen-activated protein   
  MCT    Monocarboxylate transporters   
  MRS    Magnetic resonance spectroscopy   
  MS    Multiple sclerosis   
  mTOR    Mammalian target of rapamycin   
  NAA     N -acetylaspartate   
  NADH    Reduced form of nicotinamide ade-

nine dinucleotide   
  NaTFA    Sodium trifl uoroacetate   
  NDP    Nucleoside diphosphate   
  NMR    Nuclear magnetic resonance   
  NTP    Nucleoside triphosphate   
  OCTN    Organic cation/carnitine 

transporters   

  PA    Phosphatidic acid   
  PC    Phosphocholine   
  PCA    Perchloric acid   
  PCr    Phosphocreatine   
  PDE    Phosphodiester   
  PEMT    Phosphatidylethanolamine 

 N -methyltransferase   
  pHe    pH extracellular   
  pHi    PH intracellular   
  Pi    Pnorganic phosphate   
  PI3K    Phosphatidylinositol 

3-kinases   
  PLA    Phospholipase A   
  PME    Phosphomonoester   
  PPM    Parts per million   
  PtdCho    Phosphatidylcholine   
  PtdEth    Phosphatidylethanolamine   
  RF    Radio frequency   
  RIF    Radiation-induced 

fi brosarcoma   
  RINEPT    Refocused insensitive nuclei 

enhanced by polarization 
transfer   

  RTK    Receptor tyrosine kinase   
  SelMQC    Selective multiple-quantum 

coherence fi lter   
  TCA    Tricarboxylic acid   
  tCho    Total choline   
  tCr    Total creatine   
  TP53    Tumor protein 53   
  TRAMP    Transgenic adenocarcinomas 

of mouse prostate   
  VHL    Von Hippel–Lindau   
  Yb-DO3A-oAA     Ytterbium-1,4,7,10-

tetraazacyclododecane- 1,4,7- 
tetraacetic acid   

8.1           Introduction 

 Cancer is a disease in which abnormal cells divide 
uncontrolled without effective cell cycle regula-
tion to regulate their growth and homeostasis 
[ 1 ,  2 ]. The American Cancer Society has stated 
that half of all men and one-third of all women 
in the United States will develop cancer during 
their lifetime [ 1 ]. It is estimated that 1,638,910 
new cancer cases and 577,190  cancer- related 
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deaths occurred in the United States in 2012 [ 3 ]. 
Abnormal metabolism is an important feature of 
cancers cells, and it results in a variety of phe-
notypes in cancers cells [ 4 ,  5 ]. In addition, this 
altered metabolism in cancer cells may also play 
an important role in resistance to chemotherapies, 
and it offers new molecular targets for antican-
cer therapy [ 4 ,  5 ]. Therefore, understanding how 
different cancer cells adjust and regulate their 
metabolism is essential for understanding cancer, 
tumor microenvironment, and metastatic spread 
and for successfully treating cancer. Magnetic 
resonance spectroscopy (MRS) enables us to 
measure and visualize distributions of metabo-
lites in tumors [ 6 ,  7 ]. This book chapter describes 
studies of tumor metabolism using MRS methods 
in cultured cells, in tumor models ex vivo and in 
vivo, as well as advanced MRS techniques that 
can identify specifi c markers of tumor metabolic 
changes.  

8.2     Tumor Metabolism 
and Oncogenes 

 Cancer cells typically have a high proliferation 
rate, and as a result, many metabolic pathways, 
such as glycolysis, the tricarboxylic acid (TCA) 
cycle, oxidative phosphorylation, the pentose 
phosphate pathway, and the synthesis of nucleo-
tides and lipids, are modifi ed to promote nutrient 
uptake and to meet the high demand for bioener-
getics and biosynthesis precursors [ 8 ,  9 ]. The 
major energy sources utilized by cancer cells are 
glucose and glutamine [ 5 ,  8 ]. In normal cells, 
glucose is mostly metabolized through glycoly-
sis, which produces pyruvate. In the presence of 
oxygen, pyruvate enters the mitochondria. 
Pyruvate is then converted to acetyl-CoA and 
enters the TCA cycle. Each TCA cycle generates 
three molecules of NADH (reduced form of nico-
tinamide adenine dinucleotide), which donate 
their electrons to the electron transport chain to 
drive adenosine-5′-triphosphate (ATP) synthesis. 
Collectively, these processes are known as cellu-
lar respiration. There is some  disagreement, but 
most reports conclude that 36 molecules of ATP 
are produced from each  molecule of glucose 

 during respiration [ 10 ]. In contrast to normal 
mammalian cells, cancer cells prefer glycolysis 
to cellular respiration, even in the presence of 
oxygen [ 1 ,  2 ]. This phenomenon is known as 
Warburg effect [ 11 ]. Pyruvate is converted to lac-
tate instead of entering the TCA cycle, and 
NADH is oxidized to NAD +  to allow glycolysis 
to continue. Most cancer cells also use glutamine, 
besides glucose, for metabolism, protein synthe-
sis, and nucleotide base synthesis and as a pre-
cursor for other amino acids [ 12 ,  13 ]. Abnormal 
choline phospholipid metabolism is another met-
abolic hallmark of cancer cells [ 14 ,  15 ]. The cho-
line metabolite profi le of cancer cells is 
characterized by elevated phosphocholine (PC), 
which is often accompanied by elevated glycero-
phosphocholine (GPC). The enzymes directly 
causing this elevation include choline kinase 
alpha, phospholipase C, phospholipase D, and 
phospholipases A2 [ 15 ,  16 ]. 

 A number of oncogenes [ 17 ] and tumor sup-
pressor genes [ 18 ] drive cancer cell metabolism 
such as hypoxia-inducible factors (HIFs), myc, 
NF-κB, Ras, phosphatidylinositol 3-kinases 
(PI3K), Akt (protein kinase B), receptor tyro-
sine kinases (RTKs), mitogen-activated protein 
(MAP) kinases, mammalian target of rapamy-
cin (mTOR), adenosine monophosphate-acti-
vated protein kinase (AMPK), tumor protein 
53 (TP53), and Von Hippel–Lindau (VHL) [ 15 , 
 19 ,  20 ]. These oncogenes and tumor suppressor 
genes display complex reciprocal interactions 
with several metabolic pathways [ 15 ,  19 ,  20 ]. 
A deeper understanding of the pathways that 
connect oncogenes or tumor suppressor genes to 
the metabolic reprogramming of cancer cells will 
hopefully reveal new targets for anticancer treat-
ment, which can be monitored by detecting the 
metabolic end product of the targeted pathway.  

8.3     Fundamentals of Magnetic 
Resonance Spectroscopy 

 Here, we briefl y introduce metabolic MRS tech-
niques and their applications. Some of the key 
nuclei and their applications are also summarized 
in Table  8.1 . The nuclear magnetic resonance 
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(NMR) signal is based on the fact that the nuclei 
have magnetic properties that can be exploited to 
generate information about their chemical prop-
erties [ 21 – 24 ]. MR-active nuclei have odd num-
bers of protons, neutrons, or both, and they 
possess a magnetic moment. Commonly 
employed MRS metabolic measurements are 
from  1 H,  19 F,  31 P, and  13 C, in descending order of 
sensitivity [ 7 ]. In the presence of an external 
magnetic fi eld  B  0 , the magnetic moments from 
these nuclei will align either with or against  B  0 , 
and they will precess at a resonant frequency,  ω  0 .

   Detection of these magnetic moments is pos-
sible after excitation with a radio-frequency 
(RF) pulse transmitted by an RF coil at the reso-

nant frequency of the nuclei of interest. During 
excitation, the nuclei will be promoted to the 
less favorable higher energy state after absorb-
ing the energy from the RF pulse. After each 
excitation pulse, one must wait for the spins to 
return to the equilibrium, which is a process 
termed relaxation. The motion of the magnetic 
moments during relaxation generates RF signals 
whose intensities depend on the concentration 
of the nuclei and on two rate constants that gov-
ern the relaxation times of the magnetization: 
(1) the exponentially decaying spin–lattice or 
longitudinal relaxation time T1 and (2) the 
exponentially decaying spin–spin or transverse 
relaxation time T2 [ 25 ]. The detected free 

   Table 8.1    MR-detectable metabolites and their applications in tumor metabolism   

 Nucleus  Detected metabolite or signal  Application to tumor metabolism 

  1 H  Cho, GPC, PC, tCho [ 7 ,  15 ]  Choline phospholipid metabolism 
 Alanine, lactate, pyruvate [ 6 ,  27 ,  117 ]  Glycolysis 
 Triacylglycerides (−CH 2 – CH   2  –CH 2 –), ( CH   3  –CH 2 –), 
(−C H  = CH–), (−CH = CH–C H  2 –CH = CH–) [ 132 ] 

 Mobile lipids 

 Cr, PCr, tCr [ 158 ]  Energy metabolism 
 Citrate, fumarate, Gln, Glu, Glx, succinate [ 27 ,  285 ]  TCA cycle 
 2-Hydroxyglutarate [ 173 ,  174 ]  Mutated isocitrate dehydrogenase 1 
 IEPA [ 192 ,  193 ], Yb-DO3A-oAA [ 199 ]  Extracellular pH (pHe) 
  N -Acetylaspartate [ 145 ,  146 ]  Marker of neuronal health 

  19 F  5-Fluorouracil (5-FU) [ 227 ], 5-fl uorocytosine (5-FC) 
[ 233 ] 

 Anticancer drug pharmacokinetics 

 Fluorinated nitroimidazoles (CF3PM, CCL-103F) 
[ 235 – 238 ] 

 Tumor hypoxia 

  31 P  3-APP [ 200 ,  201 ]  Tumor pHe 
 Chemical shift difference between Pi and PCr or NTP 
[ 200 ] 

 Tumor pHi 

 PC,GPC, PME, PDE [ 7 ,  204 ,  216 ,  217 ,  286 ,  287 ]  Choline phospholipid metabolism 
 PE, GPE, PME, PDE [ 7 ,  204 ,  216 ,  217 ]  Ethanolamine phospholipid metabolism 
 NTPs, NDPs, PCr, Pi [ 7 ,  204 ,  216 ,  217 ]  Energy metabolism 

  13 C   13 C-labeled substrates ([1- 13 C] glucose, [U- 13 C] glucose, 
[3- 13 C] pyruvate, [3- 13 C] lactate, [4- 13 C] α-ketoglutarate) 
[ 244 ,  249 ,  250 ] 

 Metabolic fl ux, enzyme activities 

 Hyperpolarized  13 C-labeled substrates ([1- 13 C] pyruvate, 
[1- 13 C] lactate, [1- 13 C] glutamine) [ 47 ,  103 ,  262 ] 

 Metabolic fl ux, enzyme activities 

 Hyperpolarized bicarbonate [ 279 ]  Tumor pH 

   Abbreviations :  3-APP  3-Aminopropyl phosphonate,  IEPA  2-imidazole-1-yl-3-ethoxycarbonyl propionic acid,  CCL- 103F   
1-(2-hydroxy-3-hexafl uoroisopropoxy-propyl)-2-nitroimidazole,  CF3PM  5,6-dimethyl-4-[3-(2-nitro- 1-imidazolyl)-
propylamino]-2-trifl uoromethylpyrimidine hydrochloride,  Cho  Choline,  Cr  Creatine,  Glu  Glutamate,  Gln  Glutamine, 
 Glx  Sum of Glu and Gln,  GPC  glycerophosphocholine,  NDP  nucleoside diphosphate,  NTP  nucleoside triphosphate,  PC  
phosphocholine,  PCr  phosphocreatine,  PDE  phosphodiester,  Pi  inorganic phosphate,  PME  phosphomonoester,  tCho  
total choline,  tCr  total creatine,  Yb-DO3A - oAA  ytterbium-1,4,7,10-tetraazacyclododecane-1,4,7- tetraacetic acid  
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induction decay (FID) of these RF signals can 
be Fourier transformed to generate a frequency 
domain spectrum that contains peaks from dif-
ferent metabolites [ 26 ]. 

 The local electron distributions in a molecule 
can shield the nuclei of interest to various degrees 
from the applied magnetic fi eld  B  0 . Thus, MRS sig-
nals are typically shifted in the frequency domain 
and thereby provide information about the chemical 
environment of the nuclear spin, such as chemical 
bonds, chemical structure, and neighboring nuclei. 
This difference in resonance frequency is known as 
chemical shift. Chemical shifts of nuclei are 
expressed as parts per million (ppm) and are typi-
cally reported relative to a reference frequency. 

 In vivo MRS can be either localized (single- or 
multi-voxel) or non-localized. Single-voxel local-
ization gives signal from a defi ned volume to 
minimize signal contributions from neighboring 
tissues. Multi-voxel MR spectra provide spatial 
information about the distribution of the metabo-
lites. Chemical shift imaging (CSI) can be utilized 
for obtaining 1-dimensional (1D), 2D, or 3D 
spectra from the tissue of interest. Phase encoding 
gradients are incorporated in CSI to generate a 
grid of MR spectra. Non-localized MRS provides 
signals from the entire sensitive region of the coil 
that detects the RF signal. Non- localized MRS is 
often used for metabolites with very short T2 
relaxation, as it requires minimizing the time 
delay between excitation and acquisition [ 27 ]. 

 Metabolites extracted from cancer cells, tumor 
tissues, or body fl uids such as plasma and urine 
can be analyzed by high-resolution NMR 
 spectroscopy (HR-NMR) [ 28 ]. A number of dif-
ferent extraction techniques exist for this purpose 
such as the perchloric acid (PCA) method, which 
extracts water-soluble metabolites [ 29 ]. The dual-
phase extraction method utilizes a chloroform/
methanol/water extraction and will yield the 
simultaneous extraction of water-soluble metabo-
lites and organic solvent-soluble lipid components 
from the same sample [ 29 ]. These extracts can be 
measured by HR-NMR, which analyzes the differ-
ent metabolites either by pattern recognition or by 
quantifying their concentrations [ 27 ].  

8.4     Commonly Used MR-Active 
Nuclei for Investigating 
Tumor Metabolism 

 Proton or  1 H NMR is the most commonly used 
NMR nucleus with 99.99 % natural abundance of 
the  1 H isotope. In vivo  1 H MRS is dominated by 
the water signal and therefore may require sup-
pressing it.  1 H MRS data can be analyzed by 
either utilizing the water signal as a concentra-
tion reference or by calculating the ratio of the 
signals from certain metabolites [ 6 ,  7 ,  27 ]. Some 
of the commonly measured metabolites in  1 H 
MRS and HR-NMR include choline-containing 
compounds, lactate, lipids,  N -acetylaspartate, 
creatine and phosphocreatine, glutamate and glu-
tamine, myoinositol, alanine, and citrate [ 6 ,  7 , 
 30 ]. Moreover,  1 H MRS can also be utilized to 
measure tumor pH and tumor oxygen consump-
tion [ 6 ,  31 ]. 

 The  19 F nucleus has 100 % natural abundance 
and mammalian tissue contains no endogenous 
MR-visible  19 F. As a result, there is no back-
ground  19 F MR signal that can interfere with that 
from administered  19 F-containing compounds. A 
number of  19 F-containing chemotherapeutic 
agents such as 5-fl uorouracil (5-FU) can be used 
to map the drug distribution and metabolism of 
the administered compound [ 32 ,  33 ]. The sensi-
tivity of  19 F chemical shifts due to the local envi-
ronment is higher than that of  1 H as the  19 F 
nucleus is typically surrounded by nine electrons 
rather than a single electron as is the case with  1 H 
[ 34 ]. Examples of  19 F MRS applications include 
measurements of tumor pH, oxygen content, and 
tumor glucose consumption, as well as anticancer 
drug pharmacokinetics [ 32 ,  33 ,  35 – 37 ]. 

  31 P MRS can be used as a noninvasive tool 
for measuring the relative intracellular concen-
trations of several  31    P-containing metabolites 
such as inorganic phosphate (Pi), phospho-
creatine (PCr), adenosine triphosphate (ATP), 
 phosphomonoesters (PMEs) such as phospho-
choline (PC) and phosphoethanolamine (PE), and 
phosphodiesters (PDEs) such as glycerophospho-
choline (GPC) and  glycerophosphoethanolamine 
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(GPE) [ 38 – 41 ]. The acid dissociation constant 
p K a of  P i is in the physiological range. As the 
electron distribution and shielding of the  31 P 
atom changes with changes in pH, it is possible 
to detect the change in pH-dependent chemical 
shift from  P i with  31 P MRS. 

 With only 1.1 % natural abundance of the  13 C 
isotope,  13 C MRS of endogenous metabolites is 
less sensitive than  1 H. However, it is possible to 
administer  13 C-labeled substrates and follow the 
incorporation of the  13 C-label from the substrate 
into other molecules with  13 C MRS [ 42 – 45 ]. 
For example, glycolytic rates can be measured 
by assessing the uptake and metabolism of 
 13 C-labeled glucose in cancer cells or in tumor 
models in animals [ 6 ]. One of the most impor-
tant innovations in recent years is the develop-
ment of automated dynamic nuclear polarization 
equipment for hyperpolarizing  13 C nuclei, which 
can be used to measure metabolic fl uxes through 
select enzyme-catalyzed steps with up to 10,000- 
fold improved sensitivity [ 46 – 52 ]. However, this 
technique requires hyperpolarized substrates 
with long T1 relaxation times [ 46 ]. Therefore, 
compounds such as pyruvate are particularly 
attractive for hyperpolarization as the T1 relax-
ation time for the C1 position of hyperpolarized 
[1- 13 C] pyruvate is long (40 s at 14.1 T) [ 50 ]. 

 Other nuclei such as  23 Na and  2 H have some 
limited applications for MRS.  23 Na MRS, with 
100 % natural abundance of the  23 Na isotope, 
offers the advantage of noninvasive measure-
ments of the sodium content in tumors. Increased 
sodium concentrations have been found in brain 
tumors relative to that in normal brain structures 
[ 51 ]. Tumor blood fl ow can be measured using 
 2 H MRS by noninvasively measuring the uptake 
of D 2 O solution [ 53 ]. 

8.4.1      1 H MRS of Choline 
Phospholipid Metabolism 

 Choline is an essential nutrient [ 54 ] and can be 
found in a wide variety of foods such as egg 
yolk, seeds, legumes, vegetables, kidney, and 
liver. The liver can synthesize phosphatidylcho-
line (PtdCho) from phosphatidylethanolamine 
(PtdEth), which is catalyzed by the enzyme 

phosphatidylethanolamine  N -methyltransferase 
(PEMT) [ 55 ,  56 ]. PEMT gene expression is 
induced by estrogen, and hence, most men and 
postmenopausal women need to consume cho-
line in their diet [ 55 ]. Choline is essential for the 
structure and function of all living cells [ 15 ,  57 ]. 
It is required for the synthesis of phospholipids 
to form cell membranes and enable membrane 
signaling, for the synthesis of acetylcholine to 
function as neurotransmitter, for the synthesis 
of lipoproteins to enable lipid transport, and as 
a source of methyl groups [ 54 ]. Activated cho-
line phospholipid metabolism is characterized 
by increased levels of phosphocholine (PC) and 
total choline-containing compounds (tCho), and 
most tumor types investigated so far display 
an activated choline phospholipid metabolism, 
which is driven by oncogenic signaling [ 15 ,  58 –
 62 ]. Increasing proliferation with growth hor-
mones did not increase the PC and tCho levels in 
normal cells [ 63 ]. 

 PC is a precursor and a breakdown product of 
PtdCho. PtdCho together with other phospholip-
ids such as PtdEth and neutral lipids forms the 
cellular lipid bilayer membranes and regulates 
membrane integrity. The increased PC and tCho 
levels in tumors are caused by overexpression 
and activation of multiple choline transporters 
and enzymes in choline phospholipid metabolism 
of cancer cells [ 15 ]. The transport of free extra-
cellular choline into cancer cells is assisted by 
four types of choline-transporting membrane sys-
tems, namely, high-affi nity choline transporters 
(CHTs), choline transporter-like proteins (CTLs), 
organic cation transporters (OCTs), and organic 
cation/carnitine transporters (OCTNs) [ 15 ,  64 –
 67 ]. Cancer cells display an increased expression 
of these choline-transporting systems [ 15 ,  16 ], 
which results in an increased rate of choline 
transport into cancer cells, eventually leading to 
increased PC levels [ 68 – 70 ]. 

 Intracellular choline is converted to PC by the 
enzyme choline kinase (CK) [ 71 ], and this 
enzyme is highly active in tumors of the lung, 
ovary, colon, cervix, breast, and prostate [ 72 ,  73 ]. 
Choline kinase α (CKα) expression and activity 
is linked with cancer cell proliferation and can be 
a potential marker for cancer prognosis [ 15 ]. 
Another source for the elevated intracellular 
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choline compounds in cancer cells is an increased 
activity of phospholipase D (PLD), which hydro-
lyses PtdCho to phosphatidic acid (PA) and cho-
line. Increased PLD expression and activity was 
reported in breast cancer [ 74 ], gastric cancer 
[ 75 ], ovarian cancer [ 76 ], and melanoma [ 77 ] 
cells. Higher expression of PLD is associated 
with a higher invasive potential of human breast 
cancer cells [ 78 ]. Other enzymes, such as phos-
pholipase A2 (PLA2), lysophospholipase, GPC 
phosphodiesterase, and diacylglycerol choline-
phosphotransferase 1 (CHPT1), are also impor-
tant in altering the metabolite levels of PC, GPC, 
and choline [ 15 ]. Metastatic breast tumors have a 
signifi cantly higher expression of PLA2 enzymes 
compared to nonmetastatic breast tumors in 
humans [ 79 ]. Figure  8.1a  shows choline phos-
pholipid metabolism in a cancer cell with the 
oncogenic signaling pathways that drive altera-
tions in enzyme activity or expression within 
choline phospholipid metabolism [ 15 ].

   There is evidence for the oncogenic potential of 
CKα as its activation potentiates Rho-A- induced 
malignant transformation and metastasis [ 80 ]. 
Furthermore, enzymes in choline phospholipid 
metabolism can be regulated by other oncogenic 
signaling pathways [ 81 ] such as Ras [ 82 – 85 ] and 
the PI3K/AKT pathway [ 84 ,  86 ] (Fig.  8.1a ). One of 
the downstream kinases of Ras is the mitogen-acti-
vated protein kinase (MAPK) family member 
c-Jun  N -terminal kinase (JNK). JNK phosphory-
lates and inhibits CTP–phosphocholine cytidylyl-
transferase (CCT) [ 87 ]. Since cytidine triphosphate 
(CTP) catalyzes the rate-limiting step in PtdCho 
biosynthesis in cells, JNK kinases work as negative 
regulators of phospholipid synthesis (Fig.  8.1a ). 

 In breast [ 63 ] and ovarian [ 88 ] cancers, malig-
nant transformation leads to a GPC to PC switch 
in the choline phospholipid metabolite profi le, 
leading to a lower GPC/PC ratio in these cancers 
compared with respective normal tissue 
(Fig.  8.1b ).  1 H MR spectra in Fig.  8.1b–d  show 
elevated PC and tCho in tumor cells (Fig.  8.1b ), 
in tumor biopsy extracts (Fig.  8.1c ), and in a 
tumor in vivo (Fig.  8.1d ) [ 63 ,  89 – 91 ]. Prostate 
cancer cells exhibit signifi cantly higher PC as 
well as GPC levels compared with normal pros-
tate epithelial and stromal cells [ 88 ].  1 H MRS can 
detect these metabolic changes in tumor tissue 

biopsies or cancer cells ex vivo.  1 H NMR spectra 
of cell extracts reveal three water-soluble choline 
metabolites such as free choline (Cho), GPC, and 
PC between 3.2 and 3.3 ppm. The tCho  1 H MRS 
peak detected in in vivo MRS consists of overlap-
ping signals from Cho, PC, and GPC, which is 
due to the broad-line widths typically obtained in 
in vivo MRS because of less homogeneous mag-
netic fi elds in live tissues. Therefore, a single 
tCho peak is detected instead of individual Cho, 
PC, and GPC peaks. Clinical trials are currently 
in progress to optimize  1 H MRS for in vivo appli-
cations to resolve the tCho peak into its constitu-
ent resonances by using higher magnetic fi eld 
strengths and post-processing means projected to 
optimize spectral resolution.  

8.4.2      1 H MRS of Lactate Metabolism 

 In cellular metabolism, pyruvate is mainly 
obtained from glucose and glutamine metabolism 
[ 92 – 94 ]. The lactate dehydrogenase A (LDH-A) 
enzyme catalyzes the reversible conversion of 
pyruvate to lactate [ 95 ]. This reversible reaction 
also results in the generation of NAD + , which 
helps to continue further glycolysis [ 96 ]. Almost 
all eukaryotic cells have LDH isoenzymes, refl ect-
ing the signifi cance of this metabolic step. In the 
presence of oxygen, the accumulated lactate can 
be converted back to pyruvate by LDH- B, which is 
further oxidized to CO 2  and H 2 O in the TCA cycle 
[ 96 ,  97 ]. Each TCA cycle generates three mole-
cules of NADH, which transfer their electrons to 
the electron transport chain to drive ATP synthesis. 
These processes together are known as cellular 
respiration, producing around 36 molecules of 
ATP from each molecule of glucose [ 10 ]. In con-
trast to normal mammalian cells, cancer cells pre-
fer glycolysis to cellular respiration, even in the 
presence of oxygen. Warburg [ 11 ] fi rst described 
the accumulation of lactate in tumor cells and its 
association with aerobic glycolysis (Fig.  8.2a ). 
Activation of oncogenic signaling by PI3K/AKT, 
Ras, Myc, and PTEN mutation enhances aerobic 
glycolysis (Fig.  8.2a ). The glycolytic enzyme 
LDH-A converts pyruvate to lactate, concomi-
tantly oxidizing NADH to NAD +  and thereby pro-
moting further glycolytic fl ux (Fig.  8.2a ).
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  Fig. 8.1     1 H MRS of choline phospholipid metabolism. 
( a ) Pathways of choline phospholipid metabolism in 
mammalian cells.  Gray arrows  represent choline meta-
bolic pathways,  dashed gray arrows  indicate the regula-
tion of enzyme activity in choline metabolism, and  black 
arrows  indicate connections to oncogenic signaling path-
ways.  Solid black arrows  indicate increased or decreased 
enzyme activity, and  dashed black arrows  indicate 
increased gene transcription.  AP1  activator protein 1, 
 CHK  choline kinase,  CHPT1  diacylglycerol cholinephos-
photransferase 1,  CCT  CTP–phosphocholine cytidylyl-
transferase,  DAG  diacylglycerol,  FA  fatty acid,  GPC  
glycerophosphocholine,  HIF - 1  hypoxia-inducible fac-
tor-1,  JNK  JUN N-terminal kinase,  PC - PLC  phosphati-
dylcholine-specifi c phospholipase C,  PC - PLD  
phosphatidylcholine- specifi c phospholipase D,  PLA2  
phosphatidylcholine-specifi c phospholipase A2,  PC  
phosphocholine,  PtdCho  phosphatidylcholine,  RALGDS  
RAL GTPase guanine nucleotide dissociation stimulator, 
 RTK  receptor tyrosine kinase,  SREBP  sterol regulatory 
element binding protein (Adapted with kind permission 

from Glunde et al. [ 15 ]). ( b ) Expanded high-resolution  1 H 
NMR spectra of the choline region of breast cancer cells. 
The spectra were obtained from extracts of highly aggres-
sive triple-negative human MDA-MB-231 breast cancer 
cell, weakly aggressive estrogen receptor positive human 
MCF-7 breast cancer cells, and nonmalignant human 
mammary epithelial MCF-12A cells grown in culture. ( c ) 
High-resolution  1 H NMR spectra of biopsy extracts. 
Biopsy extracts from a low-grade astrocytoma and a high-
grade glioblastoma showed a higher concentration of PC 
in the high-grade tumor, while the GPC peak dominated 
the choline metabolite profi le in low-grade tumors 
(Adapted from Elsevier, Malet-Martino and Holzgrabe 
[ 89 ]). ( d ) Water-suppressed  1 H MR spectra from normal 
muscle and a glioblastoma xenograft in vivo. 
Representative  1 H MR spectra from a normal quadriceps 
muscle of a mouse ( top panel ) and a human glioblastoma 
U87MG tumor xenograft grown in the same mouse ( bot-
tom panel ) show that the tumor contains an elevated total 
choline signal at 3.2 ppm as compared to the muscle 
(Kindly permitted by the Zhu et al. [ 91 ])       
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Fig. 8.1 (continued)
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   LDH-A expression and high tumor lactate are 
required for the progression of many tumors 
[ 98 – 100 ]. Lactate levels in primary tumors are 
associated with the development of metastases, 
and lactate can be used as a biomarker of cancer 
prognosis and treatment effi cacy [ 96 ]. Cervical 
cancer biopsies showed a relationship between 
high tumor lactate and reduced survival [ 101 ]. 
Similar results have been reported in head and 

neck cancers [ 102 ], brain tumors [ 103 ], breast 
cancer [ 96 ,  104 ], prostate cancer [ 103 ], and rec-
tal adenocarcinomas [ 105 ]. Lactate can promote 
angiogenesis in wounds [ 106 ], collagen 
 deposition by fi broblasts [ 107 ], and revascular-
ization and tissue repair through redox mecha-
nisms [ 108 ]. Lactate is able to trigger the release 
of vascular endothelial growth factor (VEGF) 
from macrophages [ 109 ,  110 ]. Lactate can 
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stimulate nuclear factor-kappa B (NF-κB) and 
interleukin- 8 (IL-8) production in endothelial 
cells [ 111 ] and activate hypoxia-inducible fac-
tor-1 (HIF-1) in oxidative tumor cells [ 112 ]. 

 Quantitative measurement of lactate by  1 H 
MRS in vivo is diffi cult because of its low con-
centrations (5–10 mmol) compared to water 
(~55 mol). In addition, there is an overlap of the 

  Fig. 8.2     1 H MRS of lactate 
metabolism. ( a ) Aerobic 
glycolysis in cancer cells. 
Cancer cells heavily depend 
on aerobic glycolysis as their 
major source of ATP. The 
PI3K/AKT pathway and 
PTEN mutations enhance 
glycolytic enzyme activities. 
The Ras and Myc oncogenes 
also stimulate glycolysis. 
Increased lactate dehydroge-
nase A (LDH-A) expression 
further enhances glycolysis 
(Adapted with kind permis-
sion from Elsevier, Sato [ 90 ]). 
( b ) Tumor lactate and 
metastases. Metastatic murine 
4 T1 breast tumors have a 
signifi cantly higher lactate 
concentration than nonmeta-
static isogenic murine 67NR 
breast tumors (Kindly 
permitted by the Serganova 
et al. [ 96 ]). ( c ) Tumor lactate 
and aggressiveness. Lactate 
MRS spectra in Dunning 
faster-growing ( upper panel ) 
and Dunning slow-growing 
( lower panel ) rat prostate 
tumors suggest that the 
presence of lactate may be a 
feature of cancer aggressive-
ness (Adapted with kind 
permission from Yaligar et al. 
[ 122 ])       
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 1 H resonances originating from the CH 3  groups 
of lactate with the CH 2  groups of mobile lipids. 
This overlap with intense co-resonant lipid peaks 
makes it diffi cult to separate the lactate signal. 
Therefore, the detection of tumor lactate concen-
trations using conventional MRS techniques such 
as PRESS [ 113 ] and STEAM [ 114 ] is a challeng-
ing task. To remove the lipid signals, spectral 
editing techniques, such as spin-echo (SE) 
J-difference spectroscopy [ 115 ] and selective 
multiple-quantum coherence fi lter (SelMQC) [ 6 , 
 116 – 119 ], have been developed. Recently, 
Hadamard slice encoding (HadSelMQC) was 
added to the SelMQC sequence to obtain a lactate 
signal from particular locations within large 
tumors [ 120 ,  121 ]. 

 Preclinical  1 H MRS studies have demonstrated 
a signifi cantly higher amount of lactate in meta-
static breast tumors compared to nonmetastatic 
breast tumors in a mouse model [ 96 ] (Fig.  8.2b ). 
The presence of lactate was also shown to be a 
marker of aggressive prostate tumors in rats [ 122 ] 
(Fig.  8.2c ). A decrease in lactate concentration in 
tumors is a reliable and sensitive indicator of 
response to several types of chemotherapy or 
radiotherapy as seen by  1 H MRS measurements 
[ 123 ]. For example, the lactate concentration in 
RIF-1 sarcomas in mouse models decreased by 
60 % within 24 h after administration of a single 
dose of cyclophosphamide [ 124 ]. A decrease in 
lactate levels has also been observed in a fi brosar-
coma tumor model in mouse after 5-FU chemo-
therapy treatment [ 125 ].  

8.4.3      1 H MRS of Mobile Lipid 
Metabolism 

 Lipids comprise 4–16 % of the total mass in each 
cell. These lipids are polar phospholipids and 
neutral lipids such as triacylglycerides (TG) and 
cholesterol esters (CE) [ 126 ]. Lipids are mostly 
limited to bilayer membranes such as the plasma 
membrane and membranes of the Golgi, endo-
plasmic reticulum, and various other cellular 
organelles. However, for MR visibility, the lipid 
compound must possess suffi cient rotational 
molecular freedom in order to motionally narrow 

MR line shape [ 127 ]. Hence,  1 H MR-visible lipid 
signals in vivo or in intact cells are limited to iso-
tropically tumbling and relatively nonrestricted 
lipid molecules [ 126 ], such as triacylglycerides 
and cholesterol esters in neutral lipid droplets, 
and not from the lipids in membrane bilayers. 
MR-visible lipids are therefore often called 
mobile lipids. 

 Most cancer cells have a high concentration of 
mobile lipids, which are visible in  1 H MRS [ 128 ]. 
The  1 H MR signal from mobile lipids is mainly 
comprised of a narrow signal at 1.3 ppm, which 
arises from methylene groups (−CH 2 – CH   2  –CH 2 –
), and at 0.9 ppm, which arises from methyl groups 
( CH   3  –CH 2 –). These methylene and methyl signals 
originate from fatty acyl chains of triacylglycerides 
that form mobile lipid droplets in the cytoplasm 
or in the extracellular space [ 30 ,  129 ]. The lactate 
 1 H MRS signal overlaps with the lipid CH 2  signal 
[ 130 ] at 1.3 ppm and therefore requires spectral 
editing to separate the methylene signals from the 
lactate signal [ 116 ,  119 ,  131 ]. Other resonances 
arise from mobile polyunsaturated fatty acyl 
chains at 5.3 ~ 5.4 ppm (−C H  = CH–) or 2.8 ppm 
(−CH = CH–C H  2 –CH = CH–) [ 127 ]. However, 
the presence of the water signal at 4.7 ppm may 
interfere with the detection of the lipid signal at 
5.4 ppm [ 129 ]. An example of mobile lipid  1 H MR 
spectra of intact NIH-3 T3 fi broblasts at 9.4 T is 
shown in Fig.  8.3a  where  ras -transfection inhib-
ited mobile lipid formation and/or facilitated their 
extrusion from the cell [ 130 ].

   Increased mobile lipid signals were found 
under conditions of stress associated with acidic 
environments [ 132 ]. Accumulation of triacylg-
lycerides in tumor cells has been related to 
hypoxia [ 133 ], initiation of growth arrest and 
apoptosis [ 134 ], differentiation [ 135 ], and mito-
chondrial degeneration [ 136 ].  1 H MRS showed 
that Taxol- and Adriamycin-resistant immortal-
ized human K562 myelogenous leukemia cells 
have lower fatty acid methylene/methyl ratios 
and higher tCho/methyl ratios than drug- sensitive 
cells [ 137 ]. Drug-resistant variants of human 
MCF-7 mammary carcinoma and human LoVo 
colon adenocarcinoma cells have a higher mobile 
lipid signal intensity than their respective drug- 
sensitive counterparts (Fig.  8.3b, c ), even though 
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  Fig. 8.3     1 H MRS of lipid 
metabolism. ( a )  1 H MR spectra of 
mobile lipids. Mobile lipid signals 
from 3 T3 fi broblasts ( top ) and 
Ras-transformed 3 T3 fi broblasts 
( bottom ) are shown including the 
assignment of the major mobile 
lipid signals. Ras-transformation 
inhibited mobile lipid formation 
and/or facilitated their extrusion 
from the cells (Adapted with kind 
permission from Elsevier, Ferretti 
et al. [ 130 ]). ( b ,  c ) Mobile lipids 
and multidrug resistance. The 
mobile lipid profi les of human 
MCF-7 mammary carcinomas ( b ) 
and human LoVo colon adenocar-
cinomas ( c ) were compared for 
drug-sensitive ( wt ) and drug-
resistant ( Dx ) tumor cells. The 
results show that drug-resistant 
cells (Dx) have a higher mobile 
lipid intensity compare to 
drug-sensitive cells (wt) as evident 
from the difference spectra on the 
 bottom  (Dx − wt) (Kindly 
permitted by Elsevier, Santini 
et al. [ 138 ])       
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the sensitive and resistant cells of each pair grow 
in a similar manner [ 138 ]. This suggests that 
mobile lipids may play an important role in drug 
resistance.  

8.4.4      1 H MRS of  N -Acetylaspartate 
Metabolism 

 The amino acid derivative  N -acetylaspartate (NAA) 
is the second most abundant amino acid compound 
in the human central nervous system (CNS) after 
glutamate [ 139 ,  140 ]. The nervous system-specifi c 
enzyme aspartate  N -acetyltransferase (Asp-NAT) 
synthesizes NAA in mitochondria by acetylating 
the amino group of aspartate using acetyl-CoA 
[ 141 ,  142 ]. The NAA pool is dynamically regulated 
by continuous intercompartmental cycling between 
neurons and oligodendrocytes [ 140 ]. The functions 
of NAA include osmoregulation and generation of 
the neurotransmitter glutamate, which is why NAA 
is a well-accepted marker of neuronal health [ 140 , 
 143 ]. Its concentration has been reported to decline 
in most CNS disorders and multiple sclerosis (MS) 
lesions [ 144 ]. Typical  1 H NMR spectra of brain tis-
sue contain NAA as one of the best visible peaks 
at 2.02 ppm [ 145 ,  146 ]. The presence of NAA and 
a high NAA/creatine ratio indicate normal brain 
tissue [ 147 ]. Normal brain or low-grade gliomas 
have a relatively high concentration of NAA and 
a low level of tCho and lactate, and lipid signals 
are absent [ 148 ]. A progressive decrease in the 
NAA signal and an elevation in tCho level indicate 
the development of high-grade gliomas [ 145 ,  148 , 
 149 ].  1 H MRS studies of normal rat brain and rat 
brain with F98 gliomas, E367 neuroblastomas, and 
RN6 schwannomas at 10–15 days post inoculation 
demonstrate an absence of signals from NAA in 
the tumor resulting from the destruction or dis-
placement of neuronal tissue by the tumor [ 149 ] 
(Fig.  8.4 ).

8.4.5         1 H MRS of Creatine 
Metabolism 

 Creatine (Cr) is a marker of energy metabolism, 
which upon phosphorylation is utilized as an 
energy reservoir in cells with high-energy 

demand. Tissues with excitable cells, such as the 
skeletal muscle, brain, heart, and retina, require 
the instantaneous availability of a large amount 
of energy that cannot be provided by ATP alone 
[ 150 ]. Phosphocreatine (PCr) is the only high- 
energy phosphate-containing compound in ver-
tebrates that acts as a reserve for high-energy 
phosphates, donating phosphoryl groups for 
ATP synthesis when supplies are low [ 150 ,  151 ]. 
Cr is taken up with the diet, and it can also be 
synthesized from the amino acids arginine, gly-
cine, or methionine in the liver, pancreas, and 
kidneys [ 150 ,  152 ,  153 ]. Cr is transported 
through the blood and taken up by cells through 
active creatine transporters [ 154 ]. Creatine 
kinase (CK) catalyzes the reversible phosphory-
lation of Cr to PCr, thereby hydrolyzing ATP to 
ADP and vice versa [ 155 ]. While CK expression 
is enhanced [ 156 ], the total creatine (tCr, sum of 
combined Cr and PCr signals) concentration is 
decreased [ 157 ] in most tumors when compared 
to their nonmalignant tissues of origin. 

Glu

Cr+PCr
Ins

Ins+Gly

4.0 3.0 2.0
Chemical shift (ppm)

Ins tCho
Glc Cr+PCr NAA

Normal Rat Brain

F98 Glioma

E367 Euroblastoma

RN6 Schwannoma

Glu

  Fig. 8.4     1 H MRS detecting  N -acetylaspartate ( NAA ), cre-
atine ( Cr ), and phosphocreatine ( PCr ). F98 gliomas, E367 
neuroblastomas, and RN6 schwannomas in rat brain show 
an absence of NAA signal and a loss of total creatine, 
resulting from the destruction or displacement of neuronal 
tissue by the tumor (Adapted with permission from 
Gyngell et al. [ 149 ])       
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 The  1 H MRS tCr peak, which can be detected 
at 3.05 ppm, consists of Cr and PCr, which can-
not be resolved in vivo at magnetic fi eld strengths 
of 9.4 T and below [ 158 ]. tCr is frequently used 
for calculating metabolite ratios such as the 
tCho:tCr and the NAA:tCr ratio for the evalua-
tion of tumor progression [ 159 ]. Several studies 
have reported an increased tCho:tCr and a 
decreased NAA:tCr ratio in fast-growing gliomas 
[ 159 ]. After radiotherapy, a signifi cantly higher 
tCho:tCr ratio was detected in recurrent brain 
tumors as compared to areas of radiation injury 
[ 160 ]. In preclinical studies of F98 gliomas, E367 
neuroblastomas, and RN6 schwannomas in rat 
brains, a loss of tCr was observed in tumor tissue 
as compared to normal rat brain tissue [ 149 ] 
(Fig.  8.4 ).  

8.4.6      1 H MRS of Glutamate 
and Glutamine Metabolism 

 The plasma concentration of glutamine (Gln) is 
about 2.5 mM and it is the most abundant free 
amino acid in plasma [ 161 ]. Gln provides the 
respiratory fuel for rapidly proliferating entero-
cytes and lymphocytes, regulates the acid–base 
balance through the production of ammonia, and 
is a precursor of nucleic acids, nucleotides, amino 
sugars, and proteins [ 162 ]. Gln is abundant in the 
milk protein casein, as well as in plants and ani-
mal meat [ 163 ]. Gln is a major source of nitrogen 
and carbon in tumors, and it provides metabolic 
intermediates in the synthesis of nucleic acids, 
proteins, and hexosamines during tumor growth 
[ 164 ]. Moreover, glutamine can be deamidated 
by glutaminase (GLS) to form glutamate (Glu), 
and the expression of glutaminases is regulated 
by c-Myc and p53 [ 164 ]. Several cancer cells 
heavily depend on glutamate for the production 
of ATP by oxidizing glutamate-derived 
α-ketoglutarate [ 165 ] and for the biosynthesis of 
glutathione (GSH), a primary antioxidant of the 
cell [ 164 ,  166 ]. Thus, glutamine metabolism is 
potentially important in predicting both the pres-
ence of specifi c transforming mutations in tumors 
and the sensitivity to therapeutic agents designed 
to target glutamine utilization [ 164 ,  167 ]. 

 Glu and Gln are often referred to as Glx, 
which represents the sum of the unresolved Glu 
and Gln peaks. In  1 H MRS, the Glx signals arise 
in two resonance frequency ranges, namely, 
between 2.33–2.44 and 3.75–3.77 ppm [ 168 ]. 
Using short echo time (TE)  1 H MRS, it is possi-
ble to detect the Glx signal, but it is diffi cult to 
quantify Glx from these spectra because of the 
uneven baseline of short TE spectra [ 168 ]. 
However, at high magnetic fi eld, e.g., 7 T, it is 
possible to differentiate the C4 proton resonances 
of Glu, Gln, and GSH at 2.35, 2.45, and 2.55 ppm, 
respectively, by using TE-optimized point- 
resolved spectroscopy (PRESS) [ 166 ].  1 H MRS 
of human serous ovarian carcinoma SKOV3 
xenografts showed an increase of the myoinositol 
(Ins) signal and a decrease of the Glx signal dur-
ing tumor progression [ 169 ] (Fig.  8.5a ).

   Isocitrate dehydrogenase (IDH) catalyzes the 
oxidative decarboxylation of isocitrate and pro-
duces α-ketoglutarate (α-KG) [ 170 ]. Mutations in 
the isocitrate dehydrogenase genes IDH1 and IDH2 
frequently occur in several human cancers such as 
gliomas and acute myeloid leukemia, which results 
in a loss of α-KG and gain of 2-hydroxyglutarate 
(2-HG) [ 170 – 172 ]. Hence, the detection of 2-HG 
by  1 H MRS in tumors can be utilized to predict pos-
sible IDH1/IDH2 gene mutations in cancer [ 173 , 
 174 ]. This requires the use of localized adiabatic 
selective refocusing (LASER) correlation spectros-
copy (COSY) to extract the 2-HG metabolite spec-
tra from the overlapping Gln and Glu resonances 
[ 174 ]. The 2-HG peak is clearly visible in 2D 
LASER- COSY spectra from a patient with an ana-
plastic astrocytoma with a point mutation in argi-
nine 132 (R132) of the IDH1 enzyme [ 174 ] 
(Fig.  8.5a ). Conversely, a patient with a primary 
glioblastoma containing wild-type IDH1 and the 
brain of a healthy volunteer with wild-type IDH1 
did not display any 2-HG signal [ 174 ] (Fig.  8.5b ).  

8.4.7      1 H MRS of Tumor pH 

 Several studies have demonstrated that solid 
tumors have an intracellular pH (pHi) of around 
7.2, whereas the extracellular pH (pHe) of 
tumors is acidic with pHe values between 6.2 
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and 6.9 [ 175 ,  176 ]. The acidic pH in the tumor 
microenvironment affects cell cycle progres-
sion, proliferation, and differentiation in cancer 
cells, as well as tumor treatment response [ 175 , 
 177 – 179 ]. In addition, environmental acidity 
affects the oncogenic expression of several 
genes and may lead to a more aggressive tumor 
phenotype [ 175 ,  177 ]. Tumor acidity also plays 
a critical role in the promotion of cancer cell 
invasiveness and metastatic capacity [ 180 ,  181 ]. 
When cancer cells form tumors, blood vessels 
are required for the expansion of the tumor 
beyond a diameter of 1–2 mm [ 182 ,  183 ]. 
Similar to normal angiogenesis, a tumor triggers 
the sprouting of new blood vessels from preex-
isting blood vessels in the vicinity of the tumor 
[ 184 ]. Members of the fi broblast growth factor 
(FGF) and vascular endothelial growth factor 
(VEGF) families are the most common angio-
genic factors that promote angiogenesis, which 
is also the case in tumors [ 181 ]. Tumor-induced 

neovascular networks, however, are abnormal in 
structure, inhomogeneous, and chaotic and may 
be dilated and nonfunctional, which results in 
inadequate nutrient and oxygen supply to some 
parts of the tumor [ 181 ,  182 ,  184 ]. This abnor-
mal tumor vasculature causes various regions of 
tumors to be transiently or chronically hypoxic 
[ 31 ,  177 ]. Hypoxia can promote glycolysis 
instead of cellular respiration, thereby further 
enhancing lactic acid production [ 96 ,  175 ,  177 ]. 
As described by Warburg, tumor cells maintain a 
high glycolytic rate even in the presence of suf-
fi cient oxygen [ 11 ]. Thus, glycolysis and lactate 
production are a major part of tumor cell metab-
olism in normoxic as well as in hypoxic tumor 
regions [ 1 ]. The abnormal and partially non-
functional vasculature of tumors prevents an 
effi cient clearance of lactate, protons, and other 
acidic compounds from the extracellular tumor 
microenvironment, thereby contributing to the 
low tumoral pHe [ 1 ,  98 ,  185 ,  186 ]. 
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  Fig. 8.5     1 H MRS of glutamate (Glu), glutamine (Glu), 
and 2-hydroxyglutarate (2HG). ( a )  1 H MR spectra from 
subcutaneous SKOV3A tumors in mice show an increase 
in the myoinositol ( Ins ) signal and a decrease in the gluta-
mine plus glutamate ( Glx ) signal during tumor growth 
(Kindly permitted by Canese et al. [ 169 ]). ( b ) 2D LASER-
COSY spectra in humans in vivo at 3 T show a 2-hydroxy-

glutarate (2HG) peak ( green rectangle ) in an astrocytoma 
patient with mutated isocitrate dehydrogenase 1 (IDH1, 
mutated at R132C), but not in a primary glioblastoma 
patient with wild-type IDH1 (wt-IDH1), and a healthy 
volunteer with wt-IDH1 (Adapted with kind permission 
from Andronesi et al. [ 174 ])       
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 To avoid acid-induced apoptosis, tumor cells 
have developed mechanisms to actively export 
the surplus protons and lactic acid, which leads to 
the acidifi cation of the extracellular environment 
while keeping pHi within a tolerable range [ 177 ]. 
Monocarboxylate transporters (MCTs) are 
important cellular pH regulators in cancer cells, 
and several members of the MCT family have 
been characterized as H + /lactate symporters that 
can export lactic acid from the cells [ 187 ]. In 
addition during hypoxia, HIF-1 will induce 
membrane-bound carbonic anhydrase (CA) IX 
and XII expression in tumors [ 188 ]. CA IX and 
XII contribute to the extrusion of hydrogen ions 
and to cytoplasmic alkalization in an acidic tumor 
microenvironment [ 188 ]. 

 One of the fi rst methods that was employed 
to measure tissue pH was microelectrodes [ 189 ]. 
Microelectrodes are invasive, can destroy cell 
membrane integrity, and mostly sense H +  ions 
in the extracellular space of tissues. The use of 
 1 H MRS would allow pH measurements of small 
volumes noninvasively. The measurement of 
tumor pH by MRS and magnetic resonance imag-
ing (MRI) has been demonstrated in several stud-
ies, in which either endogenous metabolites were 
detected or exogenous agents were administered 
to assess tumor pH. Several extrinsic probes were 
developed for  1 H MRS measurements of tumor 
pH such as imidazoles, i.e., 2-imidazole-1-yl-3- 
ethoxycarbonyl propionic acid (IEPA), and aro-
matic compounds [ 190 – 193 ].  1 H MRSI of breast 
and brain tumor xenografts showed that the imid-
azole resonance arises in the 8–9 ppm region 
where no endogenous, potentially interfering sig-
nals are detected [ 191 ,  192 ]. The C2 carbon in the 
imidazole ring is pH sensitive. Using intraperito-
neally injected IEPA in an MDA-MB-435 tumor 
xenograft-bearing mouse, the pHe was found to 
be heterogeneous and acidic (6.44 < pHe < 6.79) 
(Fig.  8.6 ) [ 192 ]. Endogenous imidazoles, such 
as histidine, can also be measured to derive 
pHi in vivo by using  1 H MRS [ 194 ]. It is pos-
sible to orally administer histidine in humans to 
increase their histidine concentration in the brain 
and subsequently generate a pH map of the nor-
mal brain [ 194 ]. Gadolinium-based compounds, 
whose relaxivity is pH dependent, also pres-
ent the opportunity to image tissue pH in vivo. 

A single injection of dysprosium-DOTP52 with 
gadolinium-DOTA- 4AmP52 was used to gener-
ate a pH map of rat brains with gliomas [ 195 ].

   A relatively new MRS approach to measure 
pH is to utilize chemical exchange saturation 
transfer (CEST), which is based on the chemical 
exchange of exchangeable protons with water 
protons for signal enhancement [ 196 ,  197 ]. In  1 H 
CEST imaging, the exogenous or endogenous 
compounds that give contrast contain exchange-
able protons or other moieties that can be selec-
tively saturated [ 196 – 198 ]. After the transfer of 
the saturation to the water signal, the compounds 
can be indirectly detected through the decrease in 
the water signal. Paramagnetic CEST agents, for 
example, Yb-DO3A-oAA (ytterbium-1,4,7,10-
tetraazacyclododecane- 1,4,7-tetraacetic acid), 
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  Fig. 8.6     1 H MRS of tumor pHe measured by intraperito-
neally injected 2-imidazole-1-yl-3-ethoxycarbonyl propi-
onic acid (IEPA). ( a ) Intensity map of the H2-resonance of 
IEPA and ( b ) corresponding pHe map in a representative 
MDA-MB-435 tumor xenograft (Adapted with kind per-
mission from van Sluis et al. [ 192 ])       
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can be utilized to measure pHe in MCF-7 breast 
tumor xenografts in mice [ 199 ].  

8.4.8      31 P MRS of Tumor pH 

  31 P MRS can simultaneously measure pHi from 
the chemical shift of endogenous inorganic phos-
phate (Pi) and pHe from the chemical shift 
of exogenous indicators, such as 3-aminopropyl 
phosphonate (3-APP) [ 200 ,  201 ]. Tumor pHi as 
measured by  31 P MRS can be derived from 
the chemical shift difference between the Pi sig-
nal and the signal of an endogenous  reference 
molecule such as PCr or NTP [ 200 ]. The 
 limitation of this method is that it assumes that Pi 
is only found in the intracellular space, which is 
not entirely true as there can be a minor contribu-
tion to the Pi signal from extracellular Pi [ 200 ]. 
The chemical shift of the  31 P nucleus in 3-APP is 
pH sensitive, making it a good indicator of pHe. 
The use of 3-APP for measuring pHe is nontoxic, 
and it is neither internalized nor metabolized by 
the cells [ 201 ]. A robust calibration equation for 
in vivo pHe measurement from the chemical shift 
of 3-APP has been reported [ 201 ]. Intraperitoneal 
injection of 3-APP in mice has been applied to 
the measurement of pHe in several tumor models 
such as radiation-induced fi brosarcoma (RIF-1) 
tumors with a pHe of 6.66, human MCF-7 breast 
tumor xenografts with a pHe of 7.11, and human 
colon adenocarcinoma xenografts with a pHe 
of 6.79 [ 201 – 203 ].  

8.4.9      31 P MRS of Phospholipid 
Metabolism 

  31 P-containing choline phospholipid metabolites 
such as PC at 3.9 ppm and GPC at 0.5 ppm 
and ethanolamine phospholipid metabolites such 
as PE at 4.5 ppm and GPE at −1.2 ppm can be 
detected with  31 P MRS, using a reference com-
pound such as methylene diphosphonic acid set 
to 18 ppm [ 7 ].  31 P MRS also detects energy 
metabolites such as PCr, NTP, and NDP, as well 
as Pi [ 204 ]. In vivo  31 P MR spectra typically show 
a phosphomonoester (PME) signal of unresolved 
PC and PE resonances and a phosphodiester 

(PDE) signal of unresolved GPC and GPE reso-
nances [ 7 ]. 

  1 H MRS has been more widely used in the 
clinical setting than  31 P MRS to assess the level of 
choline phospholipid metabolites in tumors 
because of the higher sensitivity of  1 H MRS as 
compared to  31 P MRS and because of the more 
frequent availability of  1 H MRS than  31 P MRS on 
commercial MR scanners. Nevertheless, clinical 
 31 P MRS at high magnetic fi eld is currently being 
pursued due to several advantages of using the  31 P 
nucleus [ 204 ,  205 ]. For example, the MR signal 
intensity from the tCho signal detected by  1 H 
MRS is four orders of magnitude smaller than the 
signals from the surrounding lipids, while with 
 31 P MRS, no lipid signals at all are observed from 
tissue [ 204 ].  31 P MRS has been shown to reliably 
detect PC, GPC, PE, and GPE at 1.5 T or higher 
magnetic fi eld in several human diseases, thereby 
providing information on both PtdCho and PtdEth 
metabolism [ 205 ], and not only PtdCho metabo-
lism as with  1 H MRS. Polarization transfer meth-
ods such as RINEPT (refocused insensitive nuclei 
enhanced by polarization transfer) can increase 
the sensitivity of the  31 P MR signal from PC, 
GPC, PE, and GPE by more than twofold [ 205 ]. 

 PtdCho and PtdEth, which account for more 
than 50 % of total phospholipid in mammalian 
cells, are generated by distinct but partially over-
lapping pathways [ 206 ,  207 ]. PtdEth is synthe-
sized by the consecutive actions of ethanolamine 
kinase, which phosphorylates free Eth to form 
PE; phosphoethanolamine cytidylyltransferase, 
which uses PE to form high-energy cytidine 
diphosphate ethanolamine (CDP-Eth); and diacyl-
glycerol ethanolaminephosphotransferase, which 
catalyzes the formation of PtdEth from CDP-Eth 
[ 206 ,  207 ]. The biosynthetic pathway of PtdCho 
utilizes parallel enzymes such as CK, CCT, and 
CHPT (Fig.  8.1a ), which use choline instead of 
ethanolamine [ 206 ]. The enzymes for these two 
distinct biosynthetic pathways of PtdEth and 
PtdCho synthesis can overlap signifi cantly [ 206 ]. 
Several isoforms of choline kinase are also able 
to phosphorylate ethanolamine [ 208 – 211 ], and 
several phosphotransferases can use both CDP-
choline and CDP-ethanolamine for the synthesis 
of PtdCho and PtdEth [ 206 ,  208 – 211 ]. Although 
choline phospholipid metabolism has been 
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extensively studied, ethanolamine phospholipid 
metabolism has received much less attention, in 
particular at the molecular level. Using  31 P MRS 
of liver extracts, higher Eth levels and a lower rate 
of PtdEth synthesis were found in lymphomatous 
mouse livers as compared to control livers [ 212 ]. 
However, the rate of PtdCho synthesis in lympho-
matous mouse livers was similar to that in con-
trol mouse livers [ 212 ]. Several cancer cells and 
tumors display abnormal ethanolamine phospho-
lipid metabolism,  including breast cancer [ 213 ], 
prostate cancer [ 214 ], and brain tumors [ 215 ]. 

  31 P MRS can be used noninvasively to monitor 
the modulation of phospholipid metabolite lev-
els, such as PC, after treatments that target 
enzymes in phospholipid metabolism, such as 
inhibitors [ 216 ] or shRNA [ 217 ] targeting cho-
line kinase alpha. Treatment with the choline 
kinase alpha inhibitor MN58b signifi cantly 
reduced the PC levels in human MDA-MB-231 
breast and human HT29 colon cancer cells [ 216 ]. 
MN58b reduced the tumor growth, which was 
accompanied by a reduction in phosphomonoes-
ters (PME) as detected by  31 P MRS in 
MDA-MB-231 and HT29 tumor xenografts 
[ 216 ]. Ex vivo  31 P MRS analyses of the same 
MN58b-treated tumor extracts showed a signifi -
cant reduction in PC when compared to non- 
treated tumors, confi rming that the decreases in 
PME in vivo resulted from a decrease in PC 
[ 216 ]. The use of lentiviral vector to deliver cho-
line kinase alpha-specifi c shRNA to 
MDA-MB-231 tumors in mice demonstrated a 
reduction of PC and PME in  31 P MR spectra in 
vivo, as well as reduced tumor growth, prolifera-
tion, and necrosis following treatment [ 217 ]. 

 Changes in tumor phospholipid metabolism 
can also be employed as a surrogate marker for 
assessing the tumor response to treatment with 
new anticancer drugs that target oncogenic path-
ways such as histone deacetylation [ 218 ]. Histone 
acetylation has an essential role in transcription, 
replication, and repair of DNA, and it is regulated 
by the opposing effects of two families of 
enzymes, which are histone acetyltransferases 
and histone deacetylases (HDACs) [ 219 ]. The 
HDAC inhibitors LAQ824 and SAHA prevent 
angiogenesis, cause cell cycle arrest, and induce 
apoptosis in cancer cells [ 218 ]. Signifi cant 

increases in PC were observed in cancer cells fol-
lowing treatment with HDAC inhibitors [ 220 ]. In 
vivo studies showed a signifi cant increase in 
PME/total phosphorus signal in LAQ824-treated 
HT29 tumor xenografts [ 220 ]. Figure  8.7  shows 
that inhibition of HDAC by LAQ824 was associ-
ated with increased PME and PC levels [ 220 ]. 
This  31 P MRS study demonstrated that the rise in 
PC and PME upon HDAC inhibition may be used 
as a surrogate marker for tumor response after 
treatment with HDAC inhibitors [ 220 ].

8.4.10         31 P MRS of Tumor Energy 
Metabolism 

  31 P MRS is able to detect the energy status of tumors 
and cancer cells, which can be deduced from the cel-
lular or tumoral levels of NTP, nucleoside diphos-
phate (NDP), PCr, and Pi. As described above, cancer 
cells are distinctively metabolically reprogrammed, 
displaying abnormal activities in glycolysis, TCA 
cycle, and oxidative phosphorylation to generate 
NTP to meet the energy requirements for cell prolif-
eration. A shortage of cellular NTP levels could infl u-
ence the functioning of growth factor receptors [ 221 ]. 
As mentioned above, the high-energy phosphate PCr 
can act as a reserve for ATP synthesis when ATP sup-
plies are low. AMP-activated protein kinase (AMPK), 
which acts as an energy sensor protein, monitors 
shifts in the cellular AMP and ADP to ATP ratio 
[ 222 ]. Failure to maintain adequate ATP levels 
in cancer cells promotes apoptosis  via  AMPK activa-
tion [ 222 ]. Another source of cellular energy is inor-
ganic polyphosphate (poly P) which is a polymer of 
Pi molecules that are linked by phosphoanhydride 
bonds [ 223 ]. Poly P also serves as a reserve to replen-
ish the necessary pool of Pi [ 223 ]. Relative concen-
trations of intracellular high-energy  31 P-containing 
metabolites and their breakdown products such as 
NTPs, NDPs, PCr, and Pi can be estimated by  31 P 
MRS techniques [ 224 ,  225 ]. Figure  8.7  shows in 
vitro and in vivo  31 P MR spectra from human HT29 
colon adenocarcinoma cells, displaying typical  31 P 
MR signals from PME, Pi, PDE, PCr, NTPγ/NDPγ 
(combined nucleotide di- and triphosphates), NDPα/
NTPα (combined nucleotide di- and triphosphates), 
NAD, and NTPβ [ 220 ]. Hence,  31 P MRS can be 
employed to estimate the metabolic status of tumors 
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and cancer cells. Since energy metabolism also 
depends on the supply of glucose and oxygen to the 
cells,  31 P MRS can be utilized to estimate tissue blood 
supply, hypoxic cell fraction, and radiation treatment 
response [ 7 ,  224 ].  

8.4.11      19 F MRS of Tumor Metabolism 

  19 F MRS is an important means for observ-
ing biological processes in a complex system. 
The distinct advantages of  19 F MRS are its large 
chemical shift range, high gyromagnetic ratio 
(40 MHz/T), and negligible endogenous  19 F 
MR signal [ 203 ,  226 ]. These advantages of  19 F 

MRS result in a high signal-to-noise ratio when 
a fl uorinated compound is introduced as a con-
trast agent. A number of  19 F MRS studies using 
fl uorinated compounds and therapeutic agents 
have focused on metabolism and pharmacoki-
netics in vivo and in excised tumor tissues. For 
example, the anticancer drug 5-fl uorouracil 
(5-FU, 5-fl uoro-1H,3H- pyrimidine-  2,4-dione), 
a pyrimidine analogue, irreversibly inhibits 
thymidylate synthase, which kills cancer cells 
[ 227 ]. Figure  8.8a  summarizes the main meta-
bolic  pathways of 5-FU. Following administra-
tion of 5-FU, the fl uorinated compounds that 
can be detected by  19 F MRS include free 5-FU, 
 fl uoro-ureido- propionic acid, fl uoro-beta-alanine 

In Vitro 31P MRS of HT29 cell extracta

b

LAQ824

SAHA

In vivo 31P MRS of HT29 tumor xenograft
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  Fig. 8.7    Inhibition of 
HDAC by LAQ824 or 
SAHA is associated with 
changes in choline 
phospholipid metabolism. 
( a ) In vitro  31 P MRS of an 
HT29 cell extract treated 
with vehicle ( bottom panel ), 
34 μM SAHA ( middle 
panel ), and 350 nM LAQ824 
( top panel ) for 24 h. Peak 
assignments: phosphocho-
line ( PC ), glycerophospho-
choline ( GPC ), 
glycerophosphoethanol-
amine ( GPE ), inorganic 
phosphate ( Pi ), phosphocre-
atine ( PCr ), and nucleoside 
triphosphates ( α -,  β -, 
 λ - NTP ). ( b ) In vivo  31 P MR 
spectra of a HT29 tumor 
before ( top panel ) and after 
( bottom panel ) LAQ824 
treatment (25 mg/kg i.p. for 
2 days) are shown. Peak 
assignments: phosphomono-
esters ( PME ), phosphodies-
ters ( PDE ), inorganic 
phosphate ( Pi ), phosphocre-
atine ( PCr ), and nucleoside 
triphosphates ( α -,  β -,  λ - NTP ) 
(Adapted with kind 
permission from Chung 
et al. [ 220 ])       
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  Fig. 8.8     19 F MRS of 5-fl uorouracil metabolism in a 
tumor model. ( a ) Metabolic pathways of 5-fl uorouracil 
(5-FU) and ( b )  19 F MR spectra of 5-FU, fl uoro-beta-ala-
nine ( FBAL ), and fl uoronucleotides ( FNUC ) in vivo. The 

spectra were detected from a representative Walker 256 
carcinoma grown in a rat (Adapted with kind permission 
from Elsevier, Wolf et al. [ 228 ])       
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(FBAL), and peaks in the nucleoside/nucleo-
tide region [ 228 ]. Several  19 F MRS studies have 
revealed the pharmacokinetics of 5-FU in tumors 
in vivo [ 229 ,  230 ].  19 F MRS showed an accumu-
lation and slow disappearance of 5-FU in subcu-
taneous Yoshida sarcoma and drug- induced liver 
tumors in rats [ 229 ]. Noninvasive detection of 
the cytotoxic fl uoronucleotides (FNuct) can be 
used to predict 5-FU cytotoxicity in tumors [ 231 ] 
(add reference). 5-FU and all its metabolites can 
diffuse out of cells, except for FNuct, which are 
trapped within the cells because of their charged 
phosphate groups. For example, the cytotoxicity 
of FNuct was measured in vivo by  19 F MRS in 
Walker carcinosarcomas in rats [ 231 ]. Figure  8.8b  
shows that the  19 F spectra of 5-FU, FBAL, and fl u-
oronucleosides/fl uoronucleotides (FNUC) as well 
as a reference compound can be clearly detected 
in a Walker 256 carcinoma grown in a rat as mea-
sured in vivo at 4.7 T [ 228 ]. Similarly, fl uorinated 
proteins such as bovine serum albumin, gamma-
globulin, and purifi ed immunoglobulin (IgG) have 
been developed by selective  trifl uoroacetylation 
using  S -ethyl  trifl uorothioacetate [ 232 ]. They 
can be utilized as  19 F MRS probes for optimiz-
ing the delivery of antineoplastic agents to 
tumors [ 232 ].  19 F MRS was also employed to 
study the conversion of 5-fl uorocytosine (5-FC) 
to 5-fl uorouracil (5-FU) by cytosine deaminase 
in human HCT116 colon tumor xenografts in mice 
[ 233 ,  234 ]. In conclusion,  19 F MRS of  19 F-labeled 
anticancer drugs can noninvasively monitor drug 
pharmacokinetics and treatment outcome.

    19 F-labeled probes have been developed to mon-
itor tumor hypoxia. It is important for the devel-
opment of  19 F-labeled hypoxia-sensing probes 
that they do not lose their  19 F-nuclei during their 
hypoxia-mediated metabolism. For example, fl uo-
rinated nitroimidazole derivatives such as CF3PM 
(5,6-dimethyl-4-[3-(2-nitro-1-imidazolyl)-
propylamino]-2- trifluoromethylpyrimidine 
hydrochloride) and CCL-103 F (1-(2-hydroxy-3- 
hexafl uoroisopropoxy-propyl)-2-nitroimidazole) 
can be used to measure hypoxia in vivo [ 235 – 239 ]. 
These fl uorinated 2-nitroimidazole  compounds 
are metabolized by cells under hypoxic 
 conditions, in which cellular reductases cause 
nitroimidazoles to undergo one electron reduc-

tions to form reactive species [ 235 ,  240 ,  241 ]. 
Within the hypoxic cells, the probes were mainly 
associated with the endoplasmic reticulum, the 
nucleus, and the cytoplasmic side of intracellular 
vesicles [ 235 ,  240 ,  241 ]. Compared to the wash-
out of the parent 2-nitroimidazole compound, 
the washout of adducts was slower [ 236 ]. Hence, 
the degree of hypoxia within a given tumor can 
be measured from the time course of residual 
2-nitroimidazole compound in this tumor [ 236 ]. 
These fl uorinated nitroimidazole probes have 
been utilized to measure hypoxia in preclinical 
studies. For example, CF3PM has been used in 
SCCVII squamous carcinomas in mice, and CCI- 
103 F in Dunning R3227 prostate cancer and 
Walker 256 tumors in rats [ 235 ,  239 ,  242 ]. 

  19 F MRS can be useful for observing intra-
cellular and extracellular tumor pH [ 33 ]. Probes 
for in vivo tumor pH measurement with  19 F 
MRS include ZK-150471 (3-[ N -(4-fl uoro-2- 
trifluoromethylphenyl)-sulfamoyl]-propionic 
acid) and fl uorinated vitamin B6 derivatives 
(6-fl uoropyridoxol and 6-fl uoropyridoxamine) 
[ 203 ,  243 ]. pH values are typically calculated 
from tumor  19 F MR spectra obtained follow-
ing administration of ZK-150471 or a fl uori-
nated vitamin B6 derivative by comparing their 
chemical shift with that of a sodium trifl uoro-
acetate (NaTFA) standard [ 203 ,  243 ]. The cell- 
impermeable probe ZK-150471 has been shown 
to measure pHe in murine RIF01 fi brosarcomas, 
murine Lettre tumors, and human HT29 tumor 
xenografts in mice [ 203 ].  

8.4.12      13 C MRS of  13 C-Labeled 
Glucose and Lactate 
Metabolism 

 Glucose is necessary for energy-producing 
metabolic processes and for the synthesis 
of  macromolecular products. As described 
above, increased glucose uptake and enhanced 
glycolysis are metabolic hallmarks of can-
cer and can therefore serve as indicators of 
 malignant  transformation.  13 C-labeled glucose 
and  13 C-labeled lactate detection with  13 C MRS 
 provides a noninvasive and quantitative method 
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to assess glucose delivery to the tumor, gly-
colysis, and lactate clearance from the tumor 
[ 244 – 246 ].  13 C MRS with the use of  13 C-labeled 
glucose can be used to monitor glucose metabo-
lism in cancer cells in culture and in tumor mod-
els in vivo and hence can be employed to study 
the kinetics of glycolysis alterations occurring 
with malignant transformation of tumor cells 
[ 244 ,  247 ,  248 ]. The natural abundance of the  13 C 
isotope is only 1.1 %, which allows us to measure 
the rates of  13 C-label incorporation into metabo-
lites by  13 C MRS following infusion or injection 
of  13 C-enriched substrates [ 244 ]. As  13 C-labeled 
tracers are not radioactive, they can be safely 
infused or injected in preclinical and clinical 
applications to study intermediary metabolism, 
enzyme activity, and metabolic regulation [ 249 ]. 
Extracts of surgically resected tissues from ani-
mal models or patients infused or injected with 
 13 C-labeled glucose and extracts of cancer cells 
incubated with  13 C-labeled glucose can also be 
analyzed ex vivo [ 244 ]. 

 Glycolytic use of [1- 13 C] glucose will 
 incorporate the  13 C isotope into the C3 position 
of pyruvate [ 249 ] and then into the C4 position 
of α-ketoglutarate in the TCA cycle [ 249 ]. From 
[4- 13 C] α-ketoglutarate, the isotope is transferred 
to the cellular glutamate pool by exchange reac-
tions through amino acid transaminases and mito-
chondrial and cytosolic transporters [ 249 ]. Since 
the rate of exchange between pyruvate and gluta-
mate is many times faster than the TCA cycle, the 
glutamate pool acts as a trap for  13 C-label [ 249 ]. 
Maximum enrichment of the pyruvate pool can 
be achieved by using uniformly labeled glucose 
with  13 C-labels in all six carbons of glucose ([U-
 13 C] glucose) instead of singly labeled glucose. 
Increased glycolytic rates in cancer cells typi-
cally generate a high concentration of  13 C-labeled 
lactate [ 96 ]. 

  13 C MRS experiments with  13 C-labeled glu-
cose can be employed to simultaneously mea-
sure the consumption of [1- 13 C] glucose and the 
formation of [3- 13 C] lactate and thus enable the 
measurement of the kinetic parameters for glu-
cose delivery to the tumor, tumor glycolysis, 
and lactate clearance from the tumor [ 250 ]. For 
example, a  13 C MRS study using [1- 13 C] glu-

cose revealed that treatment with the antiestro-
gen tamoxifen reduced the glycolytic rate and 
lactate clearance by twofold but did not affect 
other parameters in human MCF-7 breast tumor 
xenografts [ 250 ]. High-resolution  13 C MRS of 
RIF-1 tumor extracts demonstrated that their 
TCA cycle activity was signifi cantly increased 
at 24 h following treatment with cyclophospha-
mide [ 251 ]. In the same tumor model, an in vivo 
study showed that following [1- 13 C] glucose 
injection, [3- 13 C] lactate levels reached steady 
state within 50 min, whereas [3- 13 C] alanine 
increased continuously [ 252 ], which is shown 
in Fig.  8.9 . Volume- localized  13 C MRS with  1 H-
 13 C cross polarization was applied to detect the 
conversion of [1- 13 C] glucose to [3- 13 C] lactate in 
C3H mouse mammary carcinomas in vivo [ 253 ]. 
This study also showed that tumor oxygenation 
decreased with increasing glycolytic rate in vivo 
[ 253 ]. In vitro studies using two-dimensional 
heteronuclear single- quantum correlation spec-
troscopy (HSQC) and labeled [U- 13 C] glucose 
show that human embryonic kidney HEK293T 
cells produced a high level of  13 C-glycine derived 
from [U- 13 C] glucose, whereas H1299 lung 
cancer cells produced relatively low and non- 
tumorigenic MCF-10A mammary epithelial cells 
no  13 C-labeled glycine [ 254 ]. These  13 C MRS 
experiments suggest that in some cancer cells, 
glycolytic carbons can be diverted into glycine 
metabolism through phosphoglycerate dehy-
drogenase (PHGDH), which contributes to the 
pathogenesis of some cancers [ 254 ].

8.4.13         13 C MRS of Choline 
Metabolism 

 As discussed above, high concentrations of tCho- 
and choline-containing metabolites are detected 
in a variety of malignancies [ 15 ]. Free intracel-
lular choline (Cho) can be acetylated to  synthesize 
the neurotransmitter acetylcholine, phosphory-
lated for the synthesis of PC and PtdCho, and 
oxidized to produce the methyl donors betaine 
and S-adenosylmethionine. In vitro and in vivo 
 13 C MRS studies with  13 C-labeled methionine in 
9 L rat gliomas revealed a signifi cant amount of 
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de novo choline synthesis most likely from the 
liver, while in vitro experiments with the 9 L rat 
glioma cell line demonstrated that these cells 
were unable to synthesize choline de novo [ 255 ]. 
Similarly,  13 C- labeled choline in combination 
with  13 C MRS has been utilized to study choline 
metabolism, specifi cally to follow the label of  13 C 
in the Kennedy pathway [ 16 ,  256 ].  13 C MRS 
studies following administration of [1,2- 13 C] cho-
line revealed that [1,2- 13 C] choline was rapidly 
taken up and phosphorylated in MCF-7 breast 
cancer cells and tumors [ 257 ]. Increased PC, and 
total choline-containing metabolites, and 
decreased GPC were observed in human 
MDA-MB-231 breast cancer cells compared 
with nonmalignant human MCF-12A mammary 
epithelial cells using [1,2- 13 C]-labeled choline 
with  13 C MRS [ 16 ]. Microarray analyses from the 
same cell lines demonstrate overexpression of 
choline kinase and phospholipase C [ 16 ]. Using 

[1,2- 13 C]-labeled choline with  13 C MRS also 
demonstrated a twofold higher rate of choline 
transport and a tenfold higher rate of PC and 
betaine synthesis in human MCF-7 breast cancer 
cells compared to human mammary epithelial 
cells [ 258 ]. These results suggest that a combina-
tion of enhanced choline transport, increased 
choline kinase activity, and increased catabolism 
mediated by increased phospholipase C activity 
drive the activated choline phospholipid metabo-
lism in the breast cancer cells [ 16 ,  257 ,  258 ].  

8.4.14     Hyperpolarized  13 C MRS 
of Tumors 

 The use of hyperpolarized  13 C substrates has rev-
olutionized the use of metabolic MRS in vivo as 
it has dramatically increased the signal-to-noise 
ratio obtained for these  13 C-labeled substrates 
compared to their non-hyperpolarized counter-
parts [ 50 ,  259 – 261 ]. The principle of hyperpolar-
ization is explained in the following. The nuclear 
spins of MR-active nuclei are oriented either 
parallel or antiparallel to the external magnetic 
fi eld  B  0 , and hence, the total spins are in a super-
position of these two states known as Zeeman 
states [ 259 ]. The population difference between 
these two states, which is defi ned as the polar-
ization P, generates the MR signal. The polariza-
tion is proportional to the magnetic fi eld strength 
and the gyromagnetic ratio of the nucleus. The 
population difference can be increased by sev-
eral orders of magnitude with a method known as 
 hyperpolarization where nuclei are forced to be 
in a nonequilibrium distribution among Zeeman 
levels with respect to the thermal equilibrium 
[ 262 ]. Parahydrogen-induced polarization [ 263 ], 
optical pumping of noble gases [ 264 ], dynamic 
nuclear polarization (DNP) [ 265 ], or brute force 
[ 266 ] can create a hyperpolarized agent. Since 
the goal of using hyperpolarization is to image 
metabolism in real time, it is essential that hyper-
polarized compounds are soluble in aqueous 
solution and have a suffi ciently long relaxation 
time so that they can be transported, be admin-
istered, and have adequate time to go through 
metabolic reactions [ 259 ,  267 ]. 
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  Fig. 8.9     13 C MRS of  13 C-labeled glucose and lactate 
metabolism. The spectra were obtained at 10 and at 
60 min following injection of [1- 13 C] glucose in mice 
bearing RIF-1 tumors. It shows a net increase of [3- 13 C] 
lactate and [3- 13 C] (Adapted with kind permission from 
Constantinidis et al. [ 252 ])       
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 [1- 13 C] Pyruvate is the most widely studied 
hyperpolarized substrate because of its relatively 
long T1 relaxation time, good solubility in water, 
fast transport across the cell membrane, and rapid 
metabolism [ 268 ]. There are three main metabolic 
pathways for pyruvate: (1) It can be converted to 
[1- 13 C] lactate by lactate dehydrogenase (LDH), 
(2) it can undergo transamination with glutamate 
to form [1- 13 C] alanine, or (3) it can be irreversibly 
oxidized to acetyl-CoA in mitochondria, which 
releases  13 CO 2  in the form of H 2  13 CO 3  −  in the 
mitochondria [ 50 ,  268 ]. Hyperpolarized  13 C MRS 
of pyruvate in cancer has the potential for clinical 
translation in cancer diagnosis and in monitoring 
the effi cacy of anticancer treatments [ 52 ]. For 
example, the PI3K/Akt/mTOR signaling pathway 
plays a critical role in cancer cell proliferation, 
differentiation, metabolism, and survival and is 
currently being explored as a target for anticancer 
therapy [ 269 ,  270 ]. Hyperpolarized lactate levels 

produced from hyperpolarized pyruvate through 
LDH activity were signifi cantly reduced when 
PI3K was inhibited with LY294002 in GS-2 
glioblastoma and in MDA-MB-231 breast tumor 
xenografts [ 52 ]. The hyperpolarized lactate-to-
pyruvate ratio was also reduced in mTOR-tar-
geted therapy by  everolimus in glioblastomas in 
mice [ 47 ]. Similarly, it was shown in EL4 mouse 
lymphomas that the pyruvate-to-lactate fl ux was 
inhibited within 24 h of etoposide chemotherapy 
due to loss of coenzyme NAD(H) [ 260 ]. Reduced 
levels of hyperpolarized lactate were produced 
from hyperpolarized [1- 13 C] pyruvate in rat C6 
gliomas between 24 and 96 h post-radiother-
apy [ 271 ]. Hyperpolarized [1- 13 C] pyruvate in 
transgenic adenocarcinomas of mouse prostate 
(TRAMP) resulted in elevated hyperpolarized 
lactate and alanine with cancer progression [ 103 ]. 
Figure  8.10  shows representative hyperpolarized 
 13 C MR spectra from a TRAMP mouse with a 
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  Fig. 8.10    Hyperpolarized     13 C MRS using [1- 13 C] pyru-
vate. Hyperpolarized [1- 13 C] pyruvate MRS in transgenic 
adenocarcinoma of mouse prostate (TRAMP) tumors 
demonstrates higher hyperpolarized [1- 13 C] lactate and 
[1- 13 C] alanine levels with cancer progression. ( a ) T 2 -
weighted proton image shows the primary tumor and 

lymph node metastasis. ( b ) The hyperpolarized  13 C lactate 
image following the injection of hyperpolarized [1- 13 C] 
pyruvate. ( c ) After spatially zero fi lling and voxel shift-
ing, a subset of the spectral grid was selected and ( d ) dis-
played (Adapted from the Albers et al. [ 103 ])       
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high-grade tumor and metastasis in the right peri-
aortic lymph node [ 103 ].

   Other hyperpolarized molecules of interest 
include bicarbonate, glutamine, fumarate, succi-
nate, lactate, and choline, among others [ 103 , 
 259 ,  261 ,  267 ,  272 – 274 ]. Using hyperpolarized 
[1- 13 C] lactate as a substrate enables observing 
the conversion of hyperpolarized lactate to pyru-
vate, in addition to detecting secondary conver-
sions to hyperpolarized alanine and bicarbonate 
through pyruvate [ 275 ]. Increased choline metab-
olites have been observed in tumors in both clini-
cal and preclinical studies [ 61 ]. Hyperpolarized  
[1,1,2,2-D(4), 2-(13) C] choline chloride pro-
vides a new tool for studying choline metabolism 
as the chemical shift of the  13 C position is able to 
differentiate choline, acetylcholine, PC, and 
betaine [ 274 ]. 

 Malignant transformation also leads to the 
activation of glutaminase, which converts gluta-
mine to glutamate to fuel cancer cell metabolism 
[ 276 ]. In addition, glutamine protects cells 
against oxidative stress and complements glu-
cose for the production of macromolecules [ 13 ]. 
Therefore, imaging glutamine metabolism will 
have a signifi cant impact on understanding tumor 
progression and will potentially allow monitor-
ing of treatment response. The conversion of 
hyperpolarized [5- 13 C] glutamine to [5- 13 C] glu-
tamate has been confi rmed in human hepatocel-

lular (HepG2) cancer cells and human glioma 
cells (SF188-Bcl-xL) in vitro [ 277 ,  278 ]. 

 Cellular pH is highly regulated in mammalian 
cell, which is in part through extracellular  buffering 
by bicarbonate (HCO 3  − ) [ 279 ]. HCO 3  −  is able to 
counteract changes in pH through interconversion 
with CO 2  through the enzyme carbonic anhydrase 
[ 280 ]. As discussed above, tumor pHe is lower 
than normal tissue pHe due to increased aerobic 
glycolysis, reduced buffering, and abnormal per-
fusion [ 31 ]. Following intravenous  injection of 
hyperpolarized bicarbonate (H 13 CO 3  − ) in vivo, it is 
possible to measure tumor pHe from the ratio of 
the signal intensities of H 13 CO 3  −  and  13 CO 2  [ 279 ]. 
Using this probe, it was shown that subcutane-
ously implanted mouse EL4 lymphomas displayed 
a low interstitial pH compared to the surrounding 
tissue (Fig.  8.11 ) [ 279 ].

   Since hyperpolarized glucose has a very short 
T1 (<1 s), its pentose analogue fructose 
(T1 ~ 16 s) offers an alternative tool to investi-
gate downstream glycolytic processes [ 273 ]. 
Fructose can enter glycolysis through phosphor-
ylation by fructokinases [ 281 ]. The C 2  position 
of fructose has a relatively long relaxation time 
when hyperpolarized (~16 s at 37 °C), in addi-
tion to a high solution state polarization (~12 %) 
[ 273 ]. MRSI of hyperpolarized [2- 13 C] fructose 
revealed a higher uptake and increased metabo-
lism of fructose in mouse prostate tumors of 
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  Fig. 8.11    Hyperpolarized     13 C bicarbonate MRSI. Tumor 
pH was measured in a representative mouse EL4 lymphoma 
in vivo with hyperpolarized bicarbonate. ( a ) Proton MR 

image of a subcutaneously implanted EL4 tumor in mouse 
and ( b ) the pH map [ 279 ]. (Adapted with kind permission 
from Gallagher et al. [ 279 ])       
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TRAMP mice relative to surrounding normal tis-
sue [ 273 ]. Acetate, in the form of acetyl-CoA, is 
produced in cells from the catabolism of sugars, 
fats, and proteins [ 282 – 284 ]. The TCA cycle uti-
lizes acetyl- CoA and reduces NAD +  to NADH, 
which is fed into oxidative phosphorylation 
[ 283 ,  284 ]. Hyperpolarized [1- 13 C] acetate can 
be used for in vivo imaging of the cellular TCA 
cycle rate [ 261 ]. Production of malate from 
fumarate is a sensitive marker of cellular necro-
sis [ 272 ]. It was shown that following intrave-
nous injection of hyperpolarized [1,4- 13 C 2 ] 
fumarate, hyperpolarized [1,4- 13 C 2 ] malate pro-
duction was 2.4-fold higher in etoposide-treated 
mouse EL4 lymphomas compared to untreated 
lymphomas due to tumor cell necrosis, making 
this approach a powerful tool for monitoring 
treatment outcome [ 272 ].   

    Conclusions 

 In conclusion, preclinical multinuclear MRS 
of tumors offers a wide spectrum of diverse 
tools to assess endogenous tumor metabolism, 
the physiological tumor microenvironment 
characterized by hypoxia and acidic pHe, drug 
delivery and drug metabolism, and response 
to chemotherapeutic and molecularly tar-
geted anticancer treatments. Preclinical MRS 
has helped tremendously in gaining a  better 
understanding of tumors as living organs 
in vivo as it provides the powerful ability to 
measure metabolic processes noninvasively. 
Research studies that have combined MRS 
of tumor models in vivo with metabolic and 
molecular measurements performed ex vivo 
and/or in cultures from the same cell or tumor 
models have provided molecular insights that 
have guided clinical MRS settings, treatment 
strategies, as well as treatment monitoring. 
Multinuclear MRS, where different nuclei are 
measured in the same tumor, offers unprec-
edented possibilities of multiplexing the 
metabolic readout from tumors in vivo. The 
continuing push of MR technology towards 
higher magnetic fi eld strengths offers new 
possibilities for increasing the sensitivity 
of MRS measurements in research studies 
and eventually in patients. In addition, smart 

approaches have been developed for increas-
ing the sensitivity of MRS by polarization 
transfer methods such as RINEPT [ 205 ] or 
by chemical exchange with highly abun-
dant water molecules such as done in CEST 
[ 196 – 198 ]. In the age of molecular imaging 
and molecular medicine, it is also possible to 
combine in vivo MRS and MRI with other 
imaging modalities either sequentially or in 
novel hybrid instruments, such as MR–PET or 
MR–optical scanners, to further improve the 
sensitivity and molecular specifi city of cancer 
detection and treatment monitoring.     
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  TOF    Time-of-fl ight   
  TRG    Tumor regression grade   
  VEGF    Vascular endothelial growth 

factor   

9.1           Basic Concepts of FDG PET 
in Oncology 

9.1.1     2-Deoxy-2-[18F]fl uoro-D - 
Glucose ( 18 F-FDG) 

9.1.1.1     Historical Aspects 
 The conceptual design and synthesis of 2-deoxy- 
2-[18F]fl uoro- d -glucose began several years 
before the fi rst  18 F-FDG was synthesised for 
human injection. Bessell and colleagues [ 1 ] fi rst 
described FDG in an unlabelled form (nonradio-
active) and demonstrated that it is a good sub-
strate for hexokinase. This hypothesis was tested 
using labelled carbon-14 and autoradiography 
studies. Biodistribution and toxicity studies in 
animals were conducted as there was no data to 
support the human administration of labelled or 
unlabelled form of FDG [ 2 ,  3 ]. 

 The fi rst synthesis of  18 F-FDG for human 
studies took place in the late 1970s. The scientists 
at the National Institutes of Health, the University 
of Pennsylvania and Brookhaven National 
Laboratory developed  18 F-FDG as a tool for map-
ping glucose metabolism in the human brain [ 4 ], 
and images obtained with non-positron emission 
tomography (i.e. positron computed tomogra-
phy) demonstrated its concentration in the brain 
[ 5 ] (Fig.  9.1 ). Major technological advancements 
have now made it easier to synthesise and image 
 18 F-FDG, which is routinely used in the fi elds of 
clinical oncology, neurology and cardiology.

9.1.1.2        Fluorine-18 (F-18) 
 Fluorine-18 (F-18) is a useful positron-emitting 
radioisotope that has rapidly become the iso-
tope of choice for labelling biomolecules. The 
F-18 radioisotope is produced using a cyclotron. 
The most common method used to produce the 
 isotope is using enriched oxygen water target 

(oxygen- 18). In the cyclotron, the hydrogen ions 
are accelerated and pushed onto a carbon foil 
and converted to protons. The protons impact 
the enriched oxygen-18 target which produce the 
radioisotope [ 6 ] and is used to radiolabel biomol-
ecules with high specifi c activity. With a half- life 
of 109.8 min, F-18 radiolabelled isotopes such 
as  18 F-FDG are desirable for research and clini-
cal use without the need for an on-site cyclotron 
facility. 

 The decay of F-18 is primarily positron 
 emission with an energy of approximately 
0.633 MeV [ 7 ]. When injected intravenously, the 
emitted positrons travel a few millimetres in tis-
sue before combining with negatively charged 
electrons, converting mass into energy and releas-
ing two high-energy (511 keV) photons (gamma 
rays), which are emitted at approximately 180° to 
each other (Fig.  9.2 ). The simultaneous detection 
of these photons by the PET scanner is then used 
to construct a three-dimensional image of the 
sequence of events [ 7 ].

  Fig. 9.1    Early whole-brain tomographic FDG images 
of brain function in a normal volunteer reveal high con-
centration of the agent in cortical and subcortical grey 
matter. The brain images were obtained with positron 
computed tomography (PCT)       

 

M. Lin and D. Kumar



183

9.1.1.3        2-Deoxy- D -Glucose 
 2-Deoxy- d -glucose (2-DG) is a glucose mole-
cule which has the 2-hydroxyl group replaced 
by hydrogen, so that it cannot undergo further 
glycolysis (Fig.  9.3 ). Glucose hexokinase traps 
this substance in most cells (with the exception 
of the liver and kidney) making it a good marker 
for tissue glucose consumption and hexokinase 
activity [ 8 ]. This is exploited in oncologic imag-
ing where many cancers have elevated glucose 
utilisation and upregulated hexokinase levels. 
2-DG labelled with carbon-14 has been a popu-
lar ligand for laboratory research in animal 
models, where distribution is assessed by tissue 
slicing followed by autoradiography [ 9 ]. 2-DG 
has also been used in targeted optical imaging 
for fl uorescent in vivo imaging. In PET, fl uoro-
deoxyglucose is used where one of the two 
hydrogens of 2-deoxy-  d -glucose is replaced 
with the positron-emitting isotope F-18 
(Fig.  9.4 ) allowing distribution of the tracer to 
be imaged [ 10 ].

9.1.1.4         Positron Emission Tomography 
 The limited anatomical resolution of PET is 
 overcome by the advent of combined PET and 
computed tomography (CT) scanners (PET-CT) 
in a single gantry. This landmark development 
allows the fusion of functional and precise ana-
tomical information for the fi rst time with a sig-
nifi cant improvement in diagnostic confi dence 
and accuracy. As a result, over the past decade, 
PET-CT has replaced PET-alone systems. 

The introduction of Time-of-Flight (TOF) 
 technology for PET further improves lesion 
detection as a result of innovation in scanner 
detectors (scintillators) and enhanced accuracy 
in localising the annihilation event (Fig.  9.2 ). 
More recently PET combined with magnetic 
resonance imaging (MRI) (PET- MRI) [ 11 ] is 
also making a transition from a research tool 
into the clinical domain.  

9.1.1.5     FDG Production 
 The production of FDG is a multistep process 
that begins with a particle accelerator such as a 
cyclotron which produces the [F-18] fl uoride 
radionuclide. The most common reaction is 
through proton irradiation by the  18 O(p, n) 18F 

Nucleus

Positron travel in tissue

Annihilation

e+ e–

511 keV

511 keV
PET detector

PET detector

e+

  Fig. 9.2    A positron emission tomography scanner is used 
to detect photons emitted by the annihilation event of an 
electron and positron. The photons have identical energies 
(511 keV) and emitted simultaneously at approximately 

180° in opposite directions. The near-simultaneous 
 detection by PET of these high-energy photons is known 
as annihilation coincidence detection       
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  Fig. 9.3    Structure of 2-deoxy- d -glucose (2-DG)       
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reaction on a pressurised oxygen-18-enriched 
water target [ 12 ]. After irradiation the radioactive 
[F-18] fl uoride is transferred to a radiopharma-
ceutical production laboratory or clean room for 
further transformation into FDG. The [F-18] 
 fl uoride is pumped from the cyclotron to a FDG 
synthesiser unit housed in a lead-shielded hot 
cell. The hot cell provides an environment of air 
classifi cation compatible for pharmaceutical 
manufacturing and to protect the operator from 
ionising radiation. Several automated chemical 
manipulations are then carried out leading to a 
product which is ultimately formulated into a 
physiological injectable solution. The fi nal prod-
uct is subjected to either sterilising fi ltration or 
steam sterilisation, quality control analysis and 
quality assurance checks before released for 
injection into humans [ 13 ].   

9.1.2     FDG Metabolism in Tumours 

 FDG is a glucose analogue and, just like glucose, 
is actively transported into the cell mediated by 
a group of structurally related glucose transport 
proteins (GLUT). Once internalised, glucose 
and FDG are both phosphorylated by hexoki-
nase as the fi rst step towards glycolysis. Glucose 

 continues along the glycolytic pathway for 
energy production, whereas FDG cannot enter 
glycolysis (Fig.  9.5 ) and becomes effectively 
trapped intracellularly as FDG-6-phosphate and 
steadily accumulates [ 14 – 16 ].

   Published by Otto Warburg in 1927, glucose 
metabolism is enhanced in cancer cells [ 17 ] and 
displays an over-expression of GLUT, particu-
larly GLUT-1 and GLUT-3, as well as higher lev-
els of hexokinase isoforms type I and II [ 18 ,  19 ]. 
Cancer cells are highly metabolically active and 
favour the more ineffi cient anaerobic pathway 
adding to the already increased glucose demands. 
The increase in glycolysis has been proposed as a 
metabolic strategy of tumour cells to ensure sur-
vival and growth in environments with low oxy-
gen concentration [ 16 ]. Tumour cells also have 
low levels of the dephosphorylation enzyme 
glucose- 6-phosphatase which catalyses glucose-
6- phosphate and FDG-6-phosphate. These com-
bined mechanisms form the basis whereupon 
tumour cells take up and retain higher levels of 
FDG when compared to normal tissue.  

9.1.3     Normal Physiologic FDG 
Distribution and Benign 
Variants 

 There is high physiologic FDG uptake in 
the  cerebral cortex and basal ganglia of the 
brain where glucose is the main substrate for 

Blood

Glucose Glucose

FDG FDG-6P X

GlycolysisGlucose-6P

FDG

Cell

  Fig. 9.5    Diagram of FDG metabolism in comparison 
with glucose. Whereupon glucose undergoes glycolysis to 
generate energy, FDG phosphorylated by hexokinase 
enzyme does not undergo further metabolism and is 
trapped within the cells. This results in increased tracer 
uptake and retention within metabolically active tissues. 
Since malignant cells have enhanced glucose metabolism, 
FDG allows this process to be imaged and mapped by 
PET       
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  Fig. 9.4    Structure of 2-deoxy-2-fl uoro- d -glucose (18F- 
FDG). The  asterisk  indicates the location of the hydroxyl 
group for 2-DG which is replaced by the radioactive 
 isotope fl uorine-18 (F-18) to enable detection by PET       
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 metabolism (Fig.  9.6 ). Normal biodistribution 
of FDG in other  tissues includes mediastinal 
blood pool activity, liver, spleen and bone mar-
row with variable uptake in salivary glands, skel-
etal muscle, and gastrointestinal tract especially 
the stomach and colon. FDG accumulation in 
myocardium depends on substrate availability, 
and in a fasting patient where insulin levels are 
low, free fatty acid is the predominant substrate 
and glucose utilisation is usually low. FDG is not 
reabsorbed by renal tubules, and therefore a high 
percentage of the administered dose is excreted 

via the kidneys and bladder [ 20 ]. Urinary tracer 
pooling along the ureters is commonly seen and, 
in patients who had undergone urinary diversion 
surgery, may sometimes cause uncertainty in 
scan interpretation.

   In males, testicular FDG uptake is normally 
mild to moderate in intensity, symmetric and dif-
fuse in pattern, and the degree of uptake is  dependent 
on age [ 21 ]. Physiologic FDG activity in the ovaries 
can be observed in premenopausal women during 
ovulation and within corpus luteum cysts [ 22 ] and 
in the uterus at mid-cycle and during the menstrual 
fl ow phase [ 23 ]. Diffuse FDG uptake can be seen in 
normal breasts due to proliferative glandular tissue 
and at the nipples, and high FDG uptake can also be 
observed in lactating breasts [ 22 ]. 

 Normal diffuse homogeneous thymic activity 
is seen in children with an inverted “V” shape 
confi guration on the coronal views [ 22 ]. Increased 
FDG uptake can be expected at sites of muscle 
activation (e.g. skeletal muscles following stren-
uous activity, lingual and mastication muscles 
from chewing, symmetric vocal cord uptake dur-
ing phonation). 

 FDG is not cancer specifi c and will accumu-
late in areas with high levels of metabolism and 
glycolysis. Increased FDG uptake in adipose 
 tissue observed on PET is well recognised, and 
an inverse relationship between the frequency of 
FDG uptake in brown adipose tissue (BAT) and 
the environmental temperature has been demon-
strated [ 24 ]. BAT regulates thermogenesis and 
its activation is seen more frequently in winter 
months. Although BAT can signifi cantly interfere 
with scan interpretation on PET-alone systems 
where it can be indistinguishable from uptake 
within pathological lymphadenopathy (Fig.  9.7 ), 
the problem is  mitigated with PET-CT with the 
accurate localisation of tracer uptake to fat tis-
sue on the corresponding CT images. Activated 
BAT may also account for a less common benign 
variant of focal increased cardiac FDG accumu-
lation observed in lipomatous hypertrophy of the 
 interatrial septum [ 25 ].

   Prominent diffuse bowel uptake, espe-
cially in the large bowel, is commonly seen in 
patients on metformin therapy [ 26 ] (Fig.  9.8 ). 
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  Fig. 9.6    Whole-body FDG PET (maximum intensity 
projection image) of a patient showing normal biodistri-
bution following injection of 370 MBq of FDG and 
scanned at 60 min. There is intense FDG accumulation in 
the cerebral cortex ( 1 ) and mild FDG uptake in the bone 
marrow ( 2 ), myocardium ( 3 ), liver ( 4 ) and in large bowel 
( 6 ). Tracer excretion is seen in the kidneys ( 5 ) and 
intensely in the bladder ( 7 ). There is minimal FDG activ-
ity in the lungs ( 8 )       
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  Fig. 9.7    ( Left ) Coronal FDG 
PET images of a 27-year-old 
woman with Hodgkin’s 
disease and a typical 
distribution of activated brown 
adipose tissue (BAT). There 
was intense FDG uptake in a 
symmetric pattern in the 
cervical, supraclavicular, 
axillary and paraspinal 
regions, left anterior superior 
mediastinum and in the right 
perinephric region ( arrows ). 
A repeat scan ( Right ) 1 week 
later with oral diazepam as 
premedication demonstrated 
resolution of these areas of 
uptake confi rming the 
presence of activated BAT 
observed on the initial scan       

  Fig. 9.8    ( Left ) Coronal FDG 
PET image of a 43-year-old 
man with newly diagnosed 
lymphoma in the abdomen. 
He has a history of type 2 
diabetes on metformin 
therapy. The scan demon-
strated moderate to intense 
diffuse FDG uptake through-
out the bowel most markedly 
in the colon ( arrows ). ( Right ) 
A repeat PET scan a few days 
later after withholding 
metformin for 72 h showed 
resolution of reactive bowel 
uptake and better visualisation 
of the known sites of 
intra-abdominal lymphoma. 
There was physiological 
urinary tracer excretion in the 
bladder and normal FDG 
accumulation in the brain, 
myocardium and liver       
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The  underlying mechanism is thought to be 
due to an increase in glucose use by the intes-
tine from upregulation of glucose transporters. 
Because the use of metformin could potentially 
mask  signifi cant colonic lesions, some investi-
gators have suggested ceasing this medication 
prior to FDG PET [ 27 ]. One study which com-
prised 138 diabetic patients found that 2 days of 
discontinuation of metformin was suffi cient in 
reducing high intestinal uptake [ 28 ]. Although 
discontinuation of metformin therapy does reduce 
intestinal FDG accumulation, this has to be bal-
anced against potential hyperglycemia which 
could render the PET images suboptimal due to 
substrate competition between glucose and FDG.

   There are a large number of benign conditions 
that can cause false-positive results when inter-
preting FDG PET oncology scans. Active infl am-
mation and infection can cause positive uptake due 
to increased FDG accumulation in  macrophages 
and leucocytes [ 29 ]. In patients who have recently 
undergone treatment such as radiotherapy (RT), 
post-therapy infl ammation can be diffi cult to dif-
ferentiate from residual malignancy. Intense pleu-
ral uptake from talc pleurodesis is frequently seen 
and may be indistinguishable from superimposed 
pleural malignancy. In active colitis intense seg-
mental bowel uptake can be observed (Fig.  9.9 ).

   Reactive focal FDG uptake is often seen at 
sites of subcutaneous/intramuscular injections 
(Fig.  9.10 ), tissue repair from recent surgery, 
biopsy or acute fractures (Fig.  9.11 ) [ 30 ], and a 
detailed clinical history from the patient should 
be recorded. Granulomatous disorders such as 

  Fig. 9.9    A 77-year-old man underwent FDG PET scan 
for further investigation of chronic diarrhoea and abdomi-
nal pain. Colonoscopy fi ndings were not specifi c and a 
gastrointestinal malignancy remained a possible diagno-
sis. Maximum intensity projection PET image showed 
intense segmental tracer accumulation along the sigmoid 
colon and rectum ( arrow ) with marked mucosal thicken-
ing, pericolonic infl ammatory changes and mesenteric 
stranding on CT scan (not shown) consistent with an 
infl ammatory process. On the rest of the PET image, there 
was prominent linear neck muscle uptake and physiologic 
tracer excretion in the kidneys, ureters and bladder. There 
was normal FDG accumulation in the brain, myocardium 
and liver. At surgery and histopathology, ischaemic colitis 
secondary to mesenteric panniculitis was found       

  Fig. 9.10    Transaxial CT ( Left ) and combined FDG 
PET-CT ( Right ) of the pelvis. There was focal increased 
FDG uptake at the site of recent intramuscular iron 
 injection associated with soft tissue calcifi cation in the 

right gluteus medius muscle ( arrows ). There was also a 
linear area of mild uptake on the contralateral side due to 
a previous injection       
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tuberculosis and sarcoidosis (Fig.  9.12 ) as well as 
chronic infl ammatory disorders such as pneumo-
coniosis are also confounders and not infrequent 
causes of false-positive PET results. These condi-
tions can lead to increased FDG uptake and 
mimic malignancy especially within pulmonary 

hilar and mediastinal lymph nodes and can pose a 
diagnostic challenge when interpreting PET 
oncology scans.

9.1.4          Standardised Uptake Value 

 In clinical practice, FDG PET scans are interpreted 
visually and semi-quantitatively using the stan-
dardised uptake value (SUV). SUV is a relatively 
simple, reproducible and well-established index 
for quantifying glucose utilisation by  measuring 
the activity of tracer in the lesion or organ cor-
rected for the patient’s weight and dose of FDG 
injected. Although there are many limitations and 
factors affecting SUV measurements and hence 
subject to variability [ 31 – 33 ], several popular indi-
ces are used in the clinical setting which includes 
maximum SUV (SUV max ), mean SUV (SUV mean ) 
and SUV corrected for lean body mass (SUV lean ). 
SUV measurements are increasingly incorporated 
in clinical trials in providing an objective assess-
ment of therapy response on serial PET scans. 
While useful, it is important to be aware of the 
limitations of this parameter and potential over-
reliance during clinical decision making [ 34 ]. 

 Other PET imaging biomarkers that have 
attracted signifi cant interest recently are the 
determination of the metabolic tumour volume 
(MTV) and total lesion glycolysis (TLG). MTV 
is estimated by delineating the region of interest 
(e.g. tumour) using either a fi xed SUV cut-off or 
region growing up to a prefi xed percentage of the 
SUV max , whereas TLG is derived by multiplying 
the MTV by the mean SUV. These PET parame-
ters have shown to be useful prognostic markers 
in certain solid tumours [ 35 ]. In a study of 328 
patients with non-small cell lung cancer 
(NSCLC), the prognosis of patients could be 
stratifi ed using median whole-body MTV [ 36 ]. 
For MTV ≤65.7 ml the median overall survival 
(OS) was 41.1 months, compared with 9.5 
months for those with a median MTV of >65.7 
ml. Both MTV and TLG were shown to be inde-
pendent prognostic factors after adjusting for 
age, gender, treatment intent, histology and stage 
and were better prognostic markers than whole-
body SUV max  and SUV mean .   

  Fig. 9.11    A 67-year-old woman presented for a FDG 
PET scan to further characterise an irregular 37 mm pul-
monary mass in the upper lobe of the right lung. On PET 
the mass demonstrated moderately increased FDG accu-
mulation ( arrow ) as well as adjacent focal uptake at the 
right pulmonary hilum consistent with primary lung can-
cer with ipsilateral hilar lymph node metastasis. There 
were multiple foci of increased uptake at the left second to 
sixth ribs anteriorly ( arrowheads ) in a consecutive pat-
tern, some of which corresponded to callus formation on 
CT scan (not shown) consistent with rib fractures. Further 
history from the patient revealed recent trauma from an 
accidental fall onto her left side. There was also moderate 
to intense diffuse bowel uptake ( open arrows ) secondary 
to metformin therapy       
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9.2     Clinical Applications 
of FDG PET in Oncology 

9.2.1     FDG PET in the Diagnosis 
of Malignancy and 
Characterisation of Tumours 

9.2.1.1     Solitary Pulmonary Nodule 
 In the initial evaluation of a solitary pulmonary 
nodule (SPN), FDG PET is the most accurate 
imaging modality. Incidental pulmonary nod-
ules are increasingly detected especially with 
improvement in the sensitivity of modern CT 

scanners and often pose a management dilemma. 
The risk of malignancy is dependent on the 
 individual patient, and the use of FDG PET is 
incorporated in management guidelines [ 37 ]. 
For an accurate assessment, the size of the nod-
ule should be at least 8 mm, below which PET 
is less reliable due to partial volume effects 
(i.e. the degree of tracer accumulation in small 
lesions which are near the resolution limits of 
the imaging equipment may be underestimated) 
and respiratory motion. Malignant SPN generally 
has a higher FDG uptake than benign lesions. By 
considering clinically relevant information and 

  Fig. 9.12    Sarcoidosis as a mimic of malignancy. 
A 56-year-old woman with newly diagnosed diffuse 
large B-cell non- Hodgkin’s lymphoma (NHL) under-
went a staging FDG PET scan ( Left ). There was intense 
FDG uptake within multiple lymph nodes in the left 
groin ( curved arrow ) at the sites of biopsy proven NHL, 
as well as moderate to intense foci at the pulmonary hila 
and mediastinum bilaterally which were more marked 
on the right side ( arrow ). Following completion of che-
motherapy, a repeat FDG PET ( Right ) was undertaken 
which demonstrated marked metabolic response at the 
sites of lymphoma in the left groin; however, the uptake 

in the pulmonary hila and mediastinum was relatively 
unchanged. There was physiologic FDG accumulation 
in the brain, oropharynx, myocardium, liver, spleen, 
kidneys and bladder and along bowel loops. As a result 
of the  difference in metabolic response on PET and in 
order to exclude refractory lymphoma, a mediastinos-
copy and biopsy of the mediastinal lymphadenopathy 
were arranged. Histology of the right paratracheal 
lymph nodes revealed granulomatous infl ammation 
consistent with  sarcoidosis and no malignancy was 
found       

 

9 Imaging of Tumour Metabolism: 18-FDG PET



190

the pretest probability for malignancy, the addi-
tion of PET can risk-stratify and identify patients 
who would benefi t from an invasive strategy 
[ 38 ]. Although false-positive results can occur 
(e.g. infl ammation, infection or sarcoidosis), a 
nodule with a SUV max  of more than 2.5 is gen-
erally considered malignant until proven other-
wise [ 39 ] (Fig.  9.13 ). The converse, however, is 

not  necessarily true. Since the degree of FDG 
uptake depends on size and proliferative activ-
ity, false-negative results can occur in small nod-
ules or in malignancy with low metabolic rates 
(e.g. carcinoid or bronchoalveolar carcinoma) 
(Fig.  9.14 ). In a study by Hashimoto and col-
leagues [ 40 ], the probability of malignancy in 
any visually evident lesion (SUV between 1.0 

  Fig. 9.13    Coronal CT ( Left ) 
and combined FDG PET-CT 
( Right ) images of the lungs of 
a 78-year-old man who 
presented for further 
characterisation of an irregular 
34 mm solitary pulmonary 
mass in the lower lobe of the 
left lung ( arrows ). SUV max  of 
the lesion on PET was 7.3. In 
view of the PET fi ndings, the 
patient underwent surgery, and 
a T2N0 poorly differentiated 
squamous cell carcinoma 
confi ned to lung parenchyma 
was resected       

  Fig. 9.14    Coronal PET ( Left ) 
and CT ( Right ) images of a 
58-year-old woman who 
presented for further 
characterisation of an irregular 
10 mm solitary pulmonary 
nodule in the lower lobe of the 
left lung ( arrow ). The lesion 
had faint FDG uptake on PET 
with an SUV max  of 1.1. The 
patient underwent surgery, and 
a T1N0 bronchoalveolar 
carcinoma was removed       
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and 2.5) was reported at 60 %, and most lesions 
(15 out of 16 lesions) were ≥10 mm on CT. Some 
authors are of the opinion that nodules can only 
be regarded as benign if they are completely neg-
ative on PET [ 41 ].

9.2.1.2         Brain Tumours 
 The use of FDG PET in brain tumours was the 
fi rst oncological application. The initial clinical 
data emerged in the early 1980s when Di Chiro 
and colleagues demonstrated the effi cacy in grad-
ing and predicting prognosis in primary brain 
tumours [ 42 ]. However FDG crosses the blood–
brain barrier, and scan interpretation is hampered 
by high cerebral glucose consumption and conse-
quently high physiologic tracer activity in the grey 
matter. Therefore FDG when utilised alone is not 
ideal in neuro-oncology. Moreover FDG PET may 
not differentiate benign and malignant cerebral 
lesions with suffi cient accuracy [ 43 ]. Where FDG 
PET may be helpful is in determining the grade of 
the primary brain tumour at diagnosis (high vs. 
low grade), detection of malignant transformation 
of low-grade tumours (e.g. anaplastic transforma-
tion) and to provide prognostic information [ 44 ]. 
FDG PET can also contribute in targeting a site 
for biopsy by identifying the most metabolically 
active component of a lesion discriminating active 
tumour from surrounding oedema.  

9.2.1.3     Adrenal Lesions 
 In patients with malignancy, FDG PET has 
 demonstrated a sensitivity of 83 %, specifi city 
of 85 % and a negative predictive value (NPV) 
of 93 % in the evaluation of adrenal masses 
of at least 10 mm in size [ 45 ]. Various 
 semi- quantitative parameters have also been 
used such as SUV threshold or adrenal-to-liver 
ratios [ 46 ,  47 ]. In a cohort of 150 patients with 
various malignancies, by using a SUV cut-off of 
3.1, FDG PET correctly classifi ed most adrenal 
lesions with a PPV of 89 % and a NPV of 99 % 
[ 46 ] (Fig.  9.15 ). The reference standard used in 
this study was mostly imaging follow-up. Nine 
out of one hundred and seventy-fi ve adrenal 
masses were misclassifi ed where a small per-
centage of adrenal adenomas had an SUV of 
more than 3.1. When the unenhanced CT infor-
mation of the PET-CT was interpreted in con-
junction with PET using attenuation values less 
than or equal to 10 HU for diagnosing an ade-
noma, only three masses (1.7 %) were misclas-
sifi ed. PET was found to be useful even for 
small lesions defi ned as less than 15 mm. In 
patients with no history of malignancy, there is 
limited data showing the incremental benefi t of 
adding PET. In a study comprising 37 patients 
with no previous history of cancer, active malig-
nancy or elevated hormonal secretion, FDG PET 

a b c

  Fig. 9.15    Transaxial CT ( a ), FDG PET ( b ) and 
 combined PET-CT ( c ) images of the upper abdomen of a 
55-year-old man with adenocarcinoma of unknown 
 origin. Bilateral adrenal enlargement with abnormal 
increased FDG was noted. The right adrenal gland 
 measured 30 mm with an SUV max  of 4.4 on PET 

(not shown). There was also intense FDG uptake within a 
35 mm left adrenal mass with an SUV max  of 10.0 ( arrows ), 
and the level of uptake was signifi cantly above that of 
background hepatic parenchymal activity. The SUV ratio 
of the left adrenal gland/liver was 5.3. The patient died 7 
months after the PET scan       
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was useful in characterising tumours following 
inconclusive CT or MRI results [ 48 ] (Fig.  9.16 ). 
A high NPV of 93 % was found in another study 
using visual analysis of adrenal FDG uptake less 
than hepatic uptake as criteria for a benign 
lesion [ 49 ].

9.2.1.4         Liver Tumours 
 Normal hepatic parenchyma demonstrates mod-
erate physiologic FDG uptake, and as a result, the 
sensitivity for liver tumours is compromised due 
to poor contrast between lesion and background. 
There is currently no strong evidence to support 
FDG PET for diagnosing malignancy in hepatic 
lesions in patients with no history of cancer. The 
application is further diminished due to the vari-
able degree of glucose metabolism in hepatocel-
lular carcinoma (HCC). In one study, only 55 % 
of HCC (mean diameter of 57 mm; range 
15–200 mm) demonstrated FDG uptake above 
normal background liver activity [ 50 ]. High lev-
els of glucose-6-phosphatase in these tumours 
which lead to dephosphorylation of FDG are 
thought to account for this. Another PET tracer 
 11 C-acetate has been used in conjunction with 
FDG for the detection of HCC with some success 
[ 51 ]. FDG avidity correlated with the degree of 
cellular differentiation and tumour grade, and 
increased FDG uptake is more likely to be exhib-
ited by tumours which are poorly differentiated. 

Well-differentiated HCC tends to show a reverse 
pattern with negative uptake on FDG PET but 
positive uptake with  11 C-acetate.   

9.2.2     FDG PET in Staging 
Malignancy 

9.2.2.1    Non-small Cell Lung Cancer 
 The role of FDG PET is well established in  staging 
many malignancies. There is extensive evidence 
for NSCLC where PET-CT is more accurate than 
conventional methods [ 52 ], cost- effective [ 53 ] 
and incorporated into the diagnostic algorithm in 
management guidelines [ 54 – 56 ] (Fig.  9.17 ). The 
benefi t in NSCLC has now been demonstrated 
and supported by several randomised controlled 
trials (RCT) where the addition of PET [ 57 ] or 
PET-CT [ 58 ] to conventional workup (CWU) at 
staging prevents unnecessary surgery in NSCLC 
(Fig.  9.18 ). In a multicentre RCT with 188 
patients, the investigators demonstrated the addi-
tion of PET resulted in a 51 % relative reduction 
in futile thoracotomy and avoided unnecessary 
surgery in 1 out of 5 patients [ 57 ]. For medias-
tinal nodal staging with PET (Fig.  9.19 ), a meta-
analysis of 44 studies published between 1994 
and 2006 showed a pooled sensitivity and speci-
fi city of 74 and 85 %, respectively, whereas for 
CT, sensitivity and specifi city of 51 and 85 %, 

a b c

  Fig. 9.16    Transaxial CT ( a ), FDG PET ( b ) and 
 combined PET-CT ( c ) images of a 53-year-old woman 
with no history of malignancy who presented with a 
55.9 mm left adrenal mass. At the site of the mass on CT, 
there was mild heterogeneous FDG uptake on PET 

( arrow ) with an SUV max  of 2.6 (the level of uptake was 
less than background hepatic parenchymal activity) 
favouring a benign aetiology. There were no other abnor-
malities identifi ed on PET. At surgery, a large benign 
adrenocortical adenoma was removed       
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respectively, were reported [ 54 ]. A RCT of 189 
patients who underwent invasive mediastinal 
staging either with mediastinoscopy, endoscopic 
ultrasound (EUS) fi ne-needle aspiration or endo-
bronchial ultrasound-guided  transbronchial 
needle aspiration (EBUS-TBNA) regardless of 
PET-CT or CT fi ndings showed in patients with-
out enlarged lymph nodes and a PET-negative 

mediastinum, patients could  proceed directly to 
surgery in view of the low false- negative results 
[ 59 ]. However in patients with enlarged lymph 
nodes irrespective of PET fi ndings, further stag-
ing investigation is required. For mediastinal 
lymph node positivity on PET-CT, confi rmation 
should be sought before a decision on operability 
is made as false-positive FDG uptake in medi-
astinal lymph nodes can occur in infl ammatory 
or interstitial lung diseases (e.g. tuberculosis, 
anthracosis, silicosis, sarcoidosis) and can mimic 
or coexist with metastatic disease.

     PET is increasingly incorporated in treatment 
planning for NSCLC especially in RT planning. 
The integration of structural and metabolic 
information on PET-CT in contouring allows a 
tumouricidal dose to be delivered to malignancy 
(primary and involved lymph nodes) and at the 
same time, sparing toxicity to surrounding 
organs by delivering the lowest RT dose to the 
smallest volume of normal tissue. This is espe-
cially relevant in the context of post-obstruction 
atelectasis where the boundary between col-
lapsed lung and tumour is not distinguishable on 
anatomical imaging alone. The advent of 
4-dimensional (4D) PET-CT imaging where 
image acquisition is “timed” in relation to the 
different phases of the respiratory cycle further 
improves the accuracy in defi ning the target vol-
ume [ 60 ]. Whether this improvement in contour-
ing translates to superior patient outcomes will 
depend on future data regarding long-term 
follow-up of these patients.  

9.2.2.2    Lymphoma 
 In aggressive lymphomas, FDG PET has 
replaced conventional imaging such as gallium 
scintigraphy. FDG PET leads to a change in 
stage in 10–40 % cases, especially upstaging by 
detecting additional lesions [ 61 ]. Results from 
the Australian PET Data Collection also sug-
gested superiority in low-grade subtypes [ 62 ]. 
For bone marrow assessment, PET complements 
biopsy, and the accuracy depends on the histol-
ogy of the disease. In a meta-analysis ( n  = 587), 
the sensitivity of PET was 76 % in aggressive 
lymphomas and 30 % for indolent subtypes 
[ 63 ]. Since the iliac crest is often chosen as the 

  Fig. 9.17    Maximum intensity projection (MIP) image of 
an 80-year-old woman who underwent a FDG PET scan 
to stage newly diagnosed lung cancer in the apical seg-
ment of the left lower lobe. The primary demonstrated 
intense FDG uptake with a SUV max  of 17 ( arrow ), and 
PET did not reveal metastatic disease. There was also 
mild diffuse linear-increased FDG accumulation sur-
rounding the asymptomatic aortobifemoral vascular graft 
( arrowhead ). There was prominent muscle activation 
along the left sternocleidomastoid muscle as well as phys-
iologic tracer excretion in both kidneys and bladder. The 
patient subsequently underwent surgery with a curative 
intent, and a T2aN0 moderately differentiated adenocarci-
noma was resected which was confi ned to the lung 
parenchyma       
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site for bone marrow biopsy (BMB) which in 
turn may not be involved by lymphoma, PET-CT 
can reduce false-negative BMB by locating the 
site of bone marrow infi ltration prior to sam-
pling where an accuracy of 100 % has been 
reported [ 64 ]. BMB is invasive and insensitive 
owing to sampling error, and some investigators 
have debated the need for routine BMB in 
patients with Hodgkin’s disease (HD) in the era 
of staging PET-CT [ 65 – 68 ]. Whether PET-CT 

obviates the need of BMB very much depends 
on the histological subtype of lymphoma and 
the pattern of FDG uptake in bone marrow. 
Where focal or multifocal uptake  predicts mar-
row infi ltration with a high degree of accuracy 
(Fig.  9.20 ), a diffuse pattern may be secondary 
to marrow hyperplasia or diffuse lymphomatous 
infi ltration.

   Some investigators have demonstrated a 
 correlation between cellular proliferation and 

a b

c

  Fig. 9.18    Staging non-small cell lung cancer. A 55-year-
old man who presented with coughing, a hoarse voice and 
signifi cant weight loss underwent a staging FDG PET-CT 
scan for newly diagnosed adenocarcinoma of the left 
lung. The patient was staged as T2N2M0 on conventional 
imaging, and the initial management plan was for radical 
treatment with a curative intent. On PET ( a ), the primary 
mass in the left upper lobe ( arrow ) demonstrated moder-
ate FDG uptake (SUV max  = 5.4) with evidence of mediasti-
nal invasion. There was also widespread metastatic 
disease within the bones ( arrowheads ) with extension into 
adjacent soft tissues in the scapulae and ilium. There was 
normal FDG accumulation in the brain, liver and testicles 

and physiologic urinary tracer excretion in the kidneys 
and bladder. Selected transaxial combined PET-CT 
images ( b ,  c ) showing abnormal focal FDG uptake within 
lytic lesions at the vertebral bodies of L3 and L4, respec-
tively. Focal-increased FDG uptake was also observed at 
the right vocal cord ( curved arrow ) representing compen-
satory supraphysiologic activation as a result of left recur-
rent laryngeal nerve compression. Following PET, the 
patient’s management was changed to palliative chemo-
therapy with carboplatin and gemcitabine and subse-
quently palliative radiotherapy to the spine. The patient 
passed away 7 months after the PET scan       
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SUV measurements and the ability to differenti-
ate indolent from aggressive non-Hodgkin’s 
 lymphoma (NHL) [ 69 ] and grade I/II from grade 
III follicular NHL [ 70 ]. However there is a sig-
nifi cant overlap in the range of SUV in different 
subtypes of NHL, and no defi nite SUV threshold 
has been identifi ed where a certain tumour phe-
notype can be predicted with suffi cient accuracy.  

9.2.2.3    Oesophageal Cancer 
 In a meta-analysis comparing EUS, CT and PET 
in staging oesophageal and gastro-oesophageal 
junction cancers, EUS was more sensitive but 
less specifi c than CT and PET for regional lymph 
node metastases [ 71 ]. For distant metastases, 
PET is superior. In a prospective trial of 129 
patients, PET led to a high-impact change in 
management (change in treatment modality or 
intent) in 35 % of patients and from curative to 
palliative intent in 20 % [ 72 ].  

9.2.2.4    Gastric Cancer 
 For gastric cancer the role of staging FDG PET 
is evolving and is currently not yet recom-
mended as part of routine clinical practice [ 73 ]. 
The  detection of the primary can be confounded 
by prominent physiologic uptake in the stomach 
and may partly explain the mixed results. The 

sensitivity is lowest for non-intestinal diffuse 
subtypes and in those containing signet ring cells 
and rich in mucin. A positive correlation between 
accuracy of nodal staging and FDG avidity in the 
primary also exists [ 74 ]. In our experience, PET 
is useful in detecting distant metastatic disease 
in approximately 8 % of cases not identifi ed 
on conventional imaging [ 75 ] (Fig.  9.21 ) and 
may have incremental value in selected patients 
(e.g. T3 or T4 tumours of  non- signet ring cell his-
tology). We have also found positive uptake in 
lymph nodes on FDG PET  independently pre-

  Fig. 9.19    Preoperative staging non-small cell lung can-
cer with FDG PET. A 67-year-old man with pulmonary 
fi brosis underwent a staging FDG PET-CT scan for newly 
diagnosed moderately differentiated squamous cell carci-
noma of the right lung. On PET-CT, the primary mass in 
the right lower lobe measured 57 mm with a rim of intense 
FDG uptake (SUV max  = 18) and central photopaenia con-
sistent with necrosis. There was focal intense uptake 
within a 24 mm subcarinal lymph node with a SUV max  of 
12 ( arrow ) consistent with metastatic disease which was 
confi rmed and resected during surgery       

  Fig. 9.20    Staging newly diagnosed lymphoma in a 
40-year-old male with ALK negative anaplastic large cell 
NHL. Whole-body FDG PET (maximum intensity projec-
tion image) showed intense focal FDG activity in multiple 
liver lesions, left lung and extensively in multiple skeletal 
sites consistent with stage IV disseminated disease. Bone 
marrow biopsy of L2 vertebra at the site of the most 
intense FDG uptake confi rmed bone marrow involve-
ment. There was normal FDG accumulation in the brain 
and myocardium and physiologic urinary tracer excretion 
in the kidneys and bladder       
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dicts poor survival and may potentially be useful 
in stratifying patients with poor prognosis for 
upfront additional treatments such as biological 
therapy with trastuzumab, RT or participation in 
clinical trials [ 76 ].

9.2.2.5       Colorectal Cancer 
 FDG PET for the initial staging of colorectal can-
cer (CRC) is currently not recommended as a 
routine investigation [ 77 ]. However, PET can 
contribute towards decision making in cases with 
potentially resectable synchronous metastases 
and in patients with suspected but inconclusive 
distant metastatic disease on conventional imag-
ing. In these patients, PET can alter treatment 
intent (e.g. palliative vs. curative) or preclude 
surgical management by detecting unsuspected 
metastases [ 78 ,  79 ].  

9.2.2.6    Breast Cancer 
 For locally advanced breast cancer (LABC), 
staging PET has an incremental role in addition 
to conventional staging by detecting unsuspected 
extra-axillary and distant metastases [ 80 ]. In a 

recent prospective study of 117 patients with 
infl ammatory and noninfl ammatory LABC, FDG 
PET-CT showed positivity in all the primary 
tumours and outperformed conventional imaging 
for bone, distant lymph node and liver metastases 
[ 81 ]. Overall, FDG PET-CT changed the disease 
stage in 61 patients (52 %) however its use is lim-
ited in early breast cancer (Stage I and II) and 
cannot replace invasive axillary staging (e.g. sen-
tinel lymph node biopsy) [ 82 ].  

9.2.2.7    Urothelial Malignancy 
 FDG is suboptimal in primary staging of uro-
logical malignancies due to urinary excretion of 
the tracer thereby masking tumour detection. 
The detection of most prostate carcinoma and 
renal cell cancer is also hampered by a low rate 
of glucose metabolism as well as non-specifi c 
FDG uptake in benign conditions such as prosta-
titis and benign prostatic hypertrophy. More suit-
able derivatives include choline which is 
incorporated into cell membrane phospholipids, 
or acetate involved in cytoplasmic lipid synthesis 
[ 83 ].   

  Fig. 9.21    A 67-year-old man with newly diagnosed fun-
gating poorly differentiated gastric adenocarcinoma who 
underwent preoperative FDG PET-CT scan for staging. 
Axial CT ( Left ) and combined FDG PET-CT ( Right ) 
images demonstrated intense focal uptake at the site of the 
primary ( arrow ), within a perigastric lymph node (not 
shown) and in segment IV of the liver ( curved arrow ). An 
incidental hepatic cyst with no increased FDG uptake was 
noted medial to this lesion. A diagnostic contrast-
enhanced CT scan did not demonstrate any signifi cant 

abnormality within the liver, and an attempted fi ne-needle 
aspiration (FNA) biopsy of the hepatic lesion seen on PET 
failed to reveal malignancy. The patient proceeded to gas-
tric resection following which there was progression of 
the liver lesion that was previously identifi ed on preopera-
tive PET-CT. A repeat FNA confi rmed metastatic disease 
at this lesion, and multiple large hepatic metastases were 
seen on CT scan 5 months following surgery despite adju-
vant chemotherapy       
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9.2.3     FDG PET in Monitoring 
Therapy Response 

 Heterogeneity in tumour behaviour is a major 
challenge in clinical oncology, and monitoring 
response to therapy allows patients to be  stratifi ed 
and treatment regimen to be optimised. By identi-
fying therapy failure early leads to discontinua-
tion of futile treatment, and a switch to an 
alternative management strategy aims to improve 
patient outcomes. In contrast, low-risk patients 
showing early response may qualify for a less 
aggressive regimen and avoid potential unneces-
sary treatment related toxicities (e.g. second 
malignancy from radiation therapy) and expense. 
Before PET, assessment of therapeutic effi cacy is 
based on changes in the size of tumour (e.g. 
RECIST criteria- Response Evaluation Criteria in 
Solid Tumours) [ 84 ]. Such crude anatomic-based 
systems have well-recognised limitations. A 
tumour that has reduced in size may contain 
malignancy, and conversely a residual mass may 
represent post-therapy infl ammation, fi brosis or 
necrosis with no viable malignant cells. Since 
metabolic activity precedes volumetric changes, 
imaging tumour biomarkers such as FDG as a sur-
rogate for therapeutic response, in particular early 
during the treatment schedule seems ideal. This is 
increasingly incorporated into drug development 
trials where response on PET is used to indicate 
therapy success. Despite clear advantages, stan-
dardisation of instrumentation, scanning parame-
ters and interpretative criteria is mandatory so that 
inter- and intra-observer variability can be mini-
mised [ 32 ,  85 ]. Since SUV is dependent on many 
factors [ 32 ,  33 ] and if PET-CT metrics are used to 
compare baseline and follow-up studies, rigorous 
standardisation and consistency in imaging 
parameters and scanning conditions is crucial to 
allow meaningful and reproducible results. 

9.2.3.1    Early Work 
 One of the earliest studies using sequential FDG 
PET to assess early treatment effi cacy was con-
ducted by Richard Wahl and colleagues in 11 
women with locally advanced breast cancers 
[ 86 ]. They demonstrated that in patients who 

responded to treatment, there was a rapid and sig-
nifi cant decrease in tumour glucose metabolism 
which preceded any reduction in tumour size. 
Conversely, no signifi cant decrease in FDG 
uptake in terms of SUV after three cycles of treat-
ment was observed in nonresponding patients.  

9.2.3.2    Rectal Cancer 
 For locally advanced rectal cancer (LARC), neo-
adjuvant RT or combined chemoradiation (CRT) 
has become the standard of care. A number of 
studies have shown the ability of serial FDG 
PET-CT performed before and after neoadjuvant 
therapy to predict pathologic response in the pri-
mary tumour [ 87 – 89 ]. Melton and colleagues 
demonstrated a sensitivity of 85.7 % and speci-
fi city of 84.6 % for identifying patients who have 
complete pathological response or microscopic 
residual disease [ 87 ]. By using a cut-off value of 
43 % reduction in SUV max  to separate metabolic 
responders and nonresponders, PET-CT per-
formed as early as 2 weeks after starting neoadju-
vant CRT predicted histopathological tumour 
regression grade (TRG) [ 89 ]. Metabolic response 
is also prognostic [ 90 ,  91 ]. Five-year overall sur-
vival (OS) in 88 subjects with stage II and III rec-
tal cancer was 91 % in patients with a negative 
PET performed 7 weeks after CRT and 72 % in 
those with a positive PET [ 90 ].  

9.2.3.3    Oesophageal Cancer 
 The feasibility of early metabolic response 
 assessment by PET infl uencing clinical decisions 
is shown in prospective studies such as the 
MUNICON (Metabolic response evalUatioN for 
Individualisation of neoadjuvant Chemotherapy 
in oesOphageal and esophagogastric adeNocarci-
noma) I and II trials [ 92 ,  93 ] (Fig.  9.22 ). In this 
study, chemotherapy was discontinued in meta-
bolic nonresponders after 2 weeks of neoadjuvant 
treatment and proceeded to have surgery early, 
whereas metabolic responders continued chemo-
therapy for a maximum duration of 12 weeks prior 
to tumour resection. The investigators showed 
there was no histological response in metabolic 
nonresponders, and early discontinuation of che-
motherapy had no negative consequences [ 92 ].
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  Fig. 9.22    ( a ) Sagittal and ( b ) axial staging FDG PET-CT 
images of a 59-year-old man with newly diagnosed 
 squamous cell carcinoma of the distal thoracic oesopha-
gus ( arrows ). The primary demonstrated intense focal 
FDG uptake with a SUV max  of 8.6. No other sites of 
 disease were identifi ed on PET. He underwent three 
cycles of  neoadjuvant chemotherapy, and a follow-up 
scan was undertaken to assess treatment response. 

( c ) Posttreatment axial PET-CT images showed a 
 signifi cant metabolic response at the primary site ( arrow ) 
with a reduction in the extent and degree of FDG uptake. 
There was a 60 % reduction in metabolic activity at the 
primary with mild to moderate residual uptake with a 
SUV max  of 3.4. The patient proceeded to surgery, and an 
Ivor-Lewis oesophagogastrectomy was performed       
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9.2.3.4       FDG PET and Targeted Therapy 
 As cellular pathways in carcinogenesis are 
 unravelled (e.g. apoptosis, angiogenesis), can-
cer therapeutics are increasingly personalised. 
Biological therapy such as vascular endothelial 
growth factor (VEGF) and epidermal growth 
 factor receptor (EGFR) inhibitors targeting vari-
ous signalling pathways is a relatively recent 
addition to the armamentarium of anticancer 
drugs. These drugs induce cytostasis and may 
not lead to a substantial reduction in tumour size, 
and response is often under-estimated by ana-
tomical means. A lack of progression despite an 
absence of tumour shrinkage may in fact indi-
cate treatment success, and therefore metabolic 
response better refl ects therapeutic effi cacy com-
pared with  conventional imaging. This was 
shown with the tyrosine kinase inhibitor ima-
tinib mesylate (Glivec) in gastrointestinal stro-
mal tumour (GIST) where early treatment and 
lasting tumour responses were identifi ed and 
predicted with FDG PET as early as 24 h after 
starting treatment, preceding morphological 
changes on CT by a median of 7 weeks [ 94 ]. 
More recently in patients with NSCLC receiving 
the EGFR inhibitor, erlotinib, patients with pro-
gressive metabolic disease on early follow-up 
PET at 14 days showed a signifi cantly shorter 
time to progression (47 vs. 119 days) and OS (87 
vs. 828 days) compared with patients having 
stable metabolic disease, partial or complete 
responses [ 95 ]. In a phase I dose-escalating trial 
evaluating the BRAF kinase inhibitor vemu-
rafenib in metastatic melanoma, it was found 
there was a dose-dependent reduction in FDG 
uptake in patients at 15 days after starting treat-
ment as well as a trend towards longer 
progression- free survival (PFS) in patients with 
a greater reduction in SUV max  [ 96 ].  

9.2.3.5    FDG PET and Local 
Ablative Therapy 

 Following local ablative therapies with selective 
internal radiation using  90 Yttrium microspheres 
or radiofrequency ablation for hepatic metasta-
ses, PET is more accurate in monitoring treat-
ment response since anatomical modalities are 
often unable to differentiate between residual 
tumour and perilesional post-therapy changes 

due to tumour necrosis, cystic degeneration or 
haemorrhage [ 97 ,  98 ].  

9.2.3.6    Lymphoma 
 In lymphoma, there is intense research interest in 
the role of FDG PET to evaluate treatment 
response and is the subject of many ongoing pro-
spective trials. The goal is to achieve an optimal 
balance between effective treatment and toxicity 
(e.g. avoiding long-term toxicity by eliminating 
RT to the mediastinum in favourable patients) 
and reliably identify those who need an escala-
tion of therapy. This is especially important in 
subsets of patients with good prognosis or early 
stage disease where standard treatment can 
achieve cure in more than 90 % of cases. 

   Response Assessment at the End 
of Treatment 
 PET is helpful in differentiating tumour recur-
rence from fi brosis in the setting of a residual mass 
and is recommended after completion of fi rst-line 
therapy [ 99 ]. For aggressive lymphomas, two 
meta-analyses have supported the predictive value 
of FDG PET performed at the completion of ther-
apy [ 100 ,  101 ]. A meta-analysis of 15 studies 
comprising 705 patients revealed a pooled sensi-
tivity and specifi city for detecting residual disease 
of 84 and 90 % in HD and 72 and 100 % in aggres-
sive NHL, respectively [ 101 ]. PET performed at 
the completion of therapy has a high NPV. In a 
German trial (HD15 trial of the German Hodgkin 
Study Group) of advanced HD patients with resid-
ual masses larger than 2.5 cm after completing 
6–8 cycles of BEACOPP chemotherapy (bleomy-
cin, etoposide, adriamycin, cyclophosphamide, 
vincristine, procarbazine and prednisone), PFS 
was 96 % in PET-negative patients where consoli-
dation RT was omitted. A NPV of 94 % was 
achieved defi ned as the proportion of PET-negative 
patients without progression, relapse or RT within 
12 months of follow-up [ 102 ]. The preliminary 
data suggests that omitting RT in patients with 
complete metabolic response following intensive 
BEACOPP chemotherapy does not appear to have 
a signifi cant impact on short-term outcome. On 
the other hand, positive PET fi ndings would war-
rant histopathological confi rmation before insti-
gating a change in  therapy (Fig.  9.23 ).
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      Response Assessment at Interim 
of Treatment 
 PET scanning performed during mid-treatment is 
highly prognostic in aggressive lymphoma, and 
a negative scan predicts superior PFS and OS 
independent of other prognostic factors [ 103 –
 105 ]. In a trial of 260 patients with advanced 
HD, a positive and negative interim PET after 
2 cycles of ABVD (doxorubicin, bleomycin, 
vinblastine, dacarbazine) chemotherapy has a 
2-year PFS of 95 and 13 %, respectively [ 105 ] 
(Fig.  9.23 ). Similarly in aggressive NHL Zinzani 
and  colleagues demonstrated a 4-year PFS of 75 
and 18 %, respectively, for  positive and nega-
tive interim PET and a statistically signifi cant 

 difference in OS between the two groups [ 106 ]. 
Despite its prognostic ability, one of the main 
issues is the standardisation of interim scan inter-
pretation. The visual criteria originally developed 
in London at Guy’s and St Thomas’s Hospitals 
and recently validated [ 107 ], the Deauville 
5-point scale using the mediastinum and liver 
as reference background draws us towards 
a consensus on interim PET reporting [ 108 ] 
(Fig.  9.23 ). While risk- adaptive treatment strat-
egy either through  escalation or  de-escalation 
based on metabolic response seems instinctive 
and will very likely translate into superior patient 
outcomes, we eagerly await the results of many 
ongoing  prospective trials evaluating interim 

a b c

  Fig. 9.23    ( a ) FDG PET of a 23-year-old woman with 
nodular sclerosing Hodgkin’s disease (NSHD) involving 
multiple lymph node groups above and below the dia-
phragm most marked in the mediastinum and neck, left 
para-aortic and pelvic regions, spleen and extensively in 
the skeleton consistent with disseminated stage IV dis-
ease. She received ABVD (doxorubicin, bleomycin, vin-
blastine, dacarbazine) chemotherapy and was reassessed 
with PET scans after four cycles ( b ) and following 
 completion of treatment ( c ). There was persistent focal-
increased FDG accumulation at the right anterior aspect 

of the acetabulum ( arrows ) on both follow-up PET scans, 
and in addition, there was focal increased uptake at the 
right anterior mediastinum ( arrowhead ) suspicious for 
refractory disease ( c ). On the rest of the follow-up scans, 
there was resolution of the widespread abnormal areas of 
uptake seen on staging PET. As a result of the PET 
 fi ndings, mediastinoscopy and biopsy of the lymph node 
at the right anterior mediastinum was performed which 
revealed refractory NSHD. The patient subsequently 
underwent salvage chemotherapy and stem cell 
transplantation       
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PET response-guided strategies [ 109 ,  110 ] prior 
to its adoption into routine clinical practice. 
Interim PET should currently be performed in 
the context of clinical trials.    

9.2.4     FDG PET in the Assessment 
of Recurrent Malignancy 

9.2.4.1    Colorectal Cancer 
 FDG PET is useful in the detection and evaluation 
of a wide range of recurrent malignancies. One of 
the most common indications with substantial 
evidence is in the evaluation of recurrent CRC 
[ 111 – 115 ]. Metastasectomy in CRC is potentially 
curative; however, a signifi cant proportion of 
patients have unresectable disease at surgery or 
relapse shortly following surgery refl ecting sub-
optimal preoperative imaging workup and patient 
selection. The superiority of PET compared with 
CT is in the sensitivity for detecting unsuspected 
extrahepatic metastases. Pawlik and colleagues 
[ 116 ] found a 55 % reduction in futile laparotomy 
rate in PET-screened patients, and adding PET to 
conventional preoperative assessment avoided 
one in six unnecessary laparotomies in a phase III 
trial [ 117 ]. PET-screened patients also had better 
5-year survival following hepatic resection com-
pared with historical controls most likely as a 
result of better patient selection [ 118 ]. In patients 
with a rise in carcinoembryonic antigen (CEA) 
levels, PET is more sensitive than multi-detector 
CT scan in identifying the site of CRC recurrence 
[ 119 ] (Fig.  9.24 ).

9.2.4.2       Gynaecological Malignancy 
 Recurrent cervical cancer has a poor prognosis if 
not limited to the pelvis. Radiation therapy and 
pelvic exenteration are options for local recurrent 
disease, and conventional imaging (CI) is often 
unable to differentiate between post-radiation or 
surgical changes and malignancy. In a study of 
40 patients, FDG PET was more accurate and 
sensitive than CI in detecting recurrence, and in 
patients with an isolated elevated tumour marker 
(squamous cell carcinoma antigen) level, PET-CT 
showed a recurrence with a sensitivity of 100 %, 
whereas CI was falsely negative in all cases 
[ 120 ]. The addition of PET information led to a 

change in treatment plan in more than half the 
patients and predicted patient outcome. In sus-
pected recurrent ovarian cancer, PET plays a role 
in early detection and in determining whether the 
disease is localised or disseminated. Based on 
elevated CA-125 levels, anatomical imaging or 
clinical symptoms, a study showed that PET-CT 
identifi ed additional sites of disease in more than 
two-thirds of patients mostly at lymph node 
regions below the diaphragm or peritoneal dis-
ease not detected by CI [ 121 ]. PET-CT results 
had a high impact on management in nearly 50 % 
of subjects where the modality of treatment was 
changed.  

9.2.4.3    Head and Neck Squamous 
Cell Cancer 

 In head and neck squamous cell cancers 
(HNSCC) after treatment with RT with or with-
out chemotherapy, a meta-analysis of 27 studies 
reported a pooled sensitivity, specifi city, PPV 
and NPV of 94, 82, 75 and 95 % for detecting 
recurrence at the primary site and 74, 88, 49 and 
96 % for detecting nodal recurrence in the neck 
[ 122 ]. The sensitivity is greater for scans per-
formed at 10 weeks or more after treatment, and 
to avoid false- positive fi ndings due to posttreat-
ment infl ammation, PET should ideally be per-
formed 10–12 weeks after the end of therapy. A 
negative PET highly predicts the absence of dis-
ease and potentially obviates neck dissections 
despite residual nodal abnormalities on CT [ 123 ]. 
Routine surveillance FDG PET at 12 months 
after treatment has also been shown to detect 
asymptomatic local and distant recurrences with 
an accuracy of 90 % [ 124 ].  

9.2.4.4    Recurrent Thyroid Cancer 
 A switch in tumour biology is the basis for utilis-
ing FDG PET in recurrent thyroid cancer. A pro-
portion of patients with differentiated thyroid 
cancer (DTC) dedifferentiate and progress over 
time where there is a loss of sodium-iodine 
 symporter function and reduction in iodine trap-
ping and a corresponding upregulation in glucose 
transporter (GLUT) expression and positivity 
on FDG PET. This manifests clinically when 
patients present with elevated serum thyroglobulin 
levels following thyroidectomy despite a negative 
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radioiodine (I-131 or I-123) surveillance scan. 
PET scanning in this setting is recommended by 
the American Thyroid Association [ 125 ]. A meta-
analysis of 17 studies in 571 patients showed a 
pooled sensitivity of 88 % for detecting recurrence 
in this setting, and not surprisingly, even better 
results with PET-CT [ 126 ]. A mixed pattern can 

be observed where some metastatic lesions show 
I-131 uptake  indicating the presence of intact 
sodium-iodine symporter function, while dediffer-
entiated lesions show FDG avidity. It has been 
shown that FDG- positive metastatic disease is 
more resistant to high-dose radioiodine therapy 
[ 127 ], and therefore the use of diagnostic tests can 

a b

c

  Fig. 9.24    A 58-year-old woman previously underwent 
a laparoscopic subtotal colectomy for a moderately 
 differentiated T4N1 adenocarcinoma of the proximal 
descending colon followed by adjuvant FOLFOX 
 (fl uorouracil, folinic acid, oxaliplatin) chemotherapy. On 
routine clinical follow-up 18 months after surgery, a 
raised serum CEA level of 19 μg/l was detected (normal 
range: 0–5.0) which rose to 51 μg/l within 2 months. 
Diagnostic CT scan of the chest, abdomen and pelvis did 
not demonstrate any signifi cant abnormalities to suggest 
metastatic  disease. FDG PET-CT for further evaluation 
was then undertaken. ( a ) Coronal-fused PET-CT, ( b ) 

transaxial CT and ( c ) fused PET-CT images revealed 
intense focal FDG uptake within a partly cystic left 
 ovarian mass ( arrows ) and focal increased uptake within a 
13 mm  peritoneal nodule ( arrowhead ) lateral to the lower 
pole of the left kidney in the left paracolic gutter. In the 
rest of the scan, there was normal physiologic FDG uptake 
in the brain, myocardium and liver and urinary tracer 
excretion in the kidneys and distal ureters. Following 
PET, the patient underwent laparoscopic exploration 
with removal of a metastatic Krukenberg tumour in the 
left ovary and was considered for further cycles of 
chemotherapy       
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help identify patients who are better suited for a 
specifi c treatment – an example of theranostic 
medicine.   

9.2.5     The Detection of Synchronous 
Neoplasms on FDG PET and 
the Role of PET in Screening 

9.2.5.1    Incidental Benign Lesions 
on FDG PET 

 As discussed previously, FDG is not a tumour- 
specifi c tracer and false-positive results can 

occur. In a review by Metser and colleagues 
[ 128 ], benign, non-physiological uptake of 
FDG was encountered in more than 25 % of 
PET-CT studies. The majority of benign lesions 
found were infl ammatory in nature, and the 
rest comprised various benign tumours or 
tumour-like conditions (e.g. pituitary adenoma, 
fi broadenoma of the breast, neurofi broma, thy-
roid adenoma (Fig.  9.25 ) and multi-nodular 
goitre, pheochromocytoma (Fig.  9.26 ), hiber-
noma and various skeletal conditions including 
enchondroma, fi brous dysplasia and Paget’s 
disease).

a b

c

  Fig. 9.25    A 38-year-old woman with widespread lymph-
adenopathy and suspected lymphoma underwent a FDG 
PET-CT scan for further investigation. ( a ) Maximum 
intensity projection (MIP) PET and ( b ) fused axial 
PET-CT images revealed intense focal FDG uptake within 
the left lobe of thyroid with a SUV max  of 17.4 ( arrow  and 
 arrowhead ), localising to ( c ) a 13 mm hypodense thyroid 
nodule with small areas of calcifi cation on the concurrent 
low-dose CT scan ( arrowhead ). There was very mild 

increased FDG accumulation within morphologically 
normal lymph nodes in the right axilla, and faintly in a 
single normal lymph node in the left axilla (not shown) 
favouring either reactive changes or low-level infl amma-
tion. Following PET-CT, the patient underwent a fi ne-
needle aspiration biopsy under ultrasound guidance of the 
left thyroid lesion seen on PET-CT and later a hemithy-
roidectomy which confi rmed a benign follicular 
adenoma       
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a b

c d

  Fig. 9.26    A 36-year-old man with newly diagnosed 
pheochromocytoma. ( a ,  c ) Fused PET-CT images and 
( b ,  d ) CT images revealed intense focal FDG uptake 
within a right adrenal mass with a SUV max  of 17 ( arrows ). 
The patient also underwent a metaiodobenzylguanidine 
(MIBG) scan labelled with radioiodine ( 123 I) which 

 demonstrated concordant intense MIBG uptake at the site 
of the tumour. There were no other sites of disease identi-
fi ed on PET or MIBG scan. At surgery, a 58 × 54 mm 
pheochromocytoma was removed with no evidence of 
malignant features       
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9.2.5.2        Synchronous Malignancy 
or Premalignant Lesions 
on FDG PET 

 Synchronous primary malignancy or an inciden-
tal premalignant condition detected on PET is not 
rare. They are usually uncovered when the loca-
tion of abnormal uptake that is regarded as 
unusual for metastatic disease from the known 
cancer is further investigated. In one series of 
2,360 subjects who underwent PET-CT, unex-
pected malignancy and premalignant lesions 
were found in nearly 2 % of patients; the majority 
of which originated from the thyroid, colon, 
lung and breast [ 129 ]. 

 Unexpected focal colonic uptake on FDG PET 
is found in approximately 0.6–3.7 % of patients 
[ 130 ]. A considerable proportion of these patients 
have clinically signifi cant abnormalities such as a 
premalignant polyp or carcinoma when further 
investigations are carried out. Therefore colonos-
copy in suitable patients (i.e. non-palliative) in a 
timely manner to exclude sinister causes seems 
worthwhile (Fig.  9.27 ) [ 130 ].

   Incidental focal increased FDG uptake in the 
thyroid has been reported to occur between 1.1 
and 2.9 % of patients undergoing PET scans 
[ 131 ]. Thyroid malignancy is found in approxi-
mately a third of these patients with such a fi nd-
ing [ 132 ,  133 ] although the intensity of FDG 
uptake in terms of SUV max  does not seem to pre-
dict histology with suffi cient accuracy to obviate 
a biopsy (Figs.  9.28  and  9.29 ). In one series, in 
patients who were found to have intercurrent thy-
roid malignancy, more than half had non-papil-
lary and intermediate to high-risk histopathology 
[ 132 ].

    A synchronous malignancy found on FDG 
PET also impacts on management decisions. 
In 649 patients with NSCLC who underwent 
staging FDG PET scans, unexpected second 
 primary malignancies and premalignant dysplas-
tic colorectal polyps were found in about 3 % of 
patients [ 134 ]. In those with a second primary 
cancer, 3 out of 11 patients (27 %) had a high- 
impact change in management from an initial 
curative intent to palliative.  

9.2.5.3    FDG PET and Screening 
 Whole-body screening for cancer using PET in 
the healthy population is a contentious issue. In 
a study of 155,456 healthy Japanese volunteers 
over a 4-year period, positive fi ndings on FDG 

  Fig. 9.27    A 58-year-old man with newly diagnosed 
 non- small cell lung cancer underwent a staging PET-CT 
scan. The known primary malignancy at the right 
 pulmonary hilum demonstrated intense focal FDG 
uptake ( arrow ) with extension into the mediastinum. 
There was low-level ill-defi ned uptake surrounding this 
consistent with associated atelectasis. However, there 
was also unsuspected focal intense FDG uptake at the 
 rectosigmoid junction ( curved arrow ) suspicious for a 
 synchronous premalignant lesion such as a dysplastic 
polyp or a colorectal cancer. There was normal urinary 
FDG pooling in the bladder inferior to this as well as 
tracer excretion in both kidneys. Colonoscopy and subse-
quent surgery confi rmed a synchronous large circumfer-
ential moderately differentiated adenocarcinoma       
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a b

c

  Fig. 9.28    FDG PET-CT scan of a 61-year-old woman 
with suspected colorectal liver metastasis. ( a ,  c ) 
Coronal- and transaxial-fused PET-CT images showing 
moderate focal FDG uptake with a SUV max  of 4.0 
( arrow ) at the inferior pole of the left lobe of the thyroid 
corresponding to a ( b )16 mm rounded lesion of mixed 
density on CT scan ( arrow ). There was no abnormal 
focal increased FDG accumulation seen in the liver to 

suggest metastatic disease. Since the thyroid gland 
would be an unusual site for metastatic disease from 
colorectal origin and instead more likely to represent an 
intercurrent pathology, a fi ne-needle aspiration biopsy 
under ultrasound guidance of the PET-avid lesion in the 
left lobe of the thyroid was performed which revealed a 
benign follicular adenoma       

a b

  Fig. 9.29    FDG PET-CT scan of a 45-year-old woman 
with a solitary 10 mm lung nodule in the right upper 
lobe for further characterisation. Transaxial ( a ) CT and 
( b ) fused PET-CT images showing moderate focal FDG 
uptake with a SUV max  of 4.3 in the right mid-pole of 
thyroid. At surgery, a T2N0 22 mm papillary thyroid 

cancer was found. The lung nodule in the right upper 
lobe (not shown) did not demonstrate FDG uptake con-
sistent with a benign aetiology. In both these examples, 
the intensity of FDG uptake at the thyroid lesions is 
similar       
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PET or PET-CT were found in 78 % of patients 
detected with cancers comprising about 1 % of 
the total screened cases [ 135 ]. Despite the scale 
of this survey, no fi rm conclusions or recom-
mendation can be drawn. While screening with 
PET may have a potential role in high-risk 
 individuals, routine screening in the low-risk 
healthy population is currently not cost effective 
or clinically justifi ed [ 136 ].    

9.3     Summary 

 Molecular imaging using PET-CT has been one 
of the revolutionary developments in cancer 
imaging. To date FDG remains the most widely 
used radiotracer for PET. Applied to the study of 
glucose metabolism in malignancy, we are able to 
understand and unravel part of the molecular sig-
nature and biology of tumours non-invasively. 
Owing to its huge clinical success, FDG PET is 
incorporated into routine clinical practice. Its 
major advantage compared with conventional 
methods in providing an accurate assessment of 
treatment effi cacy, by identifying responding and 
nonresponding patients early during their treat-
ment schedule, sees PET central to decision mak-
ing in many ongoing risk-adapted clinical trials. 
Using PET metrics in defi ning treatment end 
points also accelerates the development and 
approval of new drugs against cancer that is cru-
cial in the rapidly evolving fi eld of cancer thera-
peutics. Despite the expansion and increasing 
availability of specifi c PET probes targeting other 
molecular pathways in oncogenesis, FDG remains 
a stalwart of PET and the cornerstone in the ongo-
ing refi nement of personalised cancer medicine.     
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Abbreviations

18F-DOPA F-18-fluoro-l-phenylalanine
18F-FAC 18F-acetate
18F-FLT 18F-fluorothymidine
acetyl-CoA Acetyl-coenzyme A
APUD Amine Precursor Uptake and 

Decarboxylation
EGF Endothelial growth factors
FAS Fatty acid synthetase
FNH Focal Nodular Hyperplasia
HCC Hepatocellular carcinoma
MGUS Monoclonal gammopathy of unde-

termined significance
NET Neuroendocrine tumors
NSCLC Non-small cell lung carcinoma
PSA Prostate-specific antigen
RCC Renal cell carcinoma
SREBPs Sterol regulatory element-binding 

proteins
SUV Standardized uptake value
TCA Tricarboxylic acid cycle
TK1 Thymidine kinase 1

As the research of metabolic imaging is expanding, 
the clinical applications of radiolabeled substrates 
have also been increasing. Apart from glycolysis, 
other biochemical processes including amino acid 
synthesis, peptide and nucleic acid sequencing, 
lipid metabolism, signal transduction, and neu-
rotransmitter-receptor interactions are also known 
to represent various forms of metabolic changes 
possibly found in tumor cells. In the literature, 
there are increasing amount of research studies 
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on non-18F-FDG PET  radiopharmaceuticals tar-
geted for specific biochemical processes other 
than glycolysis. This chapter discusses on the 
basic biochemistry of non-18F- FDG PET tracers 
and how a good understanding of the underlying 
metabolic pathways of individual tracers leads 
to various clinical applications, particularly in 
the improvement of tumor detection, diagnosis, 
and patient management. Specific discussion is 
focused on 11C-acetate, 18F-acetate, 11C-choline, 
18F-choline, 11C-methionine, 18F-DOPA, 18F-FLT, 
and Gallium-68 (68Ga)-labeled somatostatin ana-
logs, primarily because these PET tracers have 
been investigated in greater biochemical and 
pharmaceutical details. Some have already been 
clinically confirmed useful, while others have 
great potentials to add to our understanding and to 
guide our research development on tumor metab-
olism and growth.

10.1  11C-Acetate and 18F-Acetate

10.1.1  11C-Acetate

10.1.1.1  Tumor Metabolism
Acetate acts as a probe of cellular metabolism 
through conversion into acetyl-coenzyme A 
(acetyl- CoA), the key intermediate precursor for 
various catabolic and anabolic biochemical path-
ways, and is important in cellular membrane 

function [1]. The use of 11C-labeled acetate in 
biochemical research was initially for the study 
of myocardial metabolism two to three decades 
ago [2–5] but was later extended to oncological 
PET investigations.

Apart from glucose, fatty acids are another cat-
egory of important source of energy for many 
organisms. They also play key roles as biochemi-
cal modifiers in a number of protein synthesis and 
reactions. A substantial subset of tumor cells con-
vert acetate into fatty acids through β-oxidation by 
a key enzyme known as fatty acid synthetase 
(FAS), which is overexpressed in some cancer 
cells [1, 6–10]. FAS is an anabolic enzyme that 
catalyzes the terminal steps in the de novo biosyn-
thesis of fatty acids. Growth factors such as endo-
thelial growth factors (EGF) are able to stimulate 
FAS mRNA, protein, and activity [11, 12]. The 
first step of fatty acid synthesis is carboxylation of 
acetyl-CoA to form malonyl- CoA, the carbon 
source of the fatty acyl chain. Acetyl-CoA carbox-
ylase catalyzes a two-step reaction as summarized 
below:

 

HCO ATP acetyl - CoA

ADP P malonyl - CoA
3− + +

= + +i .  (10.1)

Elongation of fatty acid chain occurs via four 
recurring reactions beginning with condensation 
between malonyl-CoA and acetyl-CoA through 
acyl carrier protein thioesters. The end product is 
palmitate, a 16-carbon fatty acid chain:

 

CH CO - CoA HOOCCH CO - CoA NADPH H
CH CH COOH CO

3 2

3 2 14 2

7 14 14
7

+ + +
= ( ) + +

+

88 14 6 2CoASH NADP+ ++ H O

 

(10.2)

During the synthesis process, six specific sub-
units of enzyme activities, collectively known as 
FAS, are involved. Fatty acids are degraded in the 
mitochondrial matrix via the β-oxidation pathway.

10.1.1.2  Application
Prostate Cancer
11C-acetate has a distinct advantage over 18F-
FDG in the evaluation of urological diseases 
because, unlike 18F-FDG, it does not have uri-

nary excretion [13–16]. One of the first applica-
tions of 11C-acetate in oncology focused on its use 
in prostate cancer. Swinnen et al. [17, 18] demon-
strated that in a prostate cancer cell line (LNCaP), 
FAS expression is markedly elevated by andro-
gens via an indirect pathway involving sterol regu-
latory element- binding proteins (SREBPs) [1, 19]. 
In 2002, Oyama et al. [14] reported a 100 % sen-
sitivity of 11C-acetate PET for the 22 patients with 
histologically proven prostate adenocarcinoma. 
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In a study by Kotzerke et al. [20] for a cohort 
of patients with increasing prostate-specific anti-
gen (PSA) levels after complete prostatectomy, 
11C-acetate PET was able to detect local recur-
rence in 15 out of 18 patients. Albrecht et al. [21] 
reported that even in patients having only slightly 
increased PSA levels, 11C-acetate PET detected 6/6 
patients suspected of prostate cancer recurrence. 
Figure 10.1 shows the 11C-acetate PET/CT image 
of a patient with recurrent prostate carcinoma but 
without increased PSA concentration. 11C-acetate 

PET is particularly effective in the evaluation of 
lymph node involvement and distant metastases 
and significantly affects patient management [20, 
22, 23]. In a report by Fricke et al. [24], sensitivity 
of 11C-acetate PET in detection of bone metastasis 
from prostate malignancy was ~83 %.

Renal Cell Carcinoma
Apart from prostate carcinoma, 11C-acetate PET 
studies were also performed on other urological 
malignancies, including renal cell carcinoma 

11C-acetate PET/CT

Fig. 10.1 A recurrent 
prostate carcinoma (arrows)
shows focally increased 
metabolism on 11C-acetate 
PET/CT
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(RCC) [13, 25] and bladder cancer [26]. In 1995, 
Shreve and his co-workers were the first to use 
dynamic 11C-acetate PET to characterize renal 
tumors [13]. By analysis with kinetic modeling, 
they found that 11C-acetate clearance rate was 
reduced in RCC cancer cells compared to normal 
renal parenchyma. With dynamic acquisition 
beyond 10 min after intravenous 11C-acetate 
administration, retention of 11C-acetate within a 
lesion greater than normal renal parenchyma was 
found in 3 RCCs of clear cell subtype. However, 
after this preliminary study by Shreve, there have 
been very little data in the following decade to 
further confirm or support its clinical value for 
the evaluation of RCC, while some data were 
even quite negative [27].

In 2009, Oyama et al. [28] and his co-workers 
reported that the sensitivity of 11C-acetate PET in 
detecting RCC was 70 % (14/20). The majority 
of the RCC lesions in this study belonged to the 
clear cell subtype, but they did not mention the 
grade of differentiation of these lesions nor had 
they performed parallel 18F-FDG PET for com-
parison. Greater details on the use of dual-tracer 
(11C-acetate and 18F-FDG) PET/CT to evaluate 
the metabolic characters of different subtypes of 
RCC and how to differentiate them from angio-
myolipoma, especially fat-poor angiomyoli-
poma, were studied by Ho et al. [25, 29]. Their 
study consisted of 58 patients, 10 with angiomyo-
lipoma and 48 with RCC. All angiomyolipoma 
showed negative avidity for 18F-FDG but marked 
avidity for 11C-acetate, which was significantly 
higher than that of RCC (11C-acetate lesion-to-
kidney SUVmax ratio = 4.11 ± 0.53 vs 2.00 ± 0.71, 
P < 0.05). With Receiver Operator Characteristic 
Curve (ROC) analysis, their preliminary find-
ing was that 11C-acetate SUVmax ratio ≥3.71 
could differentiate angiomyolipoma (including 
fat-poor angiomyolipoma) from RCC with a 
sensitivity of 93.8 % (15/16) and specificity of 
98.0 % (49/50). Different RCC subtypes/grades 
(25 low- and 11 high-grade clear cell, 7 chromo-
phobe, 4 papillary, and 1 collecting duct) were 
found to have different dual-tracer metabolic pat-
tern, with an overall RCC detection sensitivity 

of 90 % (45/50). High-grade clear cell RCC was 
more avid for 18F-FDG and low-grade was more 
avid for 11C-acetate (Fig. 10.2) [25]. All chro-
mophobe RCC were avid only for 11C-acetate 
but not 18F-FDG while papillary RCC were pri-
marily the opposite (Fig. 10.3) [25]. Collecting 
duct RCC showed markedly increased uptake of 
18F-FDG but negative on 11C-acetate PET. Four 
RCC cases negative by dual-tracers were of low-
grade clear cell RCC. “Primary RCC being 18F-
FDG avid” was the only independent predictor 
of RCC recurrence in 3 years (P < 0.05), with a 
median disease-free survival of 22 months. The 
diagnostic criteria of 11C-acetate SUVmax ratio 
≥3.71 and negative 18F-FDG uptake for angio-
myolipoma can also be applied to multicentric 
angiomyolipoma. In a case report by the same 
authors on a patient with a left kidney mass and 
regional hypermetabolic retroperitoneal lymph 
nodes, all lesions showed markedly increased 
11C-acetate metabolism (lesion-to- kidney SUVmax 
ratio = 4.4–4.9) but no abnormal 18F- FDG uptake 
(Fig. 10.4) [29]. Both the renal mass and regional 
lymph nodes were pathologically confirmed 
as “multicentric low-fat angiomyolipoma with 
lymph node involvement,” whose prognosis is 
significantly different from “RCC with lymph 
node metastases” [29].

Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is one of the 
leading cancers in many Asian countries and is 
ranked even higher in the list of cancer deaths in 
the last few years. However, it is reported that 
30–50 % of primary HCC are not 18F-FDG avid 
or are only mildly avid [30–34]. The underly-
ing biochemical reason is that an enzyme, 
known as glucose-6-phosphatase, is present in 
abundance within the normal liver cells and in 
certain types of HCC. This leads to dephosphor-
ylation of 18F-FDG-6-phosphate and “leakage” 
of 18F-FDG back to the circulation. This is in 
contrary to many forms of malignant tumors in 
which 18F-FDG-6-phosphate is “metabolically 
trapped” because either the phosphatase enzyme 
itself or its activity is very low or negligible, and 
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18F-FDG- 6-phosphate cannot be further metab-
olized by the second enzyme, an isomerase. 
Recent research has found encouraging results 
in the use of 11C-acetate for the detection of HCC 
and to assess its kinetics and uptake character-
istics in HCC [35–40]. In the first study using 
11C-acetate as the PET tracer for HCC [35], 57 
patients with liver masses (39 HCCs, 3 chol-
angiocarcinomas, 10 liver secondaries, 2 focal 
nodular hyperplasia [FNH], 1 adenoma, and 2 
hemangiomas) were investigated. 11C-acetate 

PET was found to have a sensitivity of 87 % in 
the detection of HCC, while 18F-FDG PET had a 
sensitivity of 47 %. However, the more important 
finding by this research group is that 11C-acetate 
is complementary to 18F-FDG, so that there was 
mutual coverage of the false-negative lesions in 
one tracer by the other. The combined sensitiv-
ity by the two tracers is 100 % in their study 
based on a group of patients with intermediate 
HCC lesion size (3.5 ± 1.9 cm) [35]. They found 
that the individual tracer avidity depends on the 

11C-acetate PET/CT

18F-FDG PET/CT

a b

Fig. 10.2 (a) A 1-cm low-grade RCC of clear cell  subtype 
(arrows) is moderately avid for 11C-acetate PET/CT 
(upper row) but completely negative for 18F-FDG 
(lower row). (b) A 3.5 cm high-grade RCC of clear cell 

subtype of left kidney (arrows) shows increased 
11C-acetate (upper row) and 18F-FDG (lower row) metabo-
lism on dual-tracer PET/ CT. P pancreas
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degree of differentiation of the HCC cell types. 
Well-differentiated HCC tends to show negative 
uptake on 18F-FDG PET but positive uptake on 
11C-acetate PET (Fig. 10.5), while poorly dif-
ferentiated HCC has the opposite tracer uptake 
pattern. The HCC cell types of intermediate dif-
ferentiation tend to show dual-tracer avidities. 
Their results illustrate the relationship between 
functional concordance and  morphological 
change. As HCC cells form in the early stage of 
development, they have similar or little morpho-
logical difference when compared with normal 
hepatocytes and therefore were likely to pos-
sess less alteration in metabolic or enzymatic 
 properties. As a result, well-differentiated HCC 
behaves metabolically or enzymatically similar 

to normal hepatocytes. However, as the tumor 
cells become morphologically more dediffer-
entiated when they replicate and grow, their 
metabolic preference or enzyme systems will 
likewise depart from the original status. Poorly 
differentiated HCC may then obtain its energy 
source from the glycolytic pathway with no dif-
ference from other 18F-FDG-avid malignancies.

Since smaller tumors are likely to be well dif-
ferentiated in their early development, a specific 
group of HCC lesions smaller than 2 cm (mean 
size: 1.5 ± 0.3 cm) was specifically evaluated by 
the same group of researchers [41]. They found 
that the sensitivity of 11C-acetate PET in the 
detection of small HCC was 86.8 %, similar to 
that of HCC with intermediate size. The only 

11C-acetate PET/CT

18F-FDG PET/CT

a b

Fig. 10.3 PET/CT of (a) a RCC of chromophobe  subtype 
(arrows) shows increased 11C-acetate (upper row) but 
negative  18F-FDG metabolism (lower row); (b) a RCC of 

papillary subtype (arrows) shows increased 18F-FDG 
(lower row) but negative 11C-acetate metabolism (upper 
row). P pancreas
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 difference was that there was a shift from the pro-
portion of lesions positive for both tracers 
(34.5 % for intermediate HCC; 18.4 % for small 
HCC) to a larger proportion of lesions positive 
for 11C-acetate only (52.7 % for intermediate 
HCC; 68.4 % for small HCC). This is in agree-
ment with the initial observation that the smaller 
tumors are usually well differentiated in their 
early development, and they tend to be more 
often detected by 11C-acetate PET rather than 18F- 
FDG PET (Fig. 10.6).

11C-acetate is reasonably specific for HCC in 
the evaluation of liver masses since it is not the 
preferred substrate of energy source in a number 
of neoplastic entities such as hemangioma, chol-
angiocarcinoma [42], metastatic carcinomas 
from colon, breast, pancreas, and lung, as well as 
carcinoid tumors. Pure cholangiocarcinoma 
(cholangioadenocarcinoma) is primarily avid for 
18F-FDG (Fig. 10.7) with mean lesion-to-liver 
SUVmax ratio of 4.1 ± 0.9 [42]. When both tracers 
are positive, the underlying pathology is more 
likely to be mixed, such as cholangio-HCC, or a 

poorly to moderately differentiated HCC. Two 
benign pathologic entities possessing pure 
11C-acetate avidity include hepatic angiomyoli-
poma and FNH. Hepatic angiomyolipoma is a 
potential false-positive in using 11C-acetate PET 
for evaluation of a liver mass when the lesion has 
a low-fat content, so-called “fat-poor” angiomyo-
lipoma, though common in the kidney, is rare in 
the liver [43]. It is a diagnostic pitfall when it is 
fat-poor and at the same time small in size. If a 
fat-poor angiomyolipoma is of reasonable size 
(say 2 cm or more), it is usually not a diagnostic 
problem since angiomyolipoma has a very high 
utilization of 11C-acetate and is statistically dis-
tinguishable from the majority of well- 
differentiated HCC. FNH, on the other hand, has 
a wider variability in the degree of 11C-acetate 
metabolic intensity from minimal to moderate 
(Fig. 10.8). The lesion activity margins are, how-
ever, usually less well defined or blurred. An 
inner nidus of hypometabolism representing the 
central scar can be theoretically present but most 
of the time not visualized. When FNH is 

18F-FDG PET/CT 11C-acetate PET/CT

LN LNKM KM

Fig. 10.4 11C-acetate and 18F-FDG PET/CT of multicentric fat-poor angiomyolipoma with lymph node involvement. 
KM kidney mass, LN a chain of para-aortic nodes, P pancreas
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11C-acetate PET/CT

18F-FDG PET/CT

Fig. 10.5 Multicentric well-differentiated HCC shows increased uptake of 11C-acetate (upper row) but is negative on 
18F-FDG (lower row) PET/CT

18F-FDG PET/CT

11C-acetate PET/CT

Fig. 10.6 A small well-differentiated HCC (arrows), nodule size of 1,6 cm, shows increased 11C-acetate metabolism 
(upper row) but is negative on 18F-FDG (lower row) PET/CT
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 suspected, 99mTc-sulfur colloid SPECT/CT study 
should be performed. A positive (normal or 
increased activity) scan indicates intact Kupffer 
cell function, which is almost pathognomonic for 
FNH. Both hepatic angiomyolipoma and FNH do 
not show abnormal (increased or decreased) 18F-
FDG metabolism.

The complementary nature of 11C-acetate 
and 18F-FDG is seen not just in primary HCC 
tumors but is also demonstrated in metastatic 
HCC lesions. In 2007, Ho et al. [44] used both 
11C-acetate and 18F-FDG for the detection of HCC 

metastases in correlation with the dual- tracer 
avidity of their corresponding primary HCC. It 
was found that 18F-FDG had the highest sensitiv-
ity of 88 % in the detection of HCC metastasis 
when the primary HCC tumor was also 18F-FDG 
avid. On the other hand, when the primary HCC 
was 11C-acetate avid, 18F-FDG had the lowest sen-
sitivity of 67 %. Therefore, the sensitivity of 18F-
FDG PET in detecting metastatic lesions is quite 
dependent on the primary tracer avidity, which 
reflects the degree of cellular differentiation of 
the primary HCC tumor. Extrahepatic metastases 

11C-acetate PET/CT

18F-FDG PET/CT

Fig. 10.7 Dual-tracer PET/CT of a cholangiocarcinoma shows markedly increased 18F-FDG metabolism (upper row) 
but no abnormal 11C-acetate activity (lower row)

11C-acetate PET/CT

Fig. 10.8 A FNH lesion shows mildly increased 11C-acetate metabolism with ill-defined margins
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secondary to HCC commonly involve the lung 
and abdominal lymph nodes [44–46]. However, 
bone is not so often a rare site of metastasis as 
it seemed to be since it can occur as the first and 
only site of metastatic involvement in about 12 % 
of HCC patients with metastasis [47]. 11C-acetate 
PET is reported to demonstrate an incremental 
value of 23 % (7/30) over 18F-FDG in the detec-
tion of bone metastasis.

Following the initial study by Ho et al. [35], a 
number of research groups have also confirmed 
the usefulness of 11C-acetate in the detection of 
HCC, especially well-differentiated cell types 
[48–50]. In an animal study of woodchuck mod-
els, acetyl-CoA synthetase activity was found 
elevated in HCC as compared to normal wood-
chuck liver [51]. In 2009, Yun et al. [52] was also 
able to show that the patterns of 18F-FDG and 
11C-acetate uptake were complementary to each 
other in both human HCC and HCC cell lines. 
FAS expression was seen in cells with high 18F- 
FDG or 11C-acetate uptake, suggesting the pres-
ence of increased glucose- or acetate-dependent 
lipid synthesis. Acetyl-CoA synthetase activity 
is upregulated to facilitate 11C-acetate uptake and 
acetate-dependent lipid synthesis for the growth 
of cancer cells with a low-glycolysis phenotype.

Lung and Brain Cancers
Besides urological and liver cancers, 11C-acetate 
PET has also been investigated for assessment of 
other malignancies, such as brain tumor [53–56] 
and certain types of lung carcinoma [57, 58] such 
as bronchioloalveolar cell carcinoma, and well- 
differentiated adenocarcinoma. Yamamoto’s 
group investigated the usefulness of 11C-acetate 
PET in evaluating brain glioma in 15 patients 
(5/15 grade II, 3/15 grade III, and 7/15 glioblas-
toma) before treatment [54]. They found that 
the sensitivity for the detection of brain glioma 
by 11C-acetate PET was 90 % and that the mean 
11C-acetate SUV in high-grade gliomas (IV) was 
significantly higher than that in low-grade glioma 
(II). Tsuchida and his co-workers in 2008 also 
published their results regarding 11C-acetate PET 
on glioma [53]. They found significant difference 
in 11C-acetate uptake between high-grade and low-
grade glioma. They concluded that 11C-acetate 

can be considered as a  promising tracer in study-
ing the grading of glioma. 11C-acetate PET was 
also reported positive in detection of astrocytoma 
(26 patients) [55].

Multiple Myeloma
Multiple myeloma, a malignant disease of 
plasma B cells associated with bone marrow 
infiltration, is the most common primary bone 
malignancy. It causes no symptoms until it has 
reached an advanced stage [59]. 18F-FDG PET 
[60–62] was adopted widely in the recent years 
for the detection of multiple myeloma since they 
could identify myeloma sites in a considerable 
amount of patients with negative radiography 
findings. However, 18F-FDG PET has a false-
negative rate of ~40 % [63]. 11C-acetate PET 
has been reported to show promising results in 
the detection of bone metastases from prostate 
carcinoma, RCC and HCC, as already discussed 
above. The common denominator of these meta-
static bone lesions is that they are all known to 
have an osteolytic pattern of bone destruction. As 
multiple myeloma lesions are typically “punched 
out” on radiographic skeletal survey, there are 
preliminary data in the literature investigating 
on the potential diagnostic value of 11C-acetate 
PET on multiple myeloma [64, 65]. The first 
study [64] reported their results on 15 symp-
tomatic untreated myeloma patients. 11C-acetate 
PET identified 12/15 (80 %), while 18F-FDG 
detected 9/15 (60 %) symptomatic myeloma 
patients, and the 2 tracers were complemen-
tary to each other with an overall sensitivity of 
87 % (13/15). Figure 10.9 shows the dual-tracer 
PET/CT images of a stage I myeloma patient. 
11C-acetate PET/CT shows that the myeloma 
lesions are avidly demonstrated while they are 
all negative by 18F-FDG PET. 11C-acetate PET 
was also shown to have great potential for assess-
ment of tumor response during the early course 
of treatment, which is a distinct advantage over 
other structural imaging modalities. In the sec-
ond study by the same group of researchers [65], 
results on a larger group of patients (37 patients: 
17 new myeloma, 1 monoclonal gammopathy of 
undetermined significance [MGUS], 2 smolder-
ing myeloma, 6 myeloma in remission, and 11 

C.-L. Ho et al.



223

relapsed myeloma) were reported. They showed 
that 11C-acetate PET had a similar sensitivity of 
82.4 % for untreated myeloma patients, with an 
incremental value of 58.8 % over 18F-FDG alone. 
Figure 10.10 shows the dual-tracer (11C-acetate 
and 18F-FDG) PET/CT of a patient with stage 
III diffuse myeloma. Their data reported that 
11C-acetate PET was able to identify myeloma 
bone lesions in 10/11 patients with relapsing 
myeloma. Diagnosis by 11C-acetate PET was 
more confident than 18F-FDG in terms of lesion 
tracer avidity and number of bone lesions. The 
highest lesion activity in each patient had mean 
11C-acetate SUVmax = 12.9 ± 4.9 vs 18F-FDG 
SUVmax = 9.0 ± 5.1 (P < 0.05). Nine patients with 
indolent/inactive disease were true negative on 
11C-acetate PET: MGUS, smoldering myeloma 
and myeloma in remission. A single case report 

has also noted that 11C-acetate PET incidentally 
showed an 11C-acetate avid myeloma lesion ini-
tially suspected to be metastatic from HCC in a 
patient with known HCC disease [66].

10.1.2  18F-Acetate

The numerous studies on 11C-acetate have demon-
strated that it can be used in cardiology and oncol-
ogy with no contraindications apart from pregnancy 
and the necessity of a scanner capable of fast and 
efficient data acquisition. Despite its limited avail-
ability, this tracer can surely be considered to be a 
promising one, because of its versatility and capac-
ity to even detect non-18F-FDG-avid neoplasms.

For PET centers that do not have on-site cyclo-
trons, the use of 11C-acetate is limited by the short, 

11C-acetate PET/CT

18F-FDG PET/CT

Fig. 10.9 11C-acetate PET/CT shows focally increased 
uptake over C4, C7, T8, L1, right acetabulum and  superior 
pubic ramus (arrows), left scapula, 2 foci in manubrium, 

and sternum but without corresponding increased 18F-FDG 
 metabolism in a patient with stage I multiple myeloma
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20 min, radioactive half-life of 11C. Therefore, 
acetate analogs labeled with positron emitters hav-
ing a longer half-life are needed. One of the poten-
tial radiopharmaceuticals proposed in the literature 
is 18F-acetate (18F-FAC) [67–70]. In 2012, a PET/
CT study [71] was designed to evaluate the whole-
body biodistribution and tumor uptake characteris-
tics of 18F-FAC in human subjects as compared to 
11C-acetate. The biodistribution of 18F-FAC in 
humans (Fig. 10.11) [71], however, was shown to 
be different from animal studies as reported in the 
literature [69, 70, 72, 73]. As proposed by Ponde 
et al. [69], this was suspected to be related to “spe-
cies differences.” Their study showed that there 
were urinary activities in baboon but not in rodents. 
Referring to the pioneer data available in litera-
ture, there was indeed strong evidence of species-
related biodistribution, toxicity, and excretion 
differences in regard to nonradioactive fluoroace-
tate [74]. The biodistribution of 18F-FAC PET 

showed no  significant difference at 20 min and 1 h 
(Fig. 10.11). There was diffuse activity in the 
heart, great vessels, liver, and spleen. No urinary 
activity was seen in the kidneys or urinary bladder, 
and there was no significant marrow uptake on 
both sets of 18F-FAC PET studies, suggesting little 
to no defluorination at least in 1 h of study. There 
was variable amount of activity in the colon, sug-
gesting that the mode of excretion was likely to be 
bowel-predominant, which agreed with the find-
ings of previous research groups [69, 70, 75]. 
Comparing with the 18F-FAC data, the biodistribu-
tion of 11C-acetate in the human subject was statis-
tically very different from those of the 18F-FAC. 
Figure 10.12 [71] shows the 11C-acetate PET 
images of a large HCC extensively involving the 
left lobe and segments V–VIII of right lobe 
intensely avid for 11C-acetate; however, no hyper-
metabolic lesions were identified on 18F-FAC PET 
images.

18F-FDG PET/CT11C-acetate PET/CT

Fig. 10.10 Dual-tracer PET/
CT shows generalized 
accentuated 11C-acetate 
activity (left) in axial marrow 
but negative 18F-FDG uptake 
(right) in a patient diagnosed 
of diffuse multiple myeloma
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Fig. 10.11 The biodistribution spectrum of 18F-acetate at 20 min and 60 min and 11C-acetate at 20 min in the non-
tumor parts of the major organs of five human subjects with known primary and metastatic HCC disease

11C-acetate PET/CT

18F-acetate PET/CT

Fig. 10.12 A huge HCC lesion with marked avidity for 11C-acetate but is negative on 18F-acetate PET/CT
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Analysis from known biochemical data shows 
that FAC initially behaves similarly to acetate. 
Within the mitochondria, it is converted into 
fluoroacetyl- CoA in the TCA cycle, and then 
metabolized by citrate synthase to fluorocitrate. 
However, different from normal 11C-citrate, fluo-
rocitrate binds strongly with the enzyme aconi-
tase and inhibits further oxidative metabolism in 
the rest of TCA cycle. Because of this strong 
fluorocitrate- aconitase binding and subsequent 
metabolic blockage, two major effects different 
from 11C-citrate are noted. One is impaired clear-
ance of trapped 18F-fluorocitrate from the cells 
[76]; the other is failure of transport to the cytosol 
for conversion back to acetyl-CoA and lipid syn-
thesis. The above discussion explains why there 
is slow clearance of 18F-FAC in the human body. 
The “blood-pool”-like pattern of 18F-FAC reten-
tion on the PET images and negative uptake by 
the primary and metastatic HCC lesions can all 
be explained from the standpoint of biochemis-
try. 18F-FAC is therefore not recommended for 
use as an alternative tracer for HCC in place of 
11C-acetate in human subjects. It is well known 
that variations in enzyme system, subtype, and 
abundance are highly species dependent. And 
this is also the reason for the manifestation of 
variation in tolerance to the toxic effects of a sin-
gle substance between species or even among dif-
ferent routes of administration within the same 
species.

10.2  11C-Choline and 18F-Choline

10.2.1  11C-Choline

10.2.1.1  Tumor Metabolism
Choline is involved in methyl group metabolism 
and lipid transport and is a component of a num-
ber of important biological compounds including 
membrane phospholipids (lecithin, sphingomy-
elin, and plasmalogen), neurotransmitter (acetyl-
choline), and platelet activating factor [77].

Haubrich et al. [78] found in animal studies 
that the major radiolabeled choline activity in 
brain and other organs measured soon after intra-
venous injection of choline was biochemically 

incorporated as phosphorylcholine, an intermedi-
ate involved in phospholipid synthesis. Most nor-
mal brain cells and neurogenic tumor cells are 
characterized by the predominance of phosphor-
ylcholine synthesis [79–81]. Phospholipid is the 
main component of cell membrane production.

10.2.1.2  Application
After intravenous 11C-choline injection, blood 
clearance of this tracer is very rapid and its bio-
logical distribution in tissues reaches a steady state 
in 5 min. Figure 10.13 shows the PET/CT image 
of a patient with a left parietal metastatic brain 
lesion, which is markedly avid for 11C-choline. 
Unlike 18F-FDG, the background brain uptake of 
11C-choline is very low, while the tumor-to-back-
ground ratio is very high. It is because 11C-choline 
cannot penetrate the blood–brain barrier except 
when it is disrupted. The radioactive choline is 
rapidly incorporated into tumor cells and phos-
phorylated to become phosphorylcholine and 
finally integrated into a phospholipid, namely, 
phosphatidylcholine [79, 82]. This high 11C-choline 
uptake correlates with the MRS findings when 
high content of choline- containing compounds are 
found in the brain tumors [83, 84].

Besides brain tumors, 11C-choline PET has 
been investigated for its application in differ-
entiating between lung cancer and tuberculo-
sis as suggested by Hara and associates [85]. 
They reported that both cancer and tuberculosis 
have high uptake of 18F-FDG, but the latter has 
a significantly less degree of 11C-choline uptake 
compared with the former. However, lung can-
cer is known to present with a wide spectrum of  
18F-FDG metabolic intensities according to cell 
types and grades of differentiation, while tuber-
culosis may also metabolize 18F-FDG at vari-
ous rates depending on the balance between its 
virulence and the host resistance. Squamous cell 
carcinoma and high-grade or poorly differenti-
ated adenocarcinomas usually have very high 
18F-FDG avidity. Low-grade adenocarcinomas 
and bronchioloalveolar cell carcinomas have lit-
tle or no  significant activity with either 18F-FDG 
or 11C-choline. Thus, a low 11C-choline uptake 
cannot reliably differentiate between low-grade 
malignancy and low-virulence tuberculosis.
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Prostate carcinoma is another example of 
tumors having limitations in using 18F-FDG 
PET for detection due to the low uptake of this 
tracer by the tumor and the presence of intense 
excretory tracer activities in the urinary bladder. 
Gleason score and Ki67 labeling index are known 
to correlate with tumor cell proliferation in pros-
tate carcinoma [86, 87]. However, its biologic 
aggressiveness may not be a major factor reflected 
by choline metabolism in prostate carcinoma [88, 
89]. Nonetheless, the efficacy of 11C-choline for 
localizing primary or metastatic prostate cancer 
has been studied [22, 90–92]. 11C-choline metab-
olism is also mildly increased in benign hyperpla-
sia and chronic prostatitis; although lower than 
a substantial fraction of segments with prostate 
carcinoma, foci of low 11C-choline activity can-
not reliably differentiate between benign causes 
and low-grade malignancy. In monitoring tumor 
recurrence after radical prostatectomy, serial 
serum evaluation of PSA concentration is essen-
tial [93–95]. 11C-choline PET has been found 

valuable in patients suspected of  recurrence 
because of elevated PSA level after prostatec-
tomy, particularly important in differentiating 
between local and distant disease and subsequent 
management [96, 97].

10.2.2  18F-Fluorocholine

The use of 11C-choline is limited only to PET 
centers that have onsite cyclotrons because of its 
short half-life (20 min). To facilitate the use of 
this tracer by other sites with PET scanners only, 
the development of 18F-fluorocholine (half-life 
of 110 min) becomes necessary. The feasibility 
use of 18F-fluorocholine PET for evaluation of 
prostate cancer has been investigated in details 
during its early development with respect to 
tracer kinetics, biochemistry and synthesis, and 
initial results compared with 18F-FDG [98–101]. 
18F-fluorocholine can provide higher resolu-
tion images as a result of its shorter positron 

11C-choline PET/CT

18F-FDG PET/CT

Fig. 10.13 A 50-year-old 
patient was treated by 
X-knife radiosurgery for 
brain metastases from lung 
carcinoma origin. Follow-up 
18F-FDG PET/CT 2 years 
later is unremarkable (lower 
row), but 11C-choline PET/
CT shows focally increased 
11C-choline activity (arrows)
at left posterior parietal 
brain consistent with 
metastasis (upper row)
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length path. DeGrado et al. [102] compared the 
 pharmacokinetics data of 18F-fluorocholine with 
that of 11C-choline reported by Roivainen et al. 
[103]. He suggested that 11C-choline was con-
verted by an oxidative metabolism to 11C-betaine 
followed by subsequent clearance of betaine 
from the tissue. But 18F-fluorocholine lacked tis-
sue clearance and was metabolically trapped.

Efficacy of 18F-fluorocholine PET has been 
reported for localization of primary or meta-
static prostate carcinoma, as well as disease 
recurrence in patients after radical treatment 
[98, 104–107]. In a retrospective study of 156 
patients with recurrent prostate carcinoma 
[108], 18F-fluorocholine PET/CT was reported 
to have an important impact on the therapeutic 
strategy.

18F-fluorocholine PET/CT, though less specific 
and sensitive when compared with 11C-acetate, 
might serve as an alternative to 11C-acetate in 
some PET centers for evaluation of prostate can-
cers and HCC [109, 110], owing to its longer 18F 
half-life and thus being able to deliver to PET 
imaging centers without an on-site cyclotron.

10.3  11C-Methionine

10.3.1  Tumor Metabolism

Another target for functional tumor imaging is to 
evaluate increased protein metabolism in cancer 
cells by the use of radiolabeled amino acids. 
11C-methionine is the most popular PET tracers 
used to study amino acid metabolism, through 
either protein synthesis or amino acid transport 
across cell membranes. Amino acid transporta-
tion is always accompanied by a counter transport 
process, i.e., a second amino acid using the 
sodium-dependent transporter system to supply 
the malignant cells with sufficient nutrients for 
energy, protein synthesis, and proliferation. The 
sodium-dependent transporter system such as sys-
tem A is normally overexpressed in neoplastic 
cells [111]. 11C-methionine in gliomas is due to 
increase in the transport to the tumor across the 
blood–brain barrier [112–115], which is mediated 
by the sodium-independent l-amino acid carrier 

in the luminal membrane of endothelial cells, to 
meet the demands of the accelerated protein and 
RNA synthesis in malignant tumors [116].

Inflammatory cells in general have a lower 
protein metabolism relative to glucose metabo-
lism; therefore, imaging with labeled amino acids 
is less confounded by uptake in inflammatory tis-
sues than is 18F-FDG, viz., more tumor specific.

10.3.2  Application

11C-methionine PET is a useful tool in the diagno-
sis of brain tumors [117–119]. Similar 
to 11C-acetate, the background uptake of labeled 
amino acids in normal brain tissue is low, provid-
ing good contrast to the tumors with increased pro-
tein metabolism [120]. Figure 10.14 shows 
the difference in tumor-to- background uptake 
ratios between 11C-methionine and 18F- FDG PET/
CT in a patient with a glioblastoma at the right 
entorhinal cortex, hippocampus, and subiculum. 
The advantage in diagnosis is clearly illustrated by 
the 11C-methionine PET/CT. On detection of pri-
mary brain tumors, Ogawa et al. [121] reported 
that the sensitivity for 11C-methionine PET in 32 
patients was 97 % with high-grade tumors 
and 61 % with low-grade tumors. Mosskin et al. 
[122] found a patient- based sensitivity of 84 % in 
a group of patients having stereotactic biopsy 
proof of pathology. Five patients, however, were 
false- positive with increased 11C-methionine 
uptake in non-tumor tissue. Mildly increased 
11C-methionine uptake has been reported in 
inflammation and necrosis [123]. Despite the pres-
ence of limitations, clinically useful data have 
been reported, such as in differentiation between 
skull base meningiomas and benign neuromas 
[124] and between glioma and nonneoplastic 
lesions in patients suspected of brain tumors [125].

The diagnostic performance of PET using 
11C-methionine in detecting parathyroid adenoma 
has been investigated [126–129]. 11C-methionine 
PET may be helpful in patients with diagnosis of 
primary hyperparathyroidism when conventional 
imaging techniques are negative or inconclusive in 
localizing a parathyroid adenoma [128, 130, 131]. 
A study of 47 patients with head and neck tumors 
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reported that the sensitivity for detection of malig-
nant tumors larger than 1 cm in size by 
11C-methionine PET was 91 % [132]. The types of 
tumor positive on 11C-methionine PET included 
squamous cell carcinoma, lymphoma, adenocystic 
carcinoma, lymphoepithelioma, adenocarcinoma, 
transitional cell carcinoma, and plasmacytoma. As 
shown in Fig. 10.15, 99mTc- sestamibi SPECT/CT, 
CT, MRI, and 18F-FDG PET/CT were all negative 

in a patient with increased calcitonin after thyroid-
ectomy for medullary carcinoma. A solitary small 
nodule with increased 11C-methionine uptake was 
found at the left paratracheal region. Biopsy of the 
nodule under CT guidance confirmed metastatic 
medullary carcinoma and the patient underwent 
further exploration and resection afterwards.

In addition to head and neck cancers, 
Leskinen-Kallio and associates also reported on 

18F-FDG PET/CT

11C-methionine PET/CT

Fig. 10.14 A glioblastoma at the right entorhinal cortex, hippocampus, and subiculum shows increased 11C-methionine 
metabolism (SUVmax = 4.33) but only minimally increased 18F-FDG activity

11C-methionine PET/CT

Fig. 10.15 Regional 11C-methionine PET/CT of a recurrent medullary thyroid cancer (arrows) in a patient presented 
with elevated Calcitonin after thyroidectomy
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14 patients with suspected breast cancers. They 
found a positive correlation of 11C-methionine 
with a large S-phase fraction, reflecting the pro-
liferative rate of malignant breast cancer cells. 
Both primary and metastatic breast cancer can be 
effectively imaged but tumors less than 2 cm 
were negative and the high uptakes in liver and 
marrow were the known limitations of this tracer 
in metastatic survey [133].

10.4  18F-DOPA

10.4.1  Tumor Metabolism

Labeled amino acids or amino acid analogs 
 constitute another important class of PET tracers 
for tumor imaging of the brain and neuroendo-
crine pathologies. 3,4-dihydroxy-6-F-18-fluoro-  
l- phenylalanine (18F-DOPA) is an amino acid ana-
log that is taken up across the blood–brain barrier by 
a neutral amino acid transporter [134]. It has good 
image contrast, showing high uptake in tumor tis-
sue and low uptake in the normal brain tissue. The 
uptake of 18F-DOPA follows the same pathway as 
that of 11C-methionine [125, 135] for brain tumors. 
In imaging of neuroendocrine tumors (NET), 
the NET cells arising from the Amine Precursor 
Uptake and Decarboxylation (APUD) stem cells 
show increased 18F-DOPA (an amine precursor) 
utilization [136]. After intravenous administra-
tion, 18F-DOPA is transported to the NET cells via 
a sodium-independent l-type amino acid trans-
porter [137]. As the enzyme aromatic amino acid 
decarboxylase is upregulated in these NET cells, 
18F-DOPA is converted to 18F-fluorodopamine. It is 
then transported into the cytoplasmic neurosecre-
tory granules via vesicular monoamine transporter 
for storage [138, 139]. Some 18F-fluorodopamine is 
subject to enzymatic degradation in the cytosol and 
the metabolites leave the cell via diffusion [140]. 
The degraded products are metabolically active 
catecholamine such as dopamine, norepinephrine, 
and epinephrine, which are secreted by the NET 
cells in the body.

Carbidopa is an inhibitor known to inhibit 
peripheral conversion of 18F-DOPA into 
18F-fluorodopamine [139, 141]. Premedication 

with carbidopa half an hour before 18F-DOPA 
injection increases the uptake of the tracer by the 
tumor and decreases the competitive uptake by 
the pancreas.

10.4.2  Application

Uptake of 18F-DOPA by brain tumors has been 
reported to be quite similar to that of 
11C-methionine [125, 135]. In a study [142] of 15 
patients with newly diagnosed or previously 
treated low-grade gliomas (WHO grade I or II), 
18F-DOPA was positive in all cases of primary 
and recurrent low-grade gliomas and negative in 
the patients in remission.

Functional imaging of NETs is challenging 
because they represent a group of heteroge-
neous neoplasms originating from various ana-
tomical locations, possessing a variety of 
biochemical or receptor derangements, and 
very often of small size at initial presentation. 
18F-FDG PET has never been used on a routine 
basis for imaging of NETs, whereas the diag-
nostic sensitivity seems to be low for NETs 
because they usually possess a low prolifera-
tion index, slow growth rate, and low glucose 
consumption [143, 144]. As described above, 
NET can be detected by the use of biochemical 
probes for the APUD pathway by 18F-DOPA 
PET/CT [145–147]. Figure 10.16 shows 
18F-DOPA PET/CT images of a pheochromocy-
toma at the left adrenal gland, with the tumor 
being markedly avid for the 18F-DOPA tracer. 
Figure 10.17 shows 18F-DOPA PET/CT images 
of liver metastasis from pancreatic NET with 
significantly increased 18F-DOPA uptake.

The presence of prominent molecular bio-
markers means that treatment of NET with pep-
tide receptor radionuclide therapy is feasible. In 
particular, 111indium-labeled somatostatin recep-
tor scintigraphy (111In-SRS) has a wider usage 
and more frequent acceptance in centers without 
PET facilities support. SRS is essential to estab-
lish the usefulness of therapy with somatostatin 
analogs for NET; however, it is less desirable for 
monitoring treatment response during the early 
stage of treatment due to the frequent occurrence 
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of upregulation of somatostatin receptors. NET 
tumor cells may increase the amount of receptors 
to partially compensate for the treatment effects 
although tumor metabolism has been attenuated. 
Other than monitoring therapy, 18F-DOPA PET/
CT also performs better than SRS in diagnosis 
and staging of NETs. On the other hand, in situa-
tions where NET lesions have low expression of 
somatostatin receptors or in cases of nonspecific 
NET cell types, 18F-DOPA should be the pre-
ferred tracer for imaging.

Carcinoid tumors are generally considered 
as slow growing NETs. 18F-DOPA PET/CT 
has a high sensitivity (>80 %) for detection of 
carcinoid tumors [146, 148, 149]. In a study 
[150] of 21 documented carcinoid patients, 
18F-DOPA PET/CT identified carcinoid tumors 
in 20 patients (patient-based sensitivity: 95 %). 
The region- based sensitivities of 18F-DOPA 
PET/CT, CT, SRS, and CT + SRS were 95, 
61, 62, and 71 %, respectively, and lesion-
based sensitivities were 96, 69, 50, and 72 %, 
respectively.

10.5  18F-FLT

10.5.1  Tumor Metabolism

As 3H-thymidine is regarded as the gold standard to 
measure cell proliferation in vivo, 11C-thymidine 
has been proposed as a radiotracer for PET imag-
ing of tumor proliferation [151, 152]. However, its 
metabolic instability circumvents the routine clini-
cal use of this tracer for tumor imaging. 3′-deoxy-
3′-18F-fluorothymidine (18F-FLT) is a pyrimidine 
nucleoside, a structural analog of thymidine and 
could reflect tumor cell proliferation with high 
tumor specificity. 18F-FLT permeates the cell mem-
brane by a facilitated transport by sodium-depen-
dent carriers as well as by passive diffusion [153, 
154]. Thymidine kinase 1 (TK1) is an enzyme 
expressed during the DNA synthesis phase of the 
cell cycle [155–161]. TK1 activity is much higher 
in proliferating cells than in quiescent cells [159, 
162–164]. After membrane transport, 18F-FLT is 
phosphorylated by TK1 to become 18F-FLT mono-
phosphate and accumulates in the cytosol of the 

18F-DOPA PET/CT

Fig. 10.16 18F-DOPA PET/CT of a pheochromocytoma of the left adrenal gland

18F-DOPA PET/CT

Fig. 10.17 18F-DOPA PET/CT shows a metastatic liver lesion in a patient with pancreatic neuroendocrine tumor
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cells [159]. 18F- FLT acts as a chain terminator 
[165] because 18F substitution in the 3′-position 
results in markedly decreased affinity for the 
pyrimidine transporter [166] and reduced affinity 
for TK1 as compared to natural thymidine [167]. 
There is, in fact, only a very small amount of DNA 
being incorporated with 18F-FLT in cancer cells via 
the salvage pathway of DNA synthesis [168].

10.5.2  Application

18F-FDG uptake is not tumor specific. Various 
forms of inflammatory lesions also take up 
18F- FDG, and they represent a major cause of 
false- positive results. In a  side-by- side compar-
ative study between 18F-FLT and 18F-FDG PET 
of a rodent model with induced inflammation 
[169], 18F-FDG accumulated in the inflamed 
muscle with higher uptake than the contralat-
eral healthy thigh, while 18F-FLT PET showed 
symmetric muscle activities in bilateral thighs. 
18F-FLT uptake has been shown to reflect the 
activity of TK1 [170–172], therefore, 18F-FLT 
uptake correlates strongly with Ki67 index 
(r = 0.84 ~ 0.89, P < 0.001) [173–175].

18F-FLT PET has been used for investigation 
of the diagnosis of primary breast cancer and 
locoregional metastases. In a study [176] of 12 
patients with 14 primary breast cancer lesions 
(T2–T4), 13 lesions demonstrated focally 
increased 18F-FLT uptake and 7 out of 8 patients 
with histologically proven axillary lymph node 
metastases showed focally increased 18F-FLT 
uptake. 18F-FLT PET is useful for assessment of 
proliferation activity and diagnosis in brain gli-
oma [174], lymphoma [172], lung cancer [175, 
177] and HCC [178]. Vesselle et al. [175] 
reported that 18F-FLT PET may play a significant 
role in the evaluation of indeterminate pulmonary 
lesions, in the prognostic assessment of resect-
able non-small cell lung carcinoma (NSCLC) 
and possibly in the evaluation of NSCLC 
response to chemotherapy. In 2003, Buck et al. 
[177] examined 26 patients (18 malignant and 8 
benign tumors) with pulmonary nodules on CT 
using both 18F-FDG and 18F-FLT PET. 18F-FDG 
PET was found to have a slightly better sensitiv-
ity than 18F-FLT (17/18 vs 16/18), while 18F-FLT 

PET was significantly more specific than 18F- 
FDG (8/8 vs 4/8) for the detection of lung malig-
nancies. In a pilot study [178] for imaging of 
proliferation and detection of HCC with 18F-FLT 
PET, the proliferation marker MIB-1 positively 
correlated with the mean SUV (r = 0.66, P = 0.02) 
of HCC and the sensitivity was 69 % (11/16).

In general, 18F-FLT uptake correlates signifi-
cantly better with the proliferative activity of a 
variety of tumors than 18F-FDG. 18F-FLT may be 
regarded as the more superior PET tracer in spec-
ificity for assessment of tumor characterization, 
growth rate, therapeutic response [179], and out-
come. For primary tumor diagnosis, 18F-FLT 
PET may be less sensitive than 18F-FDG but 
more accurate for differentiation from benign 
entities.

10.6  68Ga-Labeled Somatostatin 
Analogs

10.6.1  Tumor Metabolism

For neuroendocrine tumors with overexpression of 
somatostatin receptors (subtypes 1–5 or SSTR1-5) 
[180–182] on the tumor cell surface, radiolabeled 
somatostatin analogs such as 111In-octreotide, 
68Ga-tetraazacyclododecane- tetraacetic acid-
octreotide (DOTATOC), 68Ga-DOTA-octreotate 
(DOTATATE) [183, 184], and 68Ga-Lanreotide 
or 68Ga-DOTA-1-NaI3-octreotide (DOTANOC) 
[183] may all have strong binding affinity to these 
receptors. All four kinds of 68Ga-labeled soma-
tostatin analogs have different affinities for differ-
ent receptor subtypes. For instance, DOTATOC and 
DOTATATE are able to induce SSTR2 internaliza-
tion; DOTA- lanreotide binds SSTR5 selectively; 
DOTANOC shows a high affinity for SSTR2, 3 and 
5 [185–187]. Therefore, NET imaging with radio-
labeled somatostatin analogs depends strongly on 
both receptor density and affinity.

10.6.2  Application

6 8 G a - D O T AT O C ,  6 8 G a - D O T A N O C , 
and 68Ga-DOTATATE PET not only offer high 
sensitivity for the diagnosis of NETs, they also 
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have proven value in staging by detection of 
regional and distant metastases, as well as in 
guidance and monitoring of treatment [188–
190]. Owing to the high resolution of PET, 
68Ga-DOTATOC has a sensitivity of >90 %, 
which is significantly higher than that of tradi-
tional 111In-SRS [191–193]. In a comparative 
study [194] of 68Ga-DOTATATE and 18F-FDG 
PET/CT on 38 consecutive patients with a diag-
nosis of primary or recurrent NET, the sensitiv-
ity of 68Ga-DOTATATE PET/CT was 82 % and 
that of 18F- FDG PET/CT was 66 %. The sensitiv-
ity of combined 68Ga-DOTATATE and 18F- FDG 
PET/CT was 92 %. 68Ga-DOTATATE PET/CT 
is especially superior to 18F-FDG for evaluation 
of well-differentiated NET. 68Ga-DOTATOC 
PET/CT is more useful as a functional tool than 
the structural information from CT and MRI 
in planning radiotherapy and is especially use-
ful for detection of osseous infiltration [195]. 
In the evaluation of prostate cancer and related 
bone metastases, DOTATOC- affine somatostatin 
receptors (subtypes 2 and 5) can be visualized 
with 68Ga-DOTATOC PET/CT [196].

The large number of published data on a variety 
of cancer cells with different biochemical require-
ment for energy consumption, replication, and 
growth demonstrate a clear interest in the research 
of non-18F-FDG PET tracers. An understanding of 
their metabolic pathways and related biochemical 
reactions is the key to the success of development 
in functional evaluation of these tumors.
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  MISO    Misonidazole   
  MRI    Magnetic resonance imaging   
  NSCLC    Non-small cell lung cancer   
  PET    Positron Emission Tomography   
  p.i.    Post injection   
  PTSM     Pyruvaldehyde-bis (N 4 - methyl

thiosemicarbazone)   

11.1           Introduction 

 Hypoxia is a characteristical pathophysiological 
property of most tumors and occurs as a conse-
quence of inadequate blood supply [ 1 ]. If tumors 
reach a diameter of a few millimeters, for instance, 
in locally advanced lesions or in rapidly growing 
tumors, the oxygen supply generally stays persis-
tently behind the requirements of the tumor despite 
neovascularization [ 2 ]. This refl ects the structural 
and functional disorganization of tumor vascula-
ture resulting in disturbed microcirculation (acute 
hypoxia) and intercapillary distances that are 
beyond the diffusion range of oxygen (chronic 
hypoxia) [ 3 ,  4 ]. Thus, the classifi cation of chronic 
and acute hypoxia is of limited validity [ 5 ] as the 
blood fl ow as well as the capacity of hemoglobin 
to deliver oxygen to cells may vary resulting in 
changing partial pressures for O 2 . Additionally, 
also the nutrients and the pH can change in hypoxic 
tissues [ 3 ]. Hypoxic areas are distributed heteroge-
neously within a given tumor population regarding 
incidence and severity [ 4 ,  6 ]. Tumor hypoxia could 
be shown to be an adverse prognostic and predic-
tive factor in several different entities like cervical 
cancer, soft tissue sarcoma, and head and neck 
cancer [ 5 ,  7 ] as it leads to alterations in the (patho)
physiome of cells. 

 Biochemists defi ne hypoxia as O 2 -limited 
electron transport [ 8 ], whereas clinicians defi ne it 
as a state of reduced O 2  availability or decreased 
O 2  partial pressure restricting or even abolishing 
functions of organs, tissues, and cells [ 9 ,  10 ]. The 
use of the term hypoxia in this context describes 
the clinical defi nition of hypoxia refl ecting the 
imbalance between cellular O 2  consumption rate 
and O 2  supply to the cells [ 5 ,  6 ]. 

 Since the beginning of the twentieth cen-
tury, the role of hypoxia in tumor resistance is 

known as molecular oxygen could be shown to 
be a critical determinant of the response of cells 
to radiation [ 11 ,  12 ]. Oxygen plays a pivotal role 
in radiation therapy, a process known as oxygen 
enhancement effect. “Normal,” oxygenated tis-
sues display an oxygen partial pressure of about 
45–50 mmHg (5 mmHg correspond to ~0.7 % 
O 2  in the gas phase or 7 μM in solution). If the 
O 2  partial pressure is reduced to values less than 
25–30 mmHg, the sensitivity of cells is progres-
sively limited. Oxygen is a potent radiosensitizer 
resulting from its high electron affi nity. After 
absorbing the energy from ionizing radiation, 
free radicals are formed leading to DNA dam-
age or modifi cations in other biologic molecules 
within the cells. Under hypoxic conditions, 
up to three times higher doses are required to 
achieve the same cytotoxic effects as under nor-
moxic conditions [ 13 ,  14 ]. Additionally, many 
 chemotherapies are oxygen dependent as they 
lead to the generation of free oxygen radicals 
such as doxorubicin and bleomycin. On top, the 
biologic alterations resulting from hypoxia as the 
effects on cell cycle or alterations in proteome 
hamper the success of chemotherapeutic treat-
ments (as reviewed in [ 5 ]). In addition and due 
to the disturbed microcirculation or the increased 
expression of multidrug resistance transporters 
(e.g., P-glycoprotein), the exposure of cells to 
chemotherapeutics might be reduced [ 15 ,  16 ]. 

 Thus, hypoxia can either result in impaired 
growth and cell death or act as a factor leading to 
malignant progression and increased therapy 
resistance [ 7 ,  17 – 19 ]. In the latter case, hypoxia 
is a strong selection pressure for cells inducing a 
vicious circle of hypoxia and subsequent malig-
nant progression [ 6 ]. Hereby, it compromises 
many biological functions [ 1 ], for example, the 
cell cycle progression arresting the cells in G 1 /S 
phase or lengthening the G 1  phase disproportion-
ately [ 20 – 22 ], promoting genomic instability and 
thereby increasing the mutation rate [ 6 ,  23 ]. 
Furthermore, gene expression and proteomic 
profi les are changed with an increase in tran-
scription and translation of survival and growth 
factors, angiogenic molecules, chaperones, and 
proteins involved in tumor invasiveness facilitat-
ing metastasis of the tumor and leading to a more 
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malignant phenotype resistant to cell death and 
altered metabolism [ 24 ,  25 ]. For instance, the 
higher expression of the glucose transporter- 1 
(GLUT-1) that can be a result of hypoxia corre-
lates with a poorer outcome in breast cancer, 
head and neck cancer (HNC), and non-small cell 
lung cancer (NSCLC) [ 26 – 28 ], while carbonic 
anhydrase IX (CAIX) is implicated to play a role 
in tumor cell survival and invasiveness [ 29 ,  30 ]. 
The best characterized molecule which alters the 
signaling pathways during hypoxia is the 
hypoxia-inducible transcription factor-1 (HIF-1) 
(Fig.  11.1 ). This heterodimer consisting of 
HIF-1α and HIF-1β binds in its reduced state to 
hypoxia responsive elements on the DNA increas-
ing the transcription of genes responsible for 
angiogenesis, erythropoiesis, energy metabolism, 

and glucose transport into the cell. Consequently, 
cell survival and oxygen supply is supported 
[ 31 ]. Under normoxic conditions, HIF-1α is rap-
idly ubiquitinated and degraded with a half-life 
of about 10 min, whereas it is stabilized under 
hypoxic conditions [ 31 ]. Additionally, also the 
expression of HIF-1 can be enhanced. High lev-
els of HIF-1α could be shown to be associated 
with a poorer treatment response and clinical out-
come in breast cancer, HNC, as well as in NSCLC 
and stomach cancer [ 32 – 37 ] making it an attrac-
tive candidate for drug targeting [ 38 ,  39 ]. The 
alterations in hypoxic cells might explain delayed 
recurrences, dormant micrometastases, and 
growth retardation in large tumor masses [ 5 ].

   Studies using oxygen microelectrodes, sev-
eral different MRI and electron paramagnetic 
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  Fig. 11.1    Schematic pathways of hypoxia-inducible 
factor-1 (HIF-1). HIF-1α is under normoxic conditions 
enzymatically hydroxylated enabling the tumor suppres-
sor von Hippel-Lindau (VHL) to bind. This leads to the 
ubiquitination and proteasomal degradation of HIF-1α. If 
the cell, however, turns hypoxic, HIF-1α is no longer 
hydroxylated. VHL cannot interact with the HIF-1α 

increasing the half-life of the molecule. HIF-1α can enter 
the nucleus and as heterodimer with HIF-1β bind to 
hypoxia-responsive element (HRE) domains on the DNA 
resulting in the transcription of more than 100 target genes 
involved among others in angiogenesis, glucose metabo-
lism, metastasis, and pro-survival pathways       

 

11 Current Clinical Imaging of Hypoxia with PET and Future Perspectives



244

resonance (EPR) approaches, and detection of 
exogenous (e.g., misonidazole, 2-(2-nitro-
1 H - i m i d a z o l - 1 - y l ) - N - ( 2 , 2 , 3 , 3 , 3 - [  1 8  F ]
pentafl uoropropyl)-acetamide(EF5), or pimoni-
dazole) or endogenous [e.g., HIF-1, CAIX, 
GLUT-1] molecular markers of cellular hypoxia 
with immunohistochemical or noninvasive imag-
ing techniques all show that hypoxia is a com-
mon feature of tumors in patients presenting for 
therapy, as well as in animal tumors. 

 As hypoxia is associated with radiation- and 
chemoresistance (especially if the tumor areas 
include tumor-initiating stem cells), it does 
need not only to be detected in tumors but ide-
ally also to be quantifi ed with the help of pre-
dictive  biomarkers [ 4 ]. Several invasive and 
noninvasive methods for measuring hypoxia 
are already established or in development 
– each with its own advantages and limitations. 
The question which technique is superior for a 
clinical or experimental setting depends on the 
available applications, on the degree of inva-
siveness, and the resolution required. So far the 
“gold standard” is intratumoral polarographic 
measurement of O 2  partial pressures which is 
not appropriate for monitoring the develop-
ment within the tumor mass during treatment 
due to its invasiveness. Furthermore, this tech-
nique is limited in its application because only 
random measurements at some sites within a 
tumor can be performed. Minimally invasive 
tools such as serum-based diagnostics and 
global gene signatures are under investigation 
[ 4 ]. Additionally, also the blood oxygen level- 
dependent (BOLD) effect can be measured via 
MRI noninvasively as well using paramagnetic 
deoxyhemoglobin and diamagnetic oxyhemo-
globin as an endogenous hypoxia marker 
(Chap.   12    ). Hence, this method depends on the 
perfusion of tumor tissue with red cells, a pre-
requisite which is not always fulfi lled [ 7 ]. Next 
to magnetic resonance imaging (MRI), espe-
cially PET imaging has emerged as a promis-
ing noninvasive tool to detect and monitor 
tumor oxygenation. Deeper insights into ana-
tomical and biological information about the 
tumor might be revealed using PET/CT after 
applying sensitizer adducts which on top 

allows to more precisely estimate the location 
of the hypoxic areas and the quantifi cation of 
hypoxia levels [ 40 ].  

11.2     PET Tracers Used in Hypoxia 
Imaging 

 The imaging of hypoxia with PET has several 
advantages as the measurements allow a repeated 
noninvasive whole tumor assessment in vivo. This 
is one of the major advantages as an estimation of 
the temporal and spatial distribution of hypoxia 
can be monitored in the course of a treatment 
[ 41 ]. Nevertheless, hypoxia tracers have to meet 
several characteristics: they have to be retained 
specifi cally in hypoxic cells via an oxygen- 
specifi c mechanism with a fast blood clearance to 
reach appropriate concentrations even in perfu-
sion-limited regions and to generate low concen-
trations of nonspecifi c metabolites. Furthermore, 
hypoxia tracers should allow a repeatable, simple, 
nontoxic, and fast assessment of local oxygen lev-
els with a high spatial resolution. Another objec-
tive in measuring tumor hypoxia via PET is to 
ensure the reproducibility of the tracer distribu-
tion and thresholding irrespective of the operator 
interpreting the data. The tracers which are cur-
rently in use give promising results but do not ful-
fi ll all of these requirements [ 42 ] which is the 
reason for the ongoing development of novel trac-
ers with improved imaging properties. 

 Most of the different hypoxia tracers for 
PET imaging used so far are bioreductive mol-
ecules which will be described in the following 
sections. Among these, the halogenated PET 
nitroimidazole agents labeled with F-18 and 
I-124 have a quite long history, whereas 
Cu-diacetyl-bis(N 4 - methylthiosemicarbazone) 
(Cu-ATSM) has only recently been proposed 
for PET imaging [ 43 ]. 

 The major caveat of using PET imaging for 
hypoxia is that it is usually only a loco- or even 
microregional effect with patches of cells dis-
persed throughout the tumor. As the resolution 
of PET scanners is limited due to the physical 
characteristics of the used radionuclides and the 
varying spatial resolutions of 2–4 mm that can 
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be achieved by standard clinical scanners, the 
exact level of hypoxia and its distribution are dif-
fi cult to locate and quantify so far. In conse-
quence, partial volumes are averaged, giving rise 
to statistical uncertainties. Hence, the subopti-
mal signal-to-noise ratio is a concern for the 
clinical use. These limitations might at least par-
tially be overcome by dynamic imaging employ-
ing a kinetic modeling approach (Fig.  11.2 ). In 
contrast to single-time-point PET images, 
dynamic hypoxia PET can distinguish between 
tumor hypoxia and circulating radiotracer [ 44 ]. 
Dynamic scans, however, are expensive, com-
plex to analyze, and cause inconvenience to 
patients [ 45 ].

11.2.1       [ 18 F]Fluorodeoxyglucose 

 [ 18 F]Fluorodeoxyglucose ([ 18 F]FDG) is the most 
commonly used PET tracer in clinical routine 
for oncologic imaging as it allows a sensitive 
but unspecifi c detection of many tumors. In 
hypoxic cells, the mitochondrial ATP synthesis 
drops; the cells stimulate the Pasteur effect. 
Furthermore, HIF-1 stimulates the expression of 
GLUT-1 transporting FDG into the cells [ 46 ]. 
However, the Warburg epigenetic phenotype in 
normoxic tumor cells leads to a higher uptake of 
FDG in cells decreasing the possibility to detect 
hypoxia in malignant tissues. Furthermore, sev-
eral preclinical and clinical studies could show 
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  Fig. 11.2    Optimized characterization of tracer uptake in 
tumors applying dynamic PET scans. Compared to static 
PET scans allowing the assessment of standardized uptake 
values, dynamic scans can provide additional data about 
the movement and rate of uptake of the applied PET tracer 
allowing for a more complete diagnosis. After injection of 
[ 18 F]FMISO in a patient with HNC, the dynamic PET scan 
was applied as a function of time: the fi rst fi ve images 

taken were of 1 min duration and then 5 frames with 5 min 
duration followed. The patient was reimaged at 90 min 
and 180 min after injection. The distribution of [ 18 F]
FMISO can be tracked from the initial blood pool to the 
specifi c accumulation within the tumors. The images were 
co-registered with low-dose CT scan ( last image ) 
Reprinted with kind permission of SNMMI from: Carlin 
and Humm [ 44 ])       
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that there is no or only a weak correlation 
between uptake of hypoxia tracers and retention 
of FDG [ 47 – 53 ]. According to the studies 
undertaken so far, the use of [ 18 F]FDG as bio-
marker for hypoxia remains questionable. 
Therefore, a number of hypoxia-specifi c PET 
tracers have been developed.  

11.2.2     Nitroimidazole-Based PET 
Radiotracers 

 In the 1970s, nitroimidazoles were discovered as 
clinical radiosensitizers and fi rst proposed as 
reducible hypoxia markers in 1979 by Chapman 
[ 54 ,  55 ]. These molecules mimic the effects of 
oxygen leading to the sensitization of hypoxic 
cells to radiation. Nevertheless, if high concentra-
tions of nitroimidazoles were applied which could 
restore the sensitivity of cells, toxic effects could 
be observed [ 56 ]. For PET imaging very low 
amounts of the tracers are applied (<15 μg) which 
do not result in any pharmacologic side effects. 
One major advantage of nitroimidazoles is that 
they are less than 5 % protein bound and are 
therefore distributed effi ciently throughout the 
body even if the blood fl ow is reduced [ 57 ,  58 ]. 
On top, they can be applied in immunohistochem-
istry as well as in PET applications allowing for 
variable detection techniques of hypoxic tissues, 
e.g., prior to and after a resection of the tumor. 

 Nitroimidazoles consist of an imidazole ring 
with a nitro group at the 2′ position and an 
additional side chain with different residues at 
the 1′ position which alters the pharmacoki-
netic properties of the individual molecules 
(Fig.  11.3 , Table  11.1 ). In vivo, the NO 2  group 
can be reduced to NH 2  if it undergoes a 6-elec-
tron intracellular modifi cation: comparable to 
O 2  although with less affi nity, the nitro function 
of nitroimidazoles can accept electrons from 
the respiratory chain reducing it to the radical 
anion –NO 2  −  (Fig.  11.4 ). Cellular reductases 
such as xanthine oxidases with a nitroreductase 
activity catalyze this reaction and are assumed 
not to be a limiting factor in this process [ 59 ]. 
In the presence of oxygen, the reactive radical 
intermediate is reoxidized, as oxygen can 

accept the electrons from the nitro radical and 
the parent nitroimidazole can leave the cell via 
passive diffusion. Under hypoxic conditions, 
however, the nitroimidazole is further reduced. 
If a second electron is accepted, the nitroimid-
azole is irreversibly reduced to an nitroso 
(–N = O) group. Additional reduction steps lead 
to the generation of an hydroxylamine (-NHOH) 
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  Fig. 11.3    Structure of nitroimidazole-based PET 
hypoxia imaging agents       

   Table 11.1    Partition coeffi cients of different nitroimid-
azoles. The octanol/water partition coeffi cient depends on 
the contained alkyl chain   

 Nitroimidazole  Alkyl chain 
 Partition 
coeffi cient 

 FMISO  –CH 2 CHOCH 2 F  0.44 
 FETNIM  –CH 2 CHOHCHOHCH 2 F  0.17 
 FETA  –CH 2 CONHCH 2 CH 2 F  0.16 
 EF5  –CH 2 CONHCH 2 CF 2 CF 3   5.7 
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functionality. This highly reactive hydroxyl-
amine can bind covalently to thiols of macro-
molecules in the hypoxic cells [ 38 ,  60 ]. Hence, 
the molecule is entrapped and accumulates 
within the cells [ 7 ,  61 ,  62 ]. Due to the depen-
dence of the reactions on electrons from the 
respiratory chain as well as on the enzymatic 
activity of nitroreductases, only hypoxic vital 
cells can be detected. The fi rst observations of 
nitroimidazole retention within cell spheroids 
in vitro as well as in tumor models in vivo sup-
port this hypothesis [ 55 ,  63 ]. The rate of nitro-
imidazole accumulation correlates with the 
degree of hypoxia within the cells allowing for 
the distinction between normoxia and hypoxia.

     To date, several different fl uorinated and 
iodinated nitroimidazole derivates have been 
developed and tested, a selection of which will be 
discussed here. As no systematic analysis of all 
2-nitroimidazole tracers in the same tumor model 
or patient group has been undertaken so far, it is 
diffi cult to state which tracer is superior to the 
others in identifying tumor hypoxia. 

11.2.2.1     [ 18 F]Fluoromisonidazole ([ 18 F]
FMISO) 

 [ 18 F]Fluoromisonidazole ([ 18 F]FMISO) (Fig.  11.3 ) 
is the best evaluated and most widely used hypoxia 
tracer which can be considered as gold standard 
for PET imaging of hypoxia. The group around 
Janet Rasey at the University of Washington was 
the fi rst to propose noninvasive imaging of 

hypoxia. They pioneered the synthesis of [ 18 F]
FMISO and demonstrated its feasibility in vivo 
[ 57 ,  64 ]. The radiosynthesis of [ 18 F]FMISO is 
possible using a commercially available precur-
sor molecule and an automated radiosynthesis 
protocol. 90–120 min after application, PET 
measurements result in the best contrast, whereas 
the early delivery of [ 18 F]FMISO depends on the 
blood fl ow [ 42 ]. The tracer accumulates specifi -
cally in hypoxic tissues, and the images obtained 
unambiguously refl ect the regional oxygen  partial 
pressure [ 61 ,  65 ]. The clearance of [ 18 F]FMISO 
from the blood is relatively slow and the tracer 
distributes via free diffusion in tissues. A reason-
able tumor-to-blood cutoff value of ≥1.2 is in 
general used to distinguish normoxia from 
locoregional hypoxia, and the detection of 
hypoxia is only possible in viable cells due to the 
dependency on enzymatic pathways [ 66 ]. Even if 
the blood fl ow is reduced to one-third, hypoxia 
and the absence of hypoxia can be detected. The 
metabolization of [ 18 F]FMISO is mainly hepato-
biliary but the tracer is also in part excreted via 
the kidneys resulting in a radiation exposure of 
patients which is equal or comparable to other 
radiopharmaceuticals [ 65 ,  67 ,  68 ]. 

 [ 18 F]FMISO can diffuse freely across the 
blood-brain barrier as it is highly lipophilic and 
has no protein-binding capacity. As the signal 
is independent of other factors (altered glucose 
concentration, pH, and glutathione), [ 18 F]FMISO 
harbors several advantages for imaging [ 69 ]. 
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  Fig. 11.4    Mechanism of nitroimidazole retention in 
hypoxic cells. Nitroimidazoles are reduced by electrons to 
form radical anions. If oxygen is available, the anion 
reacts preferentially with this electron acceptor, turning 
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Furthermore, this nitroimidazole derivative is 
reduced at any hypoxic site and entrapped within 
the cells. One major disadvantage of [ 18 F]FMISO 
is the low signal-to-noise ratio resulting in images 
of limited contrast due to the poor washout [ 70 ]. 
This problem can be overcome by calculating 
the tumor-to-blood ratio taking a venous blood 
 sample during PET imaging. 

 The fi rst studies on the uptake of [ 18 F]FMISO 
were performed in vitro with multicellular 
spheroids. In these aggregates of cells mimick-
ing small tumors, hypoxia could be visualized 
and quantitatively measured. In Chinese ham-
ster lung V79 spheroids after 4 h of incubation 
with [ 3 H]misonidazole ([ 3 H]MISO), and [ 14 C]
MISO autoradiographs revealed a necrotic cen-
ter followed by highly tracer-accumulating cells 
surrounded by the well-oxygenated periphery 
demonstrating the dependence of tracer entrap-
ment on cell viability (Fig.  11.5 ) [ 63 ]. In mono-
layer preparations of adult rat myocytes, the 
relationship between the oxygen concentration 
and [ 3 H]FMISO binding was studied [ 71 ]. In 
comparison to normoxic controls, the [ 3 H]
FMISO retention after 3 h was about 26 times 
higher under anoxic conditions; in hypoxic cells 
the uptake was increased about 15-fold. In a 
hepatic artery occlusion model in pigs, in vivo 

hypoxia-dependent [ 18 F]FMISO entrapment 
was shown (Fig.  11.6 ) [ 72 ]. The [ 18 F]FMISO 
accumulation in fl ow-impaired hepatic seg-
ments was about three to four times higher than 
in normal- fl ow segments. Polarographic elec-

  Fig. 11.5    Uptake of [ 14 C]MISO in cellular spheroids. 
The cell line EMT-6/UW was grown until spheroids of 
1 mm were obtained. These were incubated for 8 h with 
[ 14 C]MISO and autoradiographs were taken. The uptake 
of [ 14 C]MISO can be observed in a band of cells surround-
ing a necrotic core in the center of the spheroid. The nor-
moxic cells in the rim of the spheroid do not accumulate 
the tracer (The fi gure was reprinted with kind permission 
of Radiation Research from Rasey et al. [ 63 ])       

a

b

  Fig. 11.6    Detection of hypoxia by [ 18 F]FMISO. In 
domestic pigs liver tissue hypoxia was induced by seg-
mental arterial hepatic occlusion. 3 h after injection of 
[ 18 F]FMISO, dynamic PET scans were performed to mea-
sure the specifi c retention of the tracer within the hypoxic 
liver segments. This correlated directly to the severity 
of tissue hypoxia. ( a ) In the fi rst minutes, [ 18 F]FMISO 
displayed high activity in the normally perfused right 
liver lobe (perfusion), ( b ) while the specifi c retention in 
the hypoxic left liver lobe can be observed in later time 
points (165–180 min). No activity was detected in the 
gallbladder ( GB ). The circular ROIs indicate  normal and 
hypoxic areas as measured with polarographic  electrode 
measurements before and after PET scanning (The 
 fi gure was reprinted with kind permission of Springer 
Science+Business Media from: Piert et al. [ 72 ])       
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trode measurements confi rmed the correlation 
between [ 18 F]FMSIO uptake and oxygen levels 
within the tissues.

    In vivo, further preclinical studies comparing 
the results of polarographic measurements and 
[ 18 F]FMISO accumulation have been reported. 
In a rat tumor model, a good correlation of both 
parameters could be observed [ 73 ], while in C3H 
mammary cancer xenografts, no correlation was 
found between the two methods [ 74 ]. This might 
be due to the fact that necrotic tissues with low 
oxygen levels can be identifi ed as hypoxic using 
the electrode assessment but do not retain [ 18 F]
FMISO due to the lack of entrapment of the tracer. 
A general differentiation between mice with 
hypoxic and nonhypoxic tumors was possible. 

 The uptake of [ 18 F]FMISO was also analyzed 
in comparative studies with immunohistochemi-
cal staining techniques. The exogenous hypoxia 
marker pimonidazole and the endogenous 
hypoxia marker CAIX were compared to [ 18 F]
FMISO in a rhabdomyosarcoma rat xenograft 
[ 75 ]. The detected hypoxic volumes were signifi -
cantly correlated underlining the value of [ 18 F]
FMISO PET to detect hypoxia. Two further stud-
ies were undertaken by Troost and colleagues in 
several xenograft models [ 76 ,  77 ]. They found a 
correlation between [ 18 F]FMISO PET and pimo-
nidazole immunochemistry. 

 In order to analyze the regional variation in 
hypoxia within a single tumor which might result 
from differences in [ 18 F]FMISO delivery as well 
as the oxygen levels in more detail in vivo, studies 
within one tumor were undertaken [ 78 ]. Four 
hours after injection of [ 18 F]FMISO, the freely dif-
fusible blood fl ow tracer C-14-iodoantipyrine – 
that has the same partition coeffi cient as [ 18 F]
FMISO – was applied to mice. The tumors were 
dissected into central and peripheral regions, and 
additional samples were taken from several healthy 
organs. The tumors generally exhibited a low 
blood fl ow, whereas a high blood fl ow was shown 
in lungs and kidneys. No correlation between 
regional fl ow and [ 18 F]FMISO entrapment in indi-
vidual tumors was found which was also detected 
for normal tissues. This effect was also observed 
in larger animals where a very low blood fl ow was 
independent of the [ 18 F]FMISO retention [ 58 ]. 

 Several clinical studies compared the correla-
tion between measurements of partial oxygen 
pressures and [ 18 F]FMISO accumulation as well. 
In patients with HNC, positive correlations could 
be found between the two methods [ 79 ,  80 ]. 

 The fi rst study showing the feasibility of 
[ 18 F]FMISO was performed to detect hypoxia 
in three glioma patients (Fig.  11.7 ) [ 81 ]. Rasey 
and colleagues could identify hypoxic areas 
in a variety of tumors prior to treatment [ 82 ]. 
They concluded that human tumor hypoxia is 
widely prevalent and highly variable inter- and 
intraindividually.

   In clinical studies, it could be shown that the 
uptake of [ 18 F]FMISO correlated with a poor 
prognosis for patients in HNC and glioblastoma. 
In patients with HNC 83 % of the tumors have 
hypoxic subvolumes which were in most cases 
distributed in single confl uent areas, whereas 
only 22 % were diffusely dispersed [ 83 ]. For the 
patients with HNC, a differentiation between 
responders and nonresponders to radiotherapy 
was possible with nonresponders having a 
higher retention of [ 18 F]FMISO although the 
tumor accumulation varied [ 49 ]. A further cri-
terion to differentiate between the two groups 
was that responders had an initially lower 
perfusion  followed by accumulation of [ 18 F]
FMISO, whereas the nonresponders showed 
an initial high perfusion followed by a rapid 
washout. In glioma patients, the volume and 
intensity of the detected hypoxia determined 
prior to radiotherapy showed a strong correla-
tion with a shortened time to progression and 
overall survival (Fig.  11.8 ) [ 84 ]. For soft tissue 
tumors, however, [ 18 F]FMISO might possibly 
not be the tracer of choice due to large fractions 
of necrotic tissue within the tumor lesions [ 85 ]. 
Nevertheless, further studies are required to ver-
ify this hypothesis.

   In different settings using [ 18 F]FMISO, 
intensity- modulated radiation therapy (IMRT) 
has been applied and could show next to interin-
dividual differences reproducible results and the 
feasibility of an imaging-based planning of 
radiotherapy resulting in a locoregional manage-
ment of tumors (Fig.  11.9 ) [ 86 ,  87 ]. Furthermore, 
in a fi rst study using [ 18 F]FMISO PET, the 
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response to hypoxia-activated chemotherapy 
using tirapazamine in patients with advanced 
HNC could be predicted [ 88 ].

   One preclinical study evaluated the uptake 
of [ 18 F]FAZA and [ 18 F]FDG in different cancer 
cell lines. Whereas [ 18 F]FAZA showed an 
increased retention in hypoxic cells in compari-
son to normoxic cells, the entrapment of [ 18 F]
FDG was reduced which could also be shown in 
tumor xenografts [ 47 ]. In clinical studies, simi-
lar observations have been reported. In com-
parison to polarographic measurements, [ 18 F]
FDG could not differentiate hypoxic from nor-
moxic HNC tissues, whereas [ 18 F]FMISO 
uptake correlated with the partial pressure of 

oxygen [ 50 ,  80 ]. Further studies compared the 
retention of [ 18 F]FMISO and [ 18 F]FDG in 
patients with HNC, sarcoma, breast cancer, and 
NSCLC as well as glioma [ 48 – 53 ]. Each of 
these resulted in no correlation between [ 18 F]
FDG uptake and hypoxia (Fig.  11.10 ). Some 
studies, however, could show a correlation of 
[ 18 F]FDG and [ 18 F]FMISO uptake in HNC [ 52 , 
 89 ] and brain tumors [ 90 ] which calls for fur-
ther elucidation.

   In summary, [ 18 F]FMISO has been validated 
in several different studies for various tumor 
types. It could be shown to result in variable but 
signifi cant levels of hypoxia and to be a prognos-
tic indicator with increasing importance [ 91 ]. 
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  Fig. 11.7    The fi rst clinical PET scans using [ 18 F]FMISO in 
a patient with malignant glioma. ( a ) 5 min after injecting 
[ 18 F]FMISO, a fi rst tumor activity could be detected. At later 
time points the uptake in the cortex could be observed 
although being very slow, indicating a slow passage of tracer 
across the intact blood-brain barrier. Nevertheless, the 

 activity within the lesion remains higher. ( b ) The time- 
activity curve for the tumor parallels at about 40 min the 
curve for the cortical region and the increases to the end of 
the scanning. These fi rst studies underline the importance 
of [ 18 F]FMISO for PET imaging of hypoxia (Reprinted by 
 permission of SNMMI from: Valk et al. [ 81 ])       
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However, it shows a slow accumulation in 
hypoxic tumors, a low tumor-to-background 
ratio, and a signifi cant non-oxygen-dependent 
metabolism [ 61 ]. 

 Next to [ 18 F]FMISO several alternative nitro-
imidazoles have been developed and tested to 
optimize the pharmaco- and biokinetics in regard 
to a faster blood clearance, less nonspecifi c 

a b

c d

  Fig. 11.8    [ 18 F]FMISO accumulation has a predictive value. 
In patients with glioblastoma multiforme, the [ 18 F]FMISO 
uptake was assessed 2 h p.i. using PET scans before radiother-
apy. Tumor-to-blood ratios >1.2 defi ned the hypoxic value. The 
burden of hypoxic tissue within the tumor is inversely related to 
time to tumor progression and survival. ( a ,  c ) The MRI T1Gd 

images of two patients show the overall tumor size and its local-
ization in the brain. ( b ,  d ) [ 18 F]FMISO uptake in the hypoxic 
areas of the glioma. Especially in patient 1, the high uptake of 
[ 18 F]FMISO can be observed as well as the necrotic center with 
no retention of the PET tracer (Reprinted with kind permission 
from AACR from Spence et al. [ 84 ])       
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retention, or fewer metabolites of the PET agents. 
These new agents have to prove to be superior to 
[18F]FMISO in order to gain acceptance [ 65 ].  

11.2.2.2     [ 18 F]Fluoroerythronitroimidazole 
([ 18 F]FETNIM) 

 [ 18 F]Fluoroerythronitroimidazole ([ 18 F]FETNIM) 
(Fig.  11.3 ) was fi rst described and evaluated by 
Yang et al. in 1995 [ 92 ]. In mammary tumor- 
bearing rats, their studies indicated that [ 18 F]
FETNIM has signifi cantly higher tumor-to-blood 

and tumor-to-muscle ratios than [ 18 F]FMISO at 
4 h post injection (p.i.). The pharmacokinetic 
properties of [ 18 F]FETNIM show a low peripheral 
metabolism and only very little defl uorination. 
The metabolites were hypothesized to be trapped 
within hypoxic cells [ 93 ]. In mice implanted with 
CH3 mammary carcinomas, [ 18 F]FETNIM was 
investigated in comparison to [ 18 F]FMISO under 
different oxygenation conditions [ 94 ]. These 
studies revealed that [ 18 F]FETNIM accumula-
tion correlates with the  oxygenation status in the 

a

c

b

  Fig. 11.9    Feasibility of [ 18 F]FMISO PET/CT guided 
dose-painting IMRT. In HNC patients, the dose escalation to 
radioresistant hypoxic zones was aimed at while sparing the 
surrounding normal tissue. The gross tumor volume (GTV) 
was delineated and the corresponding hypoxic areas deter-
mined by [ 18 F]FDG PET/CT and [ 18 F]FMISO PET/CT 

image fusion showing ( a ) a CT axial slice, ( b ) an [ 18 F]FDG-
PET axial scan, and ( c ) an [ 18 F]FMISO PET axial slice. This 
study underlines the importance of multiparametric analyses 
of tumors for optimizing treatment schemes and to enhance 
the locoregional control of tumors (Reprinted with permis-
sion from Elsevier from Lee et al. [ 86 ])       
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  Fig. 11.10    Relationship between regional hypoxia and glu-
cose metabolism in different tumor entities comparing [ 18 F]
FMISO and [ 18 F]FDG uptake. Patients with different tumors 
ranging from those with a high prevalence of hypoxia (HNC, 
glioma) to those that are less frequently hypoxic (breast can-
cer) were analyzed for the accumulation of [ 18 F]FMISO ( right 
column ) and [ 18 F]FDG ( left column ) via PET scans. 
Representative images for both tracers show only a minor 

 correlation between the overall tumor maximum  standardized 
uptake value for FDG and hypoxic volume in patients with ( a ) 
HNC, ( b ) liposarcoma of the left posterior shoulder, ( c ) axil-
lary metastases from left breast cancer, and ( d ) glioma of the 
right frontal region. Signifi cant differences among the differ-
ent tumor types could be observed, indicating discordance 
between hypoxia and glucose metabolism (Reprinted with 
kind permission by AACR from Rajendran et al. [ 52 ])       
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tumors. In contrast to [ 18 F]FMISO, however, [ 18 F]
FETNIM displayed a more favorable biodistribu-
tion with a low background signal in normoxic 
tissues [ 94 ]. This can be attributed to the higher 
hydrophilicity of [ 18 F]FETNIM, enabling a 
higher tumor-to- background ratio. Clinical stud-
ies on [ 18 F]FETNIM were performed with HNC 
patients in Finland, University of Turku. In these 
studies, it was shown that the early uptake of [ 18 F]
FETNIM was highly variable and depending on 
perfusion as demonstrated by [ 15 O 2 ]H 2 O PET 
[ 95 ]. To monitor hypoxia, the tumor-to-plasma 
ratio provided the best results (Fig.  11.11 ) [ 96 ]. 
Especially at high blood fl ows, [ 18 F]FETNIM 
accumulation refl ects the oxygenation status well 
and thus should be well suited for hypoxia imag-
ing in tissues with high blood fl ow. Assessing the 
radiotherapy response in 21 patients with HNC, 
a high uptake of [ 18 F]FETNIM was shown to be 
related to a poor  overall survival [ 97 ] underlining 
the predictive value of this hypoxia tracer. Also 
a preliminary study for 26 patients with NSCLC 
and a further with 16 cervical carcinoma patients 
provided evidence that [ 18 F]FETNIM PET imag-
ing is a valuable method to estimate hypoxia 
within tumors and to predict the overall survival 
of patients [ 98 ,  99 ].  

 Despite the promising results of [ 18 F]FETNIM, 
further studies are required to validate this PET 

tracer as a noninvasive imaging agent for PET 
imaging. Furthermore, it remains to be deter-
mined whether the use of this PET tracer presents 
any advantages over the use of [ 18 F]FMISO.  

11.2.2.3     [ 18 F]Fluoroazomycin 
Arabinoside ([ 18 F]FAZA) 

 [ 18 F]Fluoroazomycin arabinoside [ 18 F]FAZA 
(Fig.  11.3 ) exhibits superior pharmacokinetics 
compared to [ 18 F]FMISO resulting from its 
reduced lipophilicity. This enables a faster clear-
ance and hence a better contrast in imaging [ 100 ]. 
Additionally, [ 18 F]FAZA can diffuse faster into 
cells so that this tracer is more readily available 
for hypoxic alteration [ 101 ,  102 ]. These observa-
tions are in line with a comparative study for [ 18 F]
FMISO and [ 18 F]FAZA in mouse xenograft mod-
els where [ 18 F]FAZA revealed better biokinetics 
with a higher tumor-to-muscle ratio and an oxy-
gen-dependent uptake mechanism [ 103 ]. In con-
trast, a study published by Sorger et al. led to the 
conclusion that while [ 18 F]FAZA indicates 
reduced oxygen levels comparable to [ 18 F]
FMISO in vitro, in vivo in a Walker 256 rat sar-
coma model [ 18 F]FMISO displayed a slightly 
higher uptake and tumor-to-muscle ratio [ 104 ]. 
To prove the superiority of [ 18 F]FAZA over [ 18 F]
FMISO, more studies have to be undertaken. 
A further animal study with three squamous cell 

[15O]H2O
Perfusion

[18F]FETNIM
5–8 min

[18F]FETNIM
90–120 min

  Fig. 11.11    [ 18 F]FETNIM uptake depends on the tumor 
perfusion. The tumor perfusion (assessed by [ 15 O]H 2 O 
PET scan,  left ) of a patient with left hypopharyngeal 
tumor (HNC) was compared with a dynamic PET scan of 
[ 18 F]FETNIM after 5–8 min ( middle ) and 90–120 min 
( right ). The different pattern of [ 18 F]FETNIM distribution 
in the early and late phases of the dynamic study depends 
on the perfusion of the tumor: At higher blood fl ow, the 

entrapment of [ 18 F]FETNIM refl ects the oxygenation 
well. The tissue-to-plasma ratios reached a steady-state 
level at 60 min p.i. in both tumor tissue and muscle indi-
cating that the tissue-to-plasma ratio may provide best 
results using only a few late time points (The fi gure was 
reprinted with kind permission by Springer 
Science+Business Media from Lehtiö et al. [ 96 ])       
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carcinomas and one fi brosarcoma with differing 
characteristics regarding vascularization, 
hypoxia, and necrosis compared [ 18 F]FAZA 
uptake with Eppendorf electrode measurements 
and the hypoxia marker pimonidazole [ 105 ]. In 
vivo, the hypoxia selectivity of [ 18 F]FAZA could 
be proven in this study as well as in a study pub-
lished by Tran et al. comparing OxyLite, EPR 
oximetry, and [ 19 F]MRI relaxometry [ 106 ]. 

 Applying a chemoradiotherapy with tirapaza-
mine – a prodrug activated to a toxic radical in 
hypoxic cells – the predictive value of [ 18 F]
FAZA was investigated in a breast cancer 
xenograft- bearing tumor mouse model [ 107 ]. A 
high tumor accumulation of [ 18 F]FAZA was 
found to be an adverse indicator for tumor pro-
gression. Furthermore, [ 18 F]FAZA uptake could 
also predict the success of chemoradiotherapy, 
whereby the application of tirapazamine in 
hypoxic tumors could effi ciently improve the 
therapeutic effect depending on the degree of 
hypoxia. The authors conclude that [ 18 F]FAZA 
prior to treatment might be a way to personalize 
tumor therapies involving radiation [ 107 ]. In 
these tumor-bearing mice also the reproducibil-
ity of hypoxia PET scans could be demonstrated. 
Therefore, pretreatment imaging is a valuable 
and reliable tool for treatment schemes targeting 
or modifying hypoxia [ 108 ]. 

 In clinical studies, the feasibility of [ 18 F]FAZA 
was determined in 11 untreated HNC patients and 
14 advanced rectal cancer patients [ 109 ,  110 ]. The 
quality of images achieved was adequate and the 
imaging feasible. The imaging for clinical static 
PET was performed 2 h p.i. and the recommended 
threshold was 1.5. [ 18 F]FAZA tumor uptake dif-
fered inter- and intraindividually; thus, further 
studies were undertaken to evaluate [ 18 F]FAZA in 
clinical settings. A study including 50 patients with 
different tumor entities confi rmed the previously 
obtained data of [ 18 F]FAZA as feasible hypoxia 
tracer providing an adequate image quality [ 111 ]. 
The results of the DAHANCA (Danish Head and 
Neck Cancer Group) 24 trial including 50 patients 
revealed that in HNC patients receiving radiother-
apy, [ 18 F]FAZA PET/CT was a prognostic factor 
regarding disease- free survival. Signifi cant differ-
ences could be found between patients with and 
without hypoxic areas within their tumors [ 112 ]. 

 Furthermore, the role of [ 18 F]FAZA PET imag-
ing was analyzed in order to characterize hypoxia 
in the course of radiation treatment planning 
(Fig.  11.12 ) [ 83 ]. Eighteen patients with advanced 
squamous cell HNC were monitored, and the [ 18 F]
FAZA uptake measurements were feasible for radi-
ation treatment planning and IMRT (Sect.  11.4 ).  

 [ 124 I]iodoazomycinarabinoside ([ 124 I]IAZA) is 
an iodinated [ 18 F]FAZA analogue. As iodine has 
a longer half-life (4.18 days) than  18 F (110 min), 
it was suggested that imaging at later time points 
might reveal advantages in imaging results. 
However, this could not be shown [ 100 ]. Instead, 
a deiodination of the molecule was suggested as 
a signifi cant thyroid uptake was observed.  

11.2.2.4     [ 18 F]Fluoroetanidazole ([ 18 F]
FETA) 

 [ 18 F]Fluoroetanidazole ([ 18 F]FETA) (Fig.  11.3 ) 
was fi rst synthesized by Tewson in 1997 [ 113 ]. 
This nitroimidazole tracer has a decreased lipophi-
licity and superior biokinetics than [ 18 F]FMISO. In 
vivo, it turned out to be stable to nonhypoxic deg-
radation and showed less metabolites in blood and 
urine compared to [ 18 F]FMISO. Preclinical studies 
with different tumor models showed that the 
uptake of [ 18 F]FETA correlates with the oxygen 
partial pressure within the tumor and a decrease in 
tracer uptake after carbogen breathing [ 114 ,  115 ]. 
The clinical potential of this promising PET 
hypoxia tracer has so far not been analyzed.  

11.2.2.5    2-(2-Nitro-1H-imidazol-1-yl)-
 N -(2,2,3,3,3-[ 18 F]
pentafl uoropropyl)-acetamide 
([ 18 F]EF5) 

 Next to the mono-fl uorinated 2-nitroimidazoles 
also fl uoroalkylacetamide derivatives which are 
more highly fl uorinated have been developed 
and named as EF1 [ 116 ], EF3 [ 117 ], and EF5 
[ 118 ]. Among these, 2-(2-nitro-1H-imidazol-1-
yl)- N -(2,2,3,3,3-[ 18 F]pentafluoropropyl)-acet-
amide (EF5) (Fig.  11.3 ) was originally 
developed as an agent for biopsy stainings and 
has only recently been introduced as PET tracer 
to monitor hypoxia. The biological half-life of 
this molecule is improved because of its 
enhanced lipophilicity [ 119 ]. So far, EF5 is the 
most stable 2- nitroimidazole reported [ 43 ]. 
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a

c d

b

  Fig. 11.12    Use of [ 18 F]FAZA PET scans for dose paint-
ing. ( a ) The PET scan shows the uptake of [ 18 F]FAZA in 
an HNC patient with squamous cell carcinoma indicat-
ing hypoxic areas, ( b ) while the CT scan can be used 
to determine the GTV and hence for treatment planning 
and dose calculation. ( c ) If the PET and CT scans are 
fused, the exact localization of the hypoxic areas within 

the tumor can be determined and ( d ) dose distribution 
for dose-painting IMRT can be planned. The white lines 
indicate the direction of the radiation treatment fi elds 
resulting in the different doses for therapy ( blue : 63 Gy, 
 red : 98 Gy) (Reprinted by permission from Macmillan 
Publishers Ltd: Horsman, 2012, © 2012, Nature 
Publishing group [ 45 ])       
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The major limitation of this promising agent is 
the more complex labeling chemistry based on 
electrophilic fl uorination that hampers its avail-
ability in comparison to the nucleophilic dis-
placement reactions used in the radiosynthesis of 
the mono-fl uorinated 2- nitroimidazoles [ 120 ]. 

 The fi rst human trial was performed on 15 
HNC patients whereby the feasibility of [ 18 F]EF5 

could be demonstrated. In a time course analysis, 
Komar et al. demonstrated a blood-fl ow- 
dependent initial distribution which showed to be 
hypoxia-specifi c at later time points. The best 
results were found performing the PET scan 3 h 
p.i. with a tumor-to-muscle cutoff value of 1.5 
(Fig.  11.13 ) [ 121 ]. Additionally, [ 18 F]EF5 reveals 
a predictive value as an increased tumor uptake 

  Fig. 11.13    Comparison of 
PET/CT scans for [ 18 F]EF5, 
[ 18 F]FDG, and [ 15 O]H 2 O. In 
three squamous cell HNC 
patients, the three tracers [ 18 F]
EF5, [ 18 F]FDG, and [ 15 O]H 2 O 
were applied and PET/CT 
scans performed. The 
measurement of blood fl ow 
was followed by an [ 18 F]EF5 
PET/CT scan. The [ 18 F]FDG 
scan was performed 
separately. The primary and 
metastatic lesions are visible 
on the blood fl ow and the 
[ 18 F]FDG scans. [ 18 F]EF5 
PET was measured 3 h p.i. 
This tracer detects hypoxia 
well in HNC patients. 
Voxel-by-voxel analysis of 
co-registered blood fl ow and 
[ 18 F]EF5 revealed a distinct 
pattern of hypoxia with a 
tumor-to-muscle ratio of 1.5 
at 3 h for clinically signifi -
cant hypoxia. The three 
tracers did not show a 
signifi cant correlation 
although a negative relation-
ship between [ 15 O]H 2 O and 
[ 18 F]EF5 could be detected. 
While  arrows  indicate 
primary tumors,  arrow-
heads  point to metastatic 
lesions (Reprinted by 
permission of SNMMI from: 
Komar et al. [ 121 ])         

[18F]FDG [18F]EF5 Blood flow

[18F]FDG [18F]EF5 Blood flow
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correlates with higher grade tumors and a high 
prevalence of metastasis formation [ 122 ,  123 ].  

 A comparative study with [ 18 F]EF3 and [ 18 F]
FDG was performed in patients with HNC [ 119 ]. 
No correlation in the uptake of the two tracers 
could be observed underlining the difference 
of the hypoxia-specifi c [ 18 F]EF3 and the tumor-
sensitive [ 18 F]FDG.   

11.2.3     Cu-Diacetyl-bis(N 4 - 
methylthiosemicarbazone) 
(Cu-ATSM) 

 An alternative agent with great promise for 
PET hypoxia imaging is Cu-diacetyl-bis
(N 4 - methylthiosemicarbazone) (Cu-ATSM) 
developed from the blood perfusion agent 
Cu-pyruvaldehyde-bis(N 4 -methylthiosemicar-
bazone) (Cu-PTSM) [ 124 ]. Cu-ATSM consists of 
the chelator diacetyl-bis(N 4 -methylthiosemicar-
bazone) complexing a copper(II) ion (Fig.  11.14 ). 
The precursor can be rapidly labeled with a vari-
ety of copper isotopes. The four positron-emit-
ting radioisotopes Cu-60 ( t  1/2  0.4 h), Cu-61 ( t  1/2  
3.32 h), Cu-62 ( t  1/2  0.16 h), and Cu-64 ( t  1/2  12.7 h) 
can be used fl exibly for PET  imaging [ 125 ] and 

serial imaging can be performed in short inter-
vals to monitor reperfusion using the short-lived 
radionuclides [ 69 ]. Cu-ATSM is retained in 
higher extent (up to  tenfold) than [ 18 F]FMISO 

Cu*

N N

N

Cu-ATSM

N

S

HN NH

  Fig. 11.14    Structure of Cu-ATSM. The highlighted Cu 
ion (Cu*) is a representation of the radioactive isotopes 
Cu-60, Cu-61, Cu-62, and Cu-64       

[18F]FDG [18F]EF5 Blood flowFig. 11.13 (continued)
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within hypoxic cells as demonstrated for EMT6 
breast cancer cells [ 126 ]. The neutral lipophilic 
molecule is highly membrane permeable and can 
pass normoxic cells metabolically unchanged 
due to its relatively low redox potential. Cu(II)-
ATSM is retained comparable to the nitroimid-
azoles in hypoxic tissues following its reduction 
to [Cu(I)-ATSM] −  due to its negative charge. The 
exact mechanism of how Cu-ATSM is entrapped 
within cells is however not completely under-
stood. It is suggested that the reduction of Cu(II)
ATSM is a reversible process in the presence 
of oxygen. Furthermore, it is hypothesized that 
Cu(I) might dissociate slowly and irreversibly 
from the complex which could explain the only 
partial washout of copper isotopes after the reox-
ygenation of cells [ 127 ].  

 Several studies have been undertaken to pre-
clinically evaluate the value of Cu-ATSM in 
hypoxia imaging. An in vivo glioma xenograft 
model demonstrated the correlation of 
Cu-ATSM and partial oxygen pressure within 
the tumor in comparison to polarographic elec-
trode measurements [ 128 ]. Due to its high back-
ground clearance, Cu-ATSM results in a higher 
signal-to-noise ratio [ 129 ] although also an 
unspecifi c retention could be observed [ 130 ]. 
Compared to nitroimidazoles, Cu-ATSM 
showed higher tumor uptakes resulting in high-
quality images at 20 min p.i. [ 126 ,  128 ]. A study 
comparing [ 18 F]EF5 with [ 64 Cu]ATSM in fi bro-
sarcomas, 9L glioma, and animal R3230 mam-
mary adenocarcinomas demonstrated Cu-ATSM 
to be a valuable hypoxia marker in some tumor 
types but not for all [ 130 ]. In some tumor cell 
lines like FSA rat fi brosarcoma [ 130 ], R3327-AT 
rat prostatic [ 131 ], and SCCVII murine squa-
mous cell carcinoma [ 132 ], no signifi cant cor-
relation between hypoxia and tracer 
accumulation could be observed. This intertu-
moral selectivity remains one of the main chal-
lenges for the use of Cu-ATSM as a general 
hypoxia marker. Different hypotheses exist con-
cerning the varying retention within hypoxic 
cells. On the one hand, different redox poten-
tials might explain for the differences as well as 
the pH within the cells [ 133 ], and on the other 
hand, it is presumed that Cu(I) dissociating from 

Cu-ATSM might be transported out of the tumor 
cells as the copper transporter ATP7B could be 
shown to be overexpressed in several human 
malignancies, e.g., in breast, ovarian, and gas-
tric cancer [ 134 ]. 

 [ 60 Cu]ATSM has been validated for its use 
especially for cervical and lung cancers. The 
appropriate threshold to discriminate between 
hypoxia and normoxic tissue was determined to 
be 3.5 after a dynamic imaging for 60 min in 14 
patients with biopsy-proven cervical cancer 
[ 135 ]. These results could be confi rmed in a 
 second study with 38 patients with cervical can-
cer [ 136 ]. The uptake of [ 60 Cu]ATSM further-
more proved to be predictive for progression-free 
survival and overall survival. In both studies no 
correlation with FDG uptake could be observed. 
The ACRIN (American College of Radiology 
Imaging Network) trial 6682 is currently ongoing 
with the aim to assess the potential of [ 64 Cu]
ATSM as predictive biomarker for treatment out-
come in cervical cancer in 100 female partici-
pants [ 44 ]. 

 In further clinical settings, the predictive role 
for [ 60 Cu]ATSM could be demonstrated. In an 
initial study with 14 patients with biopsy-proven 
non-small cell lung cancer, the [ 60 Cu]ATSM 
uptake correlated with the therapy response to 
radiation or chemotherapy, discriminating 
responders from nonresponders (Fig.  11.15 ) 
[ 137 ]. In 2008, Dietz and collaborators showed in 
a pilot study that [ 60 Cu]ATSM may be predictive 
of survival and tumor response to neoadjuvant 
chemoradiotherapy in patients with locally inva-
sive primary or node-positive rectal cancer [ 138 ]. 
Semiquantitatively, the tumor uptake of the PET 
tracer was determined using the tumor-to-muscle 
ratio. If this ratio exceeded 2.6, patients had a 
worse prognosis regarding the overall and 
progression- free survival. An increase of the 
molecular hypoxia markers VEGF, EGFR, COX-
2, and CAIX, an increase in apoptosis, as well as 
a poor outcome could be shown to be associated 
with [ 60 Cu]ATSM uptake in cervical cancer 
patients [ 135 ].  

 Also for IMRT, Cu-ATSM imaging via PET/
CT might prove feasible as shown by Chao and 
collaborators for patients with HNC [ 139 ]. 
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 In summary, Cu-ATSM holds promise for the 
future PET imaging irrespective of the applied 
copper isotope [ 140 ]. Due to its small molecular 
weight and high membrane permeability, it shows 
a high diffusion rate into cells where it is rapidly 
reduced and retained in case of hypoxia. 
Cu-ATSM might also respond to other adverse 
conditions within the tumor indicating that 
Cu-ATSM might be a more general biomarker for 
poor treatment response [ 44 ]. Furthermore, 
Cu-ATSM exhibits a high tumor-to-background 

ratio as it is cleared fast from the blood. Positive 
results in future clinical applications are thus to 
be expected [ 61 ].  

11.2.4     Anti-Carbonic Anhydrase IX 
(CAIX) Antibodies 

 Another strategy for the detection of hypoxia via 
PET depends on the radiolabeling of anti- 
carbonic anhydrase IX (CAIX) antibodies. One 

Pre-therapy FDG-PET Pre-therapy CT

Pre-therapy Cu ATSM-PET Post-therapy CT

  Fig. 11.15    Feasibility of [ 60 Cu]ATSM in clinical imaging 
of NSCLC for predicting the response to therapy. The pre- 
therapy [ 18 F]FDG-PET scan ( upper left ) and the CT scan 
( upper right ) of this NSCLC patient representing the results 
of a nonresponder confi rm the existence of the tumor in the 
lingular mass. The uptake of [ 60 Cu]ATSM was analyzed 
prior to therapy using PET scan ( lower left ) and com-
pared to tumor response to therapy. Nonresponders had a 

 tumor-to-muscle ratio of ≥3.0. The PET results were cor-
related with a follow-up PET scan 3 months after chemo-
therapy. The patient died 15 months after diagnosis due to 
progressive disease. [ 18 F]FDG uptake and responsiveness 
to therapy as well as [ 18 F]FDG and [ 60 Cu]ATSM uptake did 
not correlate signifi cantly (The fi gure was reprinted with 
kind permission by Springer Science+Business Media 
from Dehdashti et al. [ 137 ])       
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of the downstream targets of the transcription 
factor HIF-1α is CAIX which is upregulated 
under hypoxic conditions and hence an intrinsic 
hypoxia-related (endogenous) cell marker [ 141 , 
 142 ]. This enzyme is displayed on the cell sur-
face of hypoxic cells [ 141 ], while normoxic cells 
of the gastric mucosa, bile ducts, and small intes-
tine show only a basal expression of CAIX. After 
determination of the CAIX levels within hypoxic 
areas, the treatment of patients with CAIX- 
targeted therapeutics could also be favorable. 

 A study with fragments of the anti-CAIX anti-
body cG250 was undertaken in order to investi-
gate the assessment of tumor hypoxia in a tumor 
xenograft model of a human HNC and to deter-
mine the spatial correlation between radiotracer to 
the microscopic distribution of the cells [ 143 ]. 
The [ 89 Zr]cG250(Fab′) 2  uptake correlated signifi -
cantly and rapidly after injection with the immu-
nohistochemical staining for CAIX expression, 

and tumors could be clearly visualized by PET 
after 4 h. 24 h p.i., the tumor uptake was already 
reduced, displaying presumably the fast pharma-
codynamics of the tracer. In comparison to pimo-
nidazole staining, however, the signal of the 
antibody fragments was reduced. 

 As a signifi cant molecular marker, 87–100 % 
of the clear cell subtype of renal cell carcinoma 
(RCC) express CAIX [ 144 – 146 ]. Hence, a fur-
ther study to detect hypoxia in a human xenograft 
model of RCC was undertaken with [ 124 I]cG250 
[ 147 ]. All tumors analyzed developed hypoxia 
and the antibody localized in excellent manner 
within the tumors as measured by PET/CT cor-
relating to the obtained data of polarographic O 2  
microelectrode probes (Fig.  11.16 ). However, no 
signifi cant correlation between the expression of 
CAIX and hypoxia could be found. This might be 
due to the fact that CAIX is also involved in 
angiogenesis which occurs throughout the tumor.  

a b c

  Fig. 11.16    Uptake of the anti-CAIX antibody [ 124 I]
cG250 in xenografted RCC. At day 3 p.i., [ 124 I]cG250 
accumulates with a maximal trend towards correlation to 
the partial oxygen pressure within the xenografted RCC 
SK-RC 52 in balb/c nude mice. ( a ) The CT scan visual-
izes the localization of the xenograft in the right  shoulder 

region, ( b ) whereas the localization of [ 124 I]cG250 can 
be observed in the PET scan. Liberated [ 124 I] is retained 
in the thyroid. ( c ) The co- registered [ 124 I]cG250 PET/
CT scan demonstrates the better imaging of multipa-
rametric assessments (Reprinted with  permission by 
Elsevier from Lawrentschuk et al. [ 147 ])       
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 As these results for the antibody and frag-
ments of cG250 are holding great promise, fur-
ther studies are warranted to verify their value in 
the imaging of hypoxia.   

11.3     Integrin-Specifi c PET Tracers: 
An Indirect Marker for 
Tumor Hypoxia? 

 Angiogenesis is a central hallmark of tumors 
reaching a size of more than ~1 mm 3  [ 148 ]. 
Hypoxia leads to angiogenesis as the transcription 
factor HIF-1 upregulates the expression of VEGF, 
PDGFB, and other critical angiogenic growth fac-
tors [ 149 ]. Angiogenesis is a potential target for 
cancer diagnosis and therapy, and hence, research 
focuses on it on a basal, translational, and clinical 
level. Integrin α v β 3  playing a central role in angio-
genesis is expressed on the surface of activated 
endothelial cells and is furthermore also under the 
control of HIF-1 [ 150 ]. Therefore, integrin-tar-
geted PET tracers like RGD derivatives labeled 
with  18 F and  68 Ga might also be useful in hypoxia 
detection. The data obtained from studies trying 
to correlate the distribution of hypoxia and integ-
rin markers did not come to conclusive results 
[ 151 ,  152 ]. One major drawback of this angiogen-
esis imaging is that integrins can be detected on 
all cells throughout the tumor and that they are not 
hypoxia-specifi c. Further research is required to 
clarify the connection of hypoxia and angiogene-
sis. Nevertheless, the imaging of these two param-
eters might help tailoring individual tumor 
therapies.  

11.4      Treatment Planning in 
Therapy After Hypoxia PET 
Imaging 

 Although limited in treatment response, hypoxic 
areas within tumors harbor the opportunity for 
tumor selective therapies including prodrugs acti-
vated by hypoxia, hypoxia-specifi c gene therapy, 
or targeting molecules upon which hypoxic cell 
survival depends [ 153 ]. Ideally, the development 
of novel bioreductive therapeutics with a paired 
diagnostic value will be forced [ 4 ]. Oncology has 

to exploit this highly validated target for therapy 
[ 4 ]. Furthermore, in radiation therapy IMRT can 
be applied after determining hypoxic areas within 
a tumor enabling dose escalation during radiation 
therapies. In a so-called dose-painting process, 
the dose delivered to the hypoxic tissues can be 
individually adapted in order to overcome radia-
tion resistance depending on the severity of 
hypoxia [ 154 ]. Dose painting describes the 
administration of a nonuniform radiation dose 
distribution in the target volume which is based 
on functional or molecular images [ 155 ]. Yet the 
feasibility of IMRT has to be evaluated in clinical 
settings. 

 The main goal of radiation therapies is to 
destroy in a local treatment all tumor cells and to 
achieve a complete remission. The sparing of 
healthy tissues while destroying a maximum of 
the tumor via dose escalation is another objective 
aiming at a greater tumor control with lower side 
effects. The dependence of radiation resistance on 
hypoxia is well known and might be overcome by 
dose escalation in the hypoxic areas after detec-
tion. Currently no study describes the improve-
ment of outcome after enhancing the radiation 
dose to hypoxic tissues. For treatment planning in 
radiation therapy, PET imaging exhibits some 
limitations which have to be overcome. Usually, 
clinical PET scanners have a resolution of about 
2–4 mm, while the hypoxic areas within a tumor 
can exhibit dimensions of some 100 μm [ 105 , 
 156 ]. Therefore, only “partial volume effects” can 
be measured as one voxel might contain regions 
of normoxia as well as extreme hypoxia 
(Fig.  11.17 ). Additionally, also background noise, 
patient movements, and the tumor as dynamic 
system itself might modulate the intensities lead-
ing to irregularities and ambiguities in the PET 
signal. At a subvoxel scale the severity of hypoxia 
and the resulting level of radiosensitivity cannot 
be determined. Therefore, multiparametric imag-
ing combining MRI (BOLD) with PET as well as 
dynamic imaging might yield a better and syner-
gistically optimized representation of the actual 
tumor biology [ 41 ]. Another unresolved question 
so far is the infl uence of increased radiation 
applied to the  tissues. Nevertheless, dose painting 
seems to be a realistic and attractive concept 
which needs to be clinically proven.   
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    Conclusion 

 Several PET tracers for the noninvasive detec-
tion of hypoxia have been developed and inves-
tigated to predict the outcome and identify 
patients with an impaired prognosis due to 
hypoxia. The application of hypoxia tracers for 
PET and PET/CT provides so far a useful and 
informative value for the prognosis of rectal and 
cervical carcinoma, NSCLC, glioma, and head 
and neck tumors. Unfortunately, the imaging 
contrast in comparison to [ 18 F]FDG is relatively 
low and impedes the analysis. The establish-
ment and validation of hypoxia PET tracers is 
still under development, and the clinical use of 
these agents depends on how reliable their pre-
dictive value will prove to be. Nevertheless, 
PET, PET/CT, and PET/MRI offer the potential 
to optimize and individualize the treatments of 
patients suffering from hypoxic cancers. The 
risk stratifi cation of newly diagnosed tumors as 

well as tailored treatment could be possible 
using dose escalation and dose painting in 
radiotherapy as well as hypoxia-activated drugs. 
The road to personalized medicine requires 
molecular imaging beyond tumor detection as 
also the characterization of the tumor on a func-
tional level is of critical importance.     
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Abbreviations

BOLD Blood oxygen-level dependent
ESR Electron spin resonance
FLOOD  Flow and blood oxygenation level 

dependent sequence
FREDOM  Fluorocarbon Relaxometry using 

Echo planar imaging for Dynamic 
Oxygen Mapping

HFB Hexafluorobenzene
HiSS High spectral and spatial resolution
HMDSO Hexamethyldisiloxane
OE-MRI Oxygen-enhanced MRI
PFCs Perfluorocarbons
TOLD  Tissue Oxygen Level Dependant 

contrast MRI

12.1 Introduction

12.1.1 Clinical Relevance  
of Hypoxia Imaging

Tumor hypoxia promotes cell division and inva-
sion, angiogenesis, and inflammation and 
increases the metastatic risk [1–3]. Furthermore, 
tumor hypoxia is not only related to aggressive 
growth but also to an elevated resistance to a 
number of tumor treatment strategies like radia-
tion, chemotherapy, thermal ablation, and photo-
dynamic therapies [2, 4–10].

Accordingly, intensive laboratory and clinical 
efforts to overcome tumor hypoxia have been 
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made [11, 12]. Indeed, a threefold increase in 
radioresistance has been demonstrated when 
cells are irradiated under hypoxic conditions 
compared with normoxia, i.e., an oxygen partial 
pressure (pO2) of >15 Torr for a given single radi-
ation dose [13, 14]. The presence of hypoxic cells 
in human tumors is considered one of the princi-
pal reasons for the failure of radiation therapy. 
Wouters and Brown further showed the “interme-
diate” level of cell oxygenation between hypoxic 
and fully oxygenated was most predictive for the 
outcome of fractionated radiation [15]. Thus, 
they stressed the need to “measure tumor oxy-
genation in a manner that reflects the true oxy-
genation status of all the tumor cells, not just the 
ones most refractory to the effects of ionizing 
radiation.” Knowledge of tissue oxygenation, 
therefore, predicts the radiation response and 
regional tumor control [6].

12.1.2 Overview of MRI Methods to 
Measure the Oxygenation of 
Tumors

Much effort has been spent on the development 
of noninvasive oxygenation measurements with 
MRI [16, 17]. Many approaches exploit the effect 
of oxygen on the relaxation properties of tissue. In 
these examinations, short values of the reversible 
transverse relaxation time T2* (high R2* = 1/T2* 
values) are related to low blood oxygenation due 
to the paramagnetic nature of deoxygenated blood 
[18]. There is at least one study that exploits the 
longitudinal relaxation time T1 or R1 relaxivity 
of “free,” i.e., dissolved oxygen molecules [19] 
to measure the concentration of oxygen in CSF 
[20]. In order to separate the effect of oxygen on 
the relaxation parameters from other influences, 
methods have been devised that derive oxygen-
ation measures from the change of the relaxation 
parameters in response to oxygen- enhanced 
breathing challenges [21–32]. The results of these 
approaches are qualitative in nature but do not 
require any dedicated hardware or contrast agents 
other than conventional anesthesia gases.

Direct pO2 values can be obtained by 19F imag-
ing methods (Sect. 12.3) [17]. These techniques 

exploit the change of the longitudinal relaxation 
rate R1 of perfluorocarbon (PFC) reporter mole-
cules. The approach provides quantitative oxy-
genation measurements, but requires specific 
hardware (dual-tuned coils, multi-nuclei system). 
By analogy proton MRI oximetry in small ani-
mals was demonstrated using hexamethyldisilox-
ane (HMDSO) as a reporter [33–36]. The contrast 
agents are not yet clinically available. Another 
contrast-agent-dependent MR oximetry method 
makes use of the Overhauser effect, combining 
the advantages of MRI with the oxygen sensitivity 
of electron spin resonance (ESR) techniques [37]. 
Again, this method is able to provide 3D repre-
sentation of pO2 but using specific hardware and 
experimental contrast agents.

In addition, biomarkers of perfusion derived 
from dynamic contrast-enhanced MRI (DCE- 
MRI) have been shown in some studies to relate 
to genetic profiles of hypoxia [38], oxygen ten-
sion [39], and histological measurement of 
hypoxic fraction [40–42] with first promising 
results in cervix cancer patients [43, 44]. 
However, tissue oxygen tension and hypoxia are 
affected not only by oxygen delivery (perfusion) 
but also by diverse factors including hemoglobin 
saturation, vascular geometry, and consumption 
(oxidative phosphorylation). Therefore, DCE- 
MRI measurement of perfusion provides at best 
indirect estimates of hypoxia and in some cir-
cumstances bare little relationship to hypoxia at 
all [45].

12.2 MRI Hypoxia Methods

12.2.1 Relating R2* and R1 to 
Oxygenation

In 1990 Ogawa introduced the blood-oxygen- 
level-dependent imaging (BOLD) technique 
[18]. He showed that deoxygenated hemoglobin 
is paramagnetic and the susceptibility difference 
between blood and the surrounding tissue causes 
magnetic field gradients around the vessels 
(Fig. 12.1). These microscopic field inhomoge-
neities result in a shortening of T2* (increase of 
R2*) and thus in a signal loss in T2*-weighted 
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images. Since then, various groups investigated 
T2*-weighted signals and quantitative T2* or R2* 
values as markers for tissue oxygenation [22, 31, 
32, 47–50].

In pure blood, R2* can be approximated by a 
simple linear or quadratic function dependent on 
the concentration of deoxygenated hemoglobin 
the deoxyHb concentration (i.e. [deoxyHb]) and 
thus the blood-oxygen saturation (sO2) and the 
hematocrit level (Hct) [51]. In tissue, direct cor-
relation of sO2 or even pO2 with R2* is poor, 
though there are distinct trends [22, 32, 47, 50]. 
The deoxyHb fraction causes a frequency shift 
that is also dependent on the hematocrit (Hct), 
the volume fraction of the deoxygenated blood 
(dBVf), the vessel architecture, and the oxygen 
saturation in deoxyHb containing vessels (Y):

 
dw Dc~ dBV Hctf Y B⋅ ⋅ ⋅ −( ) ⋅0 1 0

 
(12.1)

A variety of approaches (qBOLD) attempt to 
quantify the frequency shift from the difference 
in gradient and spin echo signals [48, 52–55]. 
This adds new uncertainties, since this differ-
ence is also influenced by macroscopic field 

inhomogeneities, T2, and – depending on the 
sequence – also by water diffusion. Accordingly, 
preliminary results are encouraging, but the com-
plexity of the model and the examination is ham-
pering the clinical translation of the approach [56].

Likewise, the longitudinal relaxation time T1 
(or rate R1 = 1/T1) has been investigated as  oxygen 
marker. Notably, R1 scales with the concentra-
tion of “free,” i.e., dissolved oxygen molecules 
(i.e. [O2]) [19, 57]. This has been applied to oxim-
etry of well-defined microenvironments such as 
vitreous humor [58], but the separation of the pO2 
effects on R1 from other tissue-related effects by 
simple quantification of R1 is not straightforward, 
and native T1 mapping has not yet been utilized to 
assess the oxygenation of tumors.

12.2.2 Oxygen-Enhanced MRI

In the attempt to separate the influence of oxygen-
ation on the MR relaxation rates from other sources, 
different groups have investigated the change of the 
relaxation rates R2* and R1 during changes of oxy-
genation (e.g., induced by inhalation of oxygen) as a 

Blood compartment

oxyHb
O2

O2

O2

O2 molecule
dissolved in
plasma or tissue

O 2

O 2

O 2

O
2

deoxyHb
Fe
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Tissue voxel

Fig. 12.1 The oxygen 
transport from the lung to 
every cell of the body is 
described by two mecha-
nisms. Most of the oxygen 
molecules bind to hemoglo-
bin (Hb), whereas the 
minority of oxygen molecules 
dissolve in blood plasma and 
tissue fluids [46]. 
Deoxygenated hemoglobin 
(deoxyHb) and dissolved 
oxygen molecules are 
paramagnetic, increasing the 
R2* and R1 relaxation rates 
[18, 19]

12 MRI Hypoxia Measurements



272

marker for blood or tissue oxygenation, respectively. 
In response to oxygen breathing, the additional 
oxygen molecules bind to hemoglobin and dis-
solve in plasma and tissue fluids. In arterial blood, 
the fraction change of the deoxyHb concentration 
(i.e. [deoxyHb]) and thus R2* is negligible, but [O2] 
changes significantly due to a sixfold pO2 increase, 
causing an R1 increase. In venous blood pO2 doubles 
causing significant decrease in deoxyHb, which 
results in a strong R2* drop, whereas [O2], and thus 
R1, barely changes (Fig. 12.2). Breathing oxygen 
thus alters R1 and R2*, depending on the composi-
tion of a voxel but also dependent on blood flow and 
volume changes [61].

12.2.2.1 Oxygen-Enhanced MRI Using 
BOLD Contrast and R2* 
Quantification

The interest in R2*-weighted OE-MRI was 
mainly driven by clinical and preclinical results 
from the 1990s showing that the BOLD response 
to carbogen (abbrev. Cb and consisting of 95 % 
O2 and 5 % CO2) breathing differed between 
tumors and normal tissue [49, 62–64] (Fig. 12.3).

Since then, BOLD MRI has been frequently 
investigated as a monitoring tool to assess the 
tumor response to vasomodulation, e.g., using 
respiratory challenges (Cb) or drugs [21–26, 31, 
32, 65–67]. Although here MRI is not directly 
used to measure tumor hypoxia, it is still a help-
ful tool in the planning of therapies that aim at 
elevating the oxygen tension of tissue and by 
this alleviate the effect of hypoxia on the radio-
resistance of tumors. Preliminary work showed 
a good correlation between the changes in pO2 
and BOLD measures [22, 32, 67] during Cb 

breathing (Fig. 12.4), whereas the relationship 
between the native pO2 of tissue and the BOLD 
changes remains unclear.

On the other hand, there is preliminary but 
promising evidence – based on basic and mostly 
preclinical research – that the R2* response to Cb 
is determined by vascular function and 
 architecture [16, 23] and predicts the responsive-
ness of a tumor to a radiation treatment [31].

Various scanning techniques have been investi-
gated for oxygen-enhanced BOLD measure-
ments. R2*-weighted gradient-echo signal 
intensities are not only sensitive to changes of R2* 
and [deoxyHb] but also to changes of inflow and 
R1, particularly when using short TR and high flip 
angles [61]. Likewise, the quantitative ΔR2* esti-
mate can be derived from the logarithmic ratio of 
the signal intensities at two different time points 
(e.g., before and during oxygen breathing). The 
excellent temporal resolution of single gradient-
echo sequences, however, makes them well suited 
for dynamic volumetric experiments. With multi-
gradient-echo sequences and a multi-echo fit, it is 
possible to separate the R2* changes at the expense 
of either spatial or temporal resolution. 
Alternatively, R2* can also be derived from the 
line width of the water resonance peak using 
spectroscopic imaging. Using high spectral and 
spatial resolution (HiSS) MRI in a preclinical 
study, it was shown that the percentage difference 
in the height and integral of the water peak best 
correlates with the changes of pO2 during Cb 
breathing [21, 65, 67, 68]. Dynamic sampling of 
the R2* response is advisable since the kinetics of 
the response to an oxygen challenge depends on 
the underlying vasoreactivity and may differ 
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patient (right). The response curves represent the average 
response from all voxels within a ROI. In the volunteer, all 
voxels are selected; in the patient, ROIs representing 
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R2* response amplitude differs between normal and tumor 
tissue (c). The response in healthy brain parenchyma is 
well represented by a piecewise exponential function (b). 
The response in the pathological tissue is more complex 
(d) (Data: courtesy of Dr. Petra Mürtz, Prof. H. H. Schild, 
University of Bonn, Germany)
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Fig. 12.4 Relationships between pO2 and BOLD 
responses to oxygen challenge. (a) A significant linear 
correlation was found between mean increase in tissue 
pO2 (ΔpO2) and mean spin echo planar BOLD signal 
increase in nine 13762NF rat breast tumors with respect 
to oxygen breathing challenge (r2 < 0.7; p < 0.001). (b) 
Comparison of the final hypoxic fraction (HF10) with 

oxygen breathing as a function of BOLD signal response 
(ΔSI) suggests strong predictive value. For most tumors 
(6 of 9) a large BOLD response coincided with low resid-
ual HF10. A small BOLD response indicated a large resid-
ual hypoxic fraction in 2 of 3 tumors (Reproduced with 
permission from Zhao et al. [32]
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between normal and pathological tissue (Fig. 12.3). 
The optimal timing of any single pre and post 
measurement is thus hardly predictable. In normal 
tissue, the R2* response to an oxygen-enhanced 
block challenge is well described by piecewise 
exponential functions [28], and in pathological tis-
sue diverse kinetics have been observed [26].

12.2.2.2 Oxygen-Enhanced MRI Using 
TOLD Contrast and R1 
Quantification

In T1-weighted oxygen-enhanced MRI (OE-MRI) 
sometimes referred to as TOLD (Tissue-Oxygen- 
Level-Dependant contrast MRI), molecular oxy-
gen is inhaled in the form of either pure oxygen 
(100 % O2) or as an admixture of oxygen (typi-
cally 90–98 % O2) and a small percentage of car-
bon dioxide (typically 2–5 % CO2). It has been 
recognized for several decades that when molec-
ular oxygen is dissolved in blood and tissue 
plasma, the longitudinal relaxation rates of pro-
tons (termed R1) are increased [57, 69], but this 
contrast mechanism has only been exploited 
more recently enabled by improvements in MRI 
scanner hardware and analysis methods. Initial 
clinical interest has centered on how this tissue 
contrast mechanism may map regional oxygen 
tension in normal and diseased lungs [70–72]. 
Subsequent research has also addressed how this 
technique may detect, quantify, and map oxygen 
delivery from the lungs via the blood stream [73] 
to healthy tissues [20, 74–77] and to tumors [78, 
79]. As the method simply uses medical oxygen 
(or Cb) and standard MRI equipment, with no 
investigational tracers or devices, it is readily 
translatable between animal models and humans.

Initial preclinical experiments showed small, 
but significant increases in tumor R1 in squamous 
cell cancer murine models on challenge with 
100 % oxygen at both hyperbaric conditions [80] 
and normal pressure [78]. Similarly, significant 
increased in tumor R1 has been reported in the 
well-vascularized tumor tissue in Dunning R3327 
rat tumors [81], GH3 murine prolactinomas [82], 
orthotopic murine U87 glioblastoma breathing 
Cb [83], and in the peripheral zones of the rabbit 
VX2 carcinoma model induced both by 100 % 
oxygen and by various admixtures of hyperoxic 

gas containing up to 9 % CO2 [84]. In this latter 
study, elevated pO2 was detected using invasive 
measurements with the OxyLite system. Weak 
but significant positive relationship between 
tumor blood flow (measured by DCE-MRI) and 
magnitude of R1 increase induced by 100 % oxy-
gen was found.

Consistent data has been provided in three 
clinical studies of T1-weighted OE-MRI. An ini-
tial report of three patients with non-small cell 
lung cancer recorded small increases in tumor R1 
following Cb inhalation [85]. Subsequent study 
in patients with various solid tumors including 
ovarian, cervical, and gastrointestinal tract can-
cers showed increases in tumor R1 induced by 
100 % oxygen that had some spatial mismatch 
with perfusion measured by DCE-MRI [79]. 
Finally, similar data have been reported in well- 
vascularized regions of human glioblastoma mul-
tiforme [86].

These preclinical and clinical data suggest 
that in well-vascularized tumors, breathing 
hyperoxic gas causes an increase in tumor R1 due 
to an increased concentration of oxygen dis-
solved within the tissue plasma. However, not all 
tumor regions are well oxygenated with near- 
complete hemoglobin saturation, and little or no 
increase in tumor R1 has been reported in some 
models, for example, in sublines of the Dunning 
R3327 rat model where larger tumors, and those 
tumors with poor vascularization, showed dis-
tinctly different behavior from the significant 
changes detected in small well-vascularized 
lesions [81]. One explanation for these data is 
that negligible excess oxygen is delivered to 
some tumor regions and cannot be detected in the 
plasma and tissue fluid within those tumor 
regions.

More recently, it has been proposed that the 
signal changes observed in T1-weighted OE-MRI 
may be more subtle than first thought and may 
provide binary distinction of those tissue regions 
that are hypoxic and those that are normoxic. 
Decrease in R1 following oxygen inhalation in 
tumors has previously been reported [61, 87], 
and this may reflect hypoxic tumor regions with 
suboptimal hemoglobin saturation that show 
reduced blood R1 as oxygen molecules bind to 
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deoxygenated hemoglobin molecules and 
increase the ratio of oxygenated to deoxygenated 
hemoglobin [60, 88]. Thus, reduction in tumor R1 
may identify those hypoxic regions where avail-
able deoxygenated hemoglobin species bind 
excess delivered tissue oxygen.

Several studies have evaluated how T1- 
weighted OE-MRI affects tumor voxels that cor-
respond to hypoxic regions. In a subcutaneous 
murine U87 glioma model, both increase and 
decrease in R1 were measured. Increase in R1 cor-
responded to well-perfused tumor regions, 
whereas decrease in R1 corresponded to poorly 
perfused areas (Fig. 12.5). Moreover, the decrease 
in R1 correlated positively with hypoxic fraction 
measured by pimonidazole staining [86]. 
Regional decrease in R1 has also been reported in 
two studies of human glioblastoma [86, 87] that 
correspond to poor perfusion and slower R2*.

It should be stressed that while T1-weighted 
OE-MRI shows promise as a noninvasive method 
of mapping tumor oxygenation status and 

 identifying tumor hypoxia, the technique is in its 
infancy and has yet to be validated in multiple 
animal models and then qualified in clinical data.

12.2.2.3 Simultaneous Approaches
Limitations of the BOLD and TOLD approaches 
encompass the lack of specificity in the absence 
of a response. In case of BOLD measurements, 
this could be either due to the absence of blood 
or due to a high native blood oxygenation 
(absence of deoxyHb) [4]. In the case of TOLD, 
again, a negligible change can be either due to 
the absence of any O2 delivery or due to a high 
native deoxyHb concentration and a predomi-
nant binding of the additional O2 molecules to 
hemoglobin. Preliminary studies demonstrate 
that the joint measurement of R1 and R2* over-
comes this lack of specificity as shown in 
Fig. 12.6 [82, 86, 87, 89].

Steady-state short-TR gradient-echo 
sequences can be used to simultaneously esti-
mate R2* (from the gradient-echo signal at TE) 
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Fig. 12.5 T1-weighted OE-MRI and relationship to his-
tology in a U87 glioblastoma model. (a) OE-MRI shows 
areas of increased and decreased R1 (s−1). The negative R1 
corresponds to (b) negligible perfusion on DCE-MRI and 
(c) hypoxic tumor on pimonidazole staining. In distinc-
tion, a well-perfused vascular rim shows increase in R1. 

(d) In a cohort of six tumors, the percentage of the tumor 
with negative R1 changes in the area under the curve 
(AUC) correlated strongly with the percentage of tumor 
hypoxic area. There was also negative correlation between 
negative R1 changes and vessel density measured by 
CD31 (Data from Linnik et al. [86])
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and R1 (from the T1-weighted signal intensity at 
TE = 0 ms) [87]. Using high flip angles, slice- 
selective sequences and without outer signal sup-
pression the signal at TE = 0 ms are primarily 
influenced by inflow. Such a sequence has thus 
been investigated as simultaneous flow and blood 
oxygenation level dependent sequence (FLOOD) 
[90, 91]. In combination with lower flip angles 
and inflow suppression, the sequence becomes 
sensitive to both changes of deoxyHb, via R2*, 
and changes of dissolved oxygen molecules via 
R1. This approach has been used to detect tissue 
of non-normoxic characteristics in cerebral 
tumors [87, 92] (Fig. 12.7).

12.2.2.4 Conclusion on Oxygen- 
Enhanced MRI

The use of standard anesthesia gases and conven-
tional MR sequences makes T2*- and T1-weighted 
OE-MRI a promising approach towards qualita-
tive oxygenation assessment in clinical oncology. 

Future work needs to clarify the choice of gas 
inhaled (100 % oxygen vs. Cb) and the analysis 
methods employed (which biomarker should be 
derived). Since physiological changes other than 
oxygen dynamics can alter the tissue relaxation 
properties, not all signal changes can be ascribed 
to the presence of molecular oxygen or deoxyHb 
in a voxel, and this raises questions over whether 
an increase in tissue R1 or R2* can be calibrated 
into a measurement of tissue pO2. Well-designed 
histological and histographic experiments are 
required to understand the precise meaning of the 
signal changes in tumors with a range of vascular 
and hypoxic status.

12.2.3 19F MR Imaging

BOLD and TOLD MRI have the great advantage 
of exploiting endogenous contrast, either intrin-
sic or induced by inhaled oxygen. However, 
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Fig. 12.6 Schematic representation of 
tumor R1 and R2* induced changes 
following oxygen or Cb inhalation. (a) 
In regions that are well oxygenated, 
excess dissolved oxygen will increase 
the plasma and tissue fluid R1 but will 
have negligible effect on hemoglobin 
(Hb) saturation (hence small effect on 
R2*). (b) In distinction, hypoxic 
regions with suboptimal oxygen 
saturation will show preferential 
binding of excess oxygen molecules to 
deoxygenated Hb molecules, which 
reduces the content of paramagnetic 
deoxyHb, shortening both R2* and R1. 
(c) In the absence of deoxyHb (e.g., 
fluids like in cystic tumor regions or 
edema), the excess oxygen in solution 
prolongs both R1 and R2*. (d) 
Non-oxygenation-related R2* increase 
and R1 decrease, presumably related to 
vascular steal (Figure adapted from 
Remmele et al. [87])
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except in well-defined tissue milieux such as 
 vitreous humor of the eye [58, 93], CSF [94] or 
major blood vessels [95], they do not provide 
quantitative oximetry. Quantitative in vivo MR 
oximetry has been demonstrated based on the 
relaxation rates of perfluorocarbons (PFCs) using 
19F MRI, as pioneered by Thomas et al. [17, 96]. 
Dynamic pO2 measurements may be achieved 
within minutes from multiple locations within a 
tissue with a precision of 1–3 Torr in relatively 
hypoxic regions [17].

PFCs exhibit very high gas solubility, are 
essentially inert, and are nontoxic. For oximetry 
the most crucial property is the ideal liquid–gas 
interaction with oxygen, obeying Henry’s law 
and providing a linear dependence of the 19F 
spin–lattice relaxation rate R1 = A + B pO2 (e.g., 
Fig. 12.8), as reviewed previously [17, 96, 98]. 
The relationship has been reported across the 
whole range of pO2 values including hyperbaric 
conditions [99]. However, there is additional sen-
sitivity to magnetic field and temperature, neces-
sitating appropriate calibration curves [100–102]. 
PFCs are exceedingly hydrophobic so that oxygen 
sensitivity is independent of most environmental 
components, such as metal ion concentrations, 

pH, and proteins, and therefore calibration curves 
established in vitro may be applied in vivo [100, 
103–105]. MR oximetry has been demonstrated 
using various PFCs: initially perfluorotributyl-
amine and perfluorooctyl bromide were favored, 
but these multi-resonant reporters have been 
largely replaced by hexafluorobenzene (HFB) 
and perfluoro-15-crown-5 ether (15C5) [17, 106].

Hexafluorobenzene has many virtues as a 
reporter including high sensitivity to pO2, mini-
mal sensitivity to temperature, a single 19F reso-
nance, and ready availability [17, 101]. HFB 
does exhibit a particularly long T1 reaching 12 s 
under anoxic conditions at 4.7 T, potentially 
making data acquisition slow [17, 107]. To pro-
vide effective temporal resolution for dynamic 
measurements, Zhao et al. developed FREDOM 
(Fluorocarbon Relaxometry using Echo planar 
imaging for Dynamic Oxygen Mapping) [17], 
which typically provides pO2 maps in 6.5 min 
[107]. Recently Gallez et al. implemented a 
Look-Locker sequence generating maps in 90 s 
under similar conditions [108]. Tumor oximetry 
using HFB has been presented in various tumors 
growing in rats and mice [32, 107, 109–120]. 
Extensive intratumoral  heterogeneity has been 
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(red transparent section of the plot)
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normoxic tissue (red)

∆R1
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a b c

Fig. 12.7 Detection of tissue voxels with non-normoxic 
characteristics based on the simultaneous measurement of 
R1 and R2* in response to Cb. (a) T2-weighted image of a 
patient with a brain metastasis. (b) Non-normoxic voxels 
are detected based on the position in the ΔR1 over ΔR2* 

scatter plot respective to the position of voxels from a ref-
erence region (green). (c) Coloring of non-normoxic vox-
els (red) and the selected reference voxels (green) as 
overlay on an R2*-weighted image (Figure adapted from 
Remmele et al. [87])
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Fig. 12.8 Quantitative oximetry using 19F NMR. (a) The 
19F NMR spin–lattice relaxation rate (R1) of HFB (hexa-
fluorobenzene) shows a linear response to pO2: at 37 °C and 
4.7 T, R1 (s−1) = 0.0835 × 0.001876pO2 (Torr) (Adapted from 
Zhao et al. [17]). (b) HFB (50 μl) was injected directly into 
a Dunning prostate R3327-AT1 tumor (~0.7 cm3) growing 
in the thigh of a rat in a fan pattern to provide well-distrib-
uted signal throughout a plane of the tumor, as shown in the 
19F signal density map overlaid on a high-resolution T2*W 
image (M muscle, B bone marrow, T tumor). (c) pO2 maps 
were obtained using FREDOM, while the anesthetized rat 
breathed air (left) and after about 30 min oxygen breathing 
(right) revealing pO2 heterogeneity. (d) Dynamic changes in 
pO2 for three specific voxels (indicated by arrows in (c) upon 
oxygen breathing). Voxels 1 and 2 showed significant pO2 
enhancement (p < 0.01) [Rami Hallac (2012), Unpublished 
data]. (e) Acute response to vascular- disrupting agent 

observed by FREDOM in a representative subcutaneous 
13762NF rat breast tumor. pO2 maps indicated two separated 
groups of voxels representing central and peripheral tumor 
regions. Twenty-five individual voxels were traceable from 
the pretreated baseline to 2 h after administration of the vas-
cular-disrupting agent combretastatin (CA4P, Zybrestat®), 
and further measurements were possible 24 h posttreatment. 
Significant decrease in pO2 was evident for all the individual 
voxels after CA4P, and pO2 no longer responded to oxygen 
inhalation after 2 h. The 24 h maps showed improved pO2 
and significant response to  oxygen breathing in the periph-
eral region, but not in the  central region. (f) Mean pO2 curves 
are shown for the peripheral (□) and central (●) voxels of 
this tumor. *p < 0.05 from baseline air, +p < 0.05 from 24 h 
air, ‡p < 0.05 from  periphery (Data and or figures adapted 
from Zhao et al. [97])

S. Remmele et al.



279

reported (see, e.g., Fig. 12.9a, b) with hypoxic 
fractions ranging from HF10 = 16 % in small 
Dunning prostate R3327-H tumors to 83 % in 
large R3327-AT1 tumors on anesthetized rats 
breathing air, commensurate with the “gold 
standard” Eppendorf electrode system [114]. 
While deposition of reporter molecule requires 
needle insertion into the tissue, just as with 
needle electrodes, 19F oximetry has the great 

advantage of allowing repeat noninvasive pO2 
measurements (e.g., Figs. 12.8c and 12.9a, b). 
The use of a fine sharp needle (e.g., 32 gauge) 
and small volumes of reporter molecule (typi-
cally, 10–100 μl) makes the approach minimally 
invasive.

19F MR oximetry is particularly useful for 
evaluating acute response to interventions, most 
commonly hyperoxic gas breathing challenges, 

120

100

80

60

40

20

0
0

100 % O2

100 % O2

21 % O2

R
el

at
iv

e 
fr

eq
ue

nc
y m

.7

.7

.6

.5

.4

.3

.2

.1
0 0

.2

.4

.6

.8

1

<10 20 40 60 80
pO2 (Torr)

100 120 140 >160
0 20

Control Air O2

Irradiation

40 60
Days after irradiation

80 100 120 140

.6

.5

.4

.3

.2

.1
0mx

x

21 % O2

a c

d
b

20 40

Mean pO2 (Torr)

T
2 

(d
ay

s)

60 80 100 120

Fig. 12.9 Modulating tumor hypoxia to enhance radia-
tion response. (a) pO2 maps obtained using FREDOM in a 
large Dunning prostate R3327-HI tumor (3.5 cm3) follow-
ing direct injection of HFB (45 μl) using 32G needle. The 
tumor exhibited considerable hypoxia, but some regions 
were better oxygenated (mean pO2 = 3.3 ± 1.0 (SE) Torr; 
median pO2 = 5.4 Torr; range 0–56 Torr), while anesthe-
tized rat breathed air (21 % O2). Switching to oxygen 
inhalation essentially eliminated all hypoxia in this tumor 
as seen in map obtained 16–24 min after switching gas; 
mean pO2 = 63.8 ± 2.1 Torr ; median pO2 = 56.4 Torr; range 
7.6–262 Torr. (b) Histograms showing pO2 distributions 
in regions of a group of five large tumors [size range 3.1–
5.9 cm3]. During air breathing considerable hypoxia was 
observed, but this was significantly modified when rats 
breathed O2: arrows indicate mean (x) and median (m) 

pO2’s. (c) Tumor volume doubling time (T2) following 
irradiation (single dose of 30 Gy = half the TCD50) 
showed a strong correlation with estimated pO2 (it was 
actually measured using FREDOM on the previous day, 
while rat breathed relevant gas). Blue triangles represent 
large tumors breathing air during irradiation, while red 
circles represent large tumors on rats breathing oxygen 
during irradiation. Green squares represent two small 
tumors with air breathing. (d) Kaplan–Meier hazard plots 
indicate T2 for large R3327-HI tumors. Tumors on rats 
breathing air during irradiation showed little benefit over 
controls. By contrast, a significant growth delay (51 days; 
p < 0.01) was observed in large HI tumors, when rats 
breathed oxygen 30 min prior to and during irradiation 
[119–121]
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(e.g., Figs. 12.8 and 12.9) [17, 32, 107, 117–123], 
since these are predicted to modulate tumor 
hypoxia. pO2 distributions and measurements at 
individual locations have been reported to be highly 
reproducible and generally quite stable under base-
line conditions (Figs. 12.8d) [117, 118, 123].

Perfluorocarbon may be injected into a single 
location providing local pO2 by spectroscopy 
with spatial discrimination by virtue of the dis-
crete site of injection [101]. However, recogniz-
ing tumor heterogeneity [3, 114] it is preferable 
to distribute the PFC, so as to sample diverse 
regions and provide a representation of the whole 
tumor [17] (Figs. 12.8 and 12.9).

The greatest strength is the ability to examine 
differential local tissue behavior to interventions. 
In most tumors, regions which are well oxygen-
ated show substantial response to hyperoxic gas 
breathing, while initially hypoxic regions (<5 
Torr) are generally quite unresponsive to acute 
interventions (Fig. 12.8) [101, 118, 121]. However 
specific tumor types show different behavior with 
significant response of even quite hypoxic regions 
to breathing oxygen [111, 118–120]. Notably, 
large Dunning prostate R3327-HI tumors showed 
extensive hypoxia, which was essentially elimi-
nated by breathing oxygen (Fig. 12.9) [118, 120, 
123]. Such modulation has been correlated with 
improved response to high- dose radiation, and a 
direct relationship was observed between pO2 at 
time of irradiation and subsequent tumor volume 
doubling time (Fig. 12.9c) [109, 120].

Other 19F MR oximetry studies have examined 
tumor pO2 response to castration [115], 
 pharmaceutical drugs, or experimental agents, 
notably vasoactive agents such as hydralazine 
[121] and vascular-disrupting agents, such as 
combretastatin (e.g., Fig. 12.8e, f), anti-VCAM1-
tTF (truncated tissue factor) coaguligand, and 
arsenic trioxide [97, 110, 113, 124].

Direct intratumoral injection of reporter mole-
cule into subcutaneous tumors allows immediate 
interrogation of regions of interest. Oximetry based 

on direct injection into tissues has been reported in 
diverse tissues allowing measurement of oxygen-
ation in the retina [125–127]; cerebral, interstitial, 
and ventricular spaces [128]; the brain, kidney, 
liver, gut, and muscle [35, 36, 129, 130]; and diverse 
tumors [17, 32, 97, 101, 107, 108, 110, 112, 115–
120, 131]. Early observations, and many current 
implementations, have used systemic delivery of 
perfluorocarbon emulsions (PFCEs). These were 
originally developed as synthetic blood substitutes 
and may be administered intravenously (IV). 
Following IV infusion, a typical PFCE circulates 
with a vascular half-life of 12 h, and several reports 
examined tissue vascular pO2, while PFC remained 
in the blood [103, 132–135]. The particulate nature 
of PFCEs leads to extensive macrophage uptake 
and sequestration in the reticuloendothelial system 
[136]. Therefore oximetry is particularly efficient in 
the liver and spleen with reports examining pO2 
response to oxygen breathing challenge or the influ-
ence of von Hippel-Lindau (VHL) expression and 
inactivation in transgenic mice [137–141]. Many 
PFCs show long-term tissue retention (perfluorotri-
propylamine is reported to have a half-life of 65 
days in the liver [142]) allowing noninvasive oxim-
etry in vivo over a period of weeks. Systemic deliv-
ery of reporter molecules does tend to bias 
measurements towards well-perfused tumor 
regions, and thus initial measurements may 
approach arterial pO2 [143, 144], but the approach 
has allowed long- term assessment of hypoxiation 
accompanying tumor growth (Fig. 12.10).

Any technique has optimal applications and 
potential limitations. Currently, 19F remains eso-
teric on human scanners, and thus alternative 
approaches may be better suited to translational 
oximetry. The need for a reporter molecule also 
raises issues of FDA approval, and thus 19F MR 
oximetry is probably most suitable for quantita-
tive work in small animals. It is also highly suit-
able for comparison with and/or validation of 
other methods, such as BOLD and TOLD, as 
discussed in other sections of this chapter.
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12.3 Summary and Future 
Perspective

Hypoxia is one of the key parameters in oncol-
ogy, and the assessment of tumor hypoxia with 
MRI has thus been, and still is, a matter of exten-
sive research. Table 12.1 summarizes the MR 
oxygenation methods discussed in this chapter. 
Whereas native relaxometry approaches are lim-
ited in specificity, oxygen-enhanced R2* and R1 
have a considerable promise as molecular imag-
ing techniques to qualitatively interrogate tumor 
oxygen delivery and hypoxia. The prerequisite 

for their clinical acceptance and success, how-
ever, is either a full understanding of the underly-
ing hemodynamic and oxygenation-related 
mechanisms or a proven relevance in a large 
patient study, e.g., correlating OE-MRI results 
with radiation outcome. The clinical acceptance 
of 19F methods might be hampered by the need 
for dedicated transmit and receive MR technol-
ogy as well as for approved and commercially 
attractive contrast agents. On the other hand, the 
ability of 19F MRI to deliver quantitative pO2 
measures makes it a strong and important tool for 
oncologic and pharmaceutical research.
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Fig. 12.10 Tumor hypoxiation accompanying growth. 
(a) Oxypherol blood substitute emulsion was adminis-
tered intravenously to a rat bearing a Dunning prostate 
tumor R3327-AT1 and became sequestered in tissue. 
Following vascular clearance 19F MRI was used to deter-
mine the distribution of perfluorocarbon, which is over-
laid on tumor outline from correlated proton MRI. 
Fluorine-19 spectroscopic relaxometry was used to mea-
sure pO2 in the tumor with repeated measurements over a 
period of 3 weeks revealing the variation in local pO2 dur-
ing tumor growth. Perfluorocarbon initially resided in the 

vascularized peripheral region of the tumor, and pO2 was 
found to be about 75 Torr in the small tumor (diameter 
about 1 cm). As the tumor grew, the sequestered PFC 
retained its original distribution, but when the tumor had 
doubled in size, the residual PFC was predominantly in 
the core of the tumor and the pO2 of this region was 0 Torr 
indicating central tumor hypoxia. (b) Variation in mean 
pO2 for a group of six tumors over 16 days showing sig-
nificant hypoxiation of the tissue *p < 0.05; **p < 0.002, 
***p < 0.001 (Figures reproduced from Mason et al. 
[144])
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  IAUC    Initial area under the contrast 
agent concentration–time curve   

  IRF    Impulse residue function   
   k  ep     Exchange rate constant   
   K  trans     Endothelial transfer coeffi cient   
  mM    Millimolar   
  mm 2     Square millimeter   
  MMCAs    Macromolecular contrast agents   
  MRI    Magnetic resonance imaging   
  MRS    Magnetic resonance spectroscopy   
  MRSI    Magnetic resonance spectro-

scopic imaging   
  MTT    Mean transit time   
  MVD    Microvessel density   
  Na    Sodium   
  NTP    Nucleoside triphosphates   
  P    Phosphorus   
  P MRS    Phosphor magnetic resonance 

spectroscopy   
  P i     Inorganic phosphor   
  rBF    Relative blood fl ow   
  rBV    Relative blood volume   
  s    Second   
  T1    Longitudinal relaxation time   
  T2    Transverse relaxation time   
  T2*    Relaxation time caused by 

spin–spin interactions and local 
magnetic fi eld inhomogeneities   

  tCho    Choline compounds (total 
choline)   

  tCr    Creatine compounds (total 
creatine)   

  TTP    Time to peak   
  USPIOs    Ultrasmall iron oxide particle s   
  UTP    Uridine-5′-triphosphate   
   v  e     Extravascular extracellular 

space fractional volume   

13.1           Introduction 

 Functional and molecular imaging enable visu-
alization of tumor pathophysiology, providing 
information on the cellularity, vascular function, 
metabolism, and molecular biology of the tumor 
tissue. Functional imaging combines infor-
mation on tumor morphology with quantifi ed 
information on underlying tissue  characteristics 

( imaging biomarkers). Among all functional 
imaging  technologies, magnetic resonance imag-
ing (MRI) is emerging as one of the most prom-
ising, because of its versatility, noninvasiveness, 
and lack of exposure to ionizing radiation. 

 In this chapter, we will address the various 
functional imaging techniques (MRI, CT, and 
ultrasonography) with respect to its technical 
principles and possible applications in clini-
cal practice. Among the vascular imaging tech-
nologies, dynamic contrast-enhanced magnetic 
resonance imaging (DCE-MRI) received the 
largest attention in the clinics, and therefore, 
DCE-MRI is the focus of our review. We will 
explain DCE- MRI using low molecular weight 
and macromolecular contrast agents as well as 
alternative technology for vascular MR imag-
ing: arterial spin labeling (ASL) and dynamic-
susceptibility contrast (DSC-MRI). We will also 
discuss vascular imaging technology with CT 
and contrast- enhanced ultrasonography (CEUS). 
Diffusion-weighted MRI (DWI-MRI), its princi-
ples and its ability to probe the tumor cellularity, 
will be addressed as well as metabolic imaging 
with magnetic resonance spectroscopy (MRS). 
Metabolic imaging with nuclear techniques has 
been the focus of the previous chapter and is out-
side the scope of this chapter.  

13.2     Vascular Imaging 

 Noninvasive vascular imaging strategies enable 
characterization of the vasculature in the entire 
tumor volume and permit the longitudinal fol-
low- up of a patient. Importantly, and in con-
trast to histopathological methods, they assess 
the functional status of tumor vessels, which 
appears to be diagnostically more relevant 
than morphological/structural information. The 
majority of the vascular imaging methods use 
contrast agents to highlight the vascular bed 
and quantify its functional features. The quan-
titative vascular measurement method has been 
proposed as the potential surrogate maker of 
therapeutic response. However, its true diag-
nostic relevance needs to be further evaluated in 
clinical trials. 
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13.2.1     Dynamic 
Contrast-Enhanced MRI 

 Dynamic contrast-enhanced MRI (DCE-MRI) with 
low molecular weight contrast agent s is the most 
widely applied vascular imaging method in the 
clinical  setting. In DCE-MRI, the vascular function 
is assessed indirectly by monitoring the pharmaco-
kinetics of an intravenously administered contrast 
agent with dynamic T 1  -weighted scan. Gadolinium 
(Gd) chelates, commonly used for this purpose, are 
small hydrophilic molecules characterized by short 
circulation half-life of typically less than half an 
hour. Examples of these contrast agents are 
Gd-DTPA (Magnevist), Gd-HP-DO3A (ProHance), 

and Gd-DOTA (Dotarem). After  systemic injection, 
these agents are rapidly distributed throughout the 
body, passing through the endothelium of normal 
vessels, with the exception of those of the central 
nervous system (CNS). However, in pathological 
processes such as a brain tumor, which are associ-
ated with the disturbance of blood–brain barrier, Gd 
chelates are able to accumulate in the affected 
regions of the CNS as well. After reaching the tis-
sue, the agent remains in the extracellular space 
during a short period with a concentration plateau, 
regulated by equal infl ux and effl ux rates, and then 
followed by the washout phase. The schematic rep-
resentation of DCE-MRI principles on the tissue 
level is displayed in the Fig.  13.1a .

Artery Capillary

Endothelial
transfer

Tumor cells

Extracellular extravascular space

Vein

Contrast
agent

a

b c

  Fig. 13.1    ( a ) Schematic illustration of the DCE-MRI 
technique in tumor tissue. Intravenously injected MRI 
contrast agent arrives from arteries in the capillary bed of 
the tumor tissue and extravasates into the tumor extracel-
lular space. The kinetics of MR signal changes observed 
in the tumor can be analyzed qualitatively or quantita-
tively to provide characterization of tissue perfusion, cap-
illary permeability, exchange kinetics, and the volume of 

extracellular extravascular space.  Lower panel  displays 
contrast-enhanced T1w images of a slice through the pel-
vis of a patient with rectal tumor before ( b ) and after 
chemoradiotherapy ( c ). The primary tumor, which is 
delineated with the  blacked dashed line , displays high 
enhancement ( b ), whereas residual tissue after chemora-
diotherapy, defi ned by the  white dashed line , is poorly 
enhancing ( c )       
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   Although Gd chelates are able to pass the 
 normal endothelium, generating contrast in nor-
mal tissue, specifi c features of tumor vessels 
enable their differentiation from the surrounding 
tissue. The degree of signal enhancement depends 
on the tissue perfusion, the arterial input function 
(AIF, i.e., the concentration–time course of con-
trast agent in the artery supplying the tissue), the 
capillary surface area, the capillary permeability, 
and the volume fraction of the extracellular extra-
vascular space (EES). The hyperpermeability 
and, usually, large volume of the tumor vascular 
bed are key factors, which contribute to strong 
DCE-MRI contrast in the tumor (Fig.  13.1b ). 
However, after (chemo)radiotherapy, this high 
enhancement may decrease considerably as 
a result of the replacement of well-vascular-
ized tumor by poorly vascularized scar tissue 
(Fig.  13.1c ). The magnitude and dynamics of 
contrast enhancement can be expressed either in a 
qualitative or in a (semi)quantitative manner. The 
former method involves the visual assessment 
of an obviously enhancing tumor area, and it is 
commonly performed in the radiological prac-
tice. Furthermore, the temporal profi le of tumor 
enhancement can be assigned into one of three 
qualitative categories: (1) progressive enhance-
ment pattern (washin), which shows  continuous 
increase in signal intensity throughout time; (2) 
persistent enhancement pattern, displaying ini-
tial uptake followed by plateau phase; and (3) 
washout pattern, which has a relatively rapid 
uptake followed by reduction in enhancement 
towards the latter time points [ 1 ]. This method 
is predominantly exploited in breast cancer diag-
nostics and considers the type three enhancement 
pattern as strongly suggestive of malignancy. 
Importantly, DCE-MRI can deliver quantitative 
and (patho)physiologically meaningful vascu-
lar parameters. In order to assess these kinetic 
parameters, signal changes following the admin-
istration of a Gd chelate should be converted into 
the contrast agent concentration–time curves. To 
this aim, baseline T 1   values are  measured in the 
tumor before DCE-MRI acquisition or the refer-
ence tissue method is applied [ 2 ]. Alternatively, 
unconverted relative MR signal intensity curves 

can serve the  determination of semiquantitative 
kinetic  parameters. The descriptive or semi-
quantitative kinetic parameters, such as the ini-
tial amplitude of MRI signal enhancement (A), 
initial area under the contrast agent concentra-
tion–time curve (IAUC), and initial slope or time 
to peak (TTP) of the concentration–time curve, 
are derived without using pharmacokinetic mod-
eling. These parameters are straightforward; 
however, they are highly infl uenced by the exper-
imental setup [ 3 ]. In contrast, pharmacokinetic 
parameters, such as the endothelial transfer coef-
fi cient ( K  trans ), the exchange rate constant ( k  ep ), 
and the EES fractional volume ( v  e ), assessed by 
using mathematical models to fi t the data [ 4 ], are 
considered to be more physiologically meaning-
ful, and they are less sensitive to the experimen-
tal conditions [ 3 ]. An example of the sensitivity 
of  K  trans  and  k  ep  to chemoradiotherapy- induced 
changes in the tumor vasculature is displayed in 
Fig.  13.2 .

   An important feature of the tumor vasculature 
is its heterogeneity. Therefore, pixel-by-pixel 
analysis of DCE-MRI data is the preferred 
method, providing parameter maps [ 5 ]. The anal-
ysis of the parameter distribution provided better 
prediction of the therapeutic response in breast 
cancer patients [ 6 ] and tumor recurrence after 
radiotherapy in patients with cervical carcinoma 
[ 7 ], as compared to mean or median value. 

 Dynamic contrast-enhanced MRI with macro-
molecular contrast agent s is a novel vascular 
imaging method, which exploits macromolecular 
contrast agents (MMCAs) to assess the tissue 
vascular characteristics. The pharmacokinetic 
properties of MMCAs differ considerably from 
those of the low molecular weight Gd chelates. 
Their macromolecular size, ranging from a few 
to a few hundred nanometers, does not allow 
them to cross the endothelial layer of normal ves-
sels. Moreover, generally, they are designed as 
long-circulating agents with a blood circulation 
half-life of the order of several hours. In the 
tumor microenvironment, the enhanced endothe-
lial permeability enables extravasation of macro-
molecular agents. However, this process is much 
slower than in the case of low molecular weight 
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contrast agents. Therefore, the separate assess-
ment of vascular parameters, such as blood vol-
ume and vascular permeability, is considered to 
be more accurate [ 8 ]. So far, neither of the 
MMCAs is routinely used in the oncological 
diagnostics. Examples of MMCAs that have 
entered clinical trials include the Gd-cascade 
polymer (Gadomer-17) and P792 (Vistarem). 
Furthermore, an interesting group of MMCAs 
are Gd complexes, which bind reversibly to 
endogenous albumin, such as Gd-BOPTA 
(MultiHance) or gadofosveset (AngioMARK/
Vasovist/Ablavar). Ultrasmall iron oxide parti-
cle s (USPIOs), such as feruglose (Clariscan) or 
ferumoxtran- 10 (Resovist S), belong to the 
MMCAs as well. Delayed imaging after intrave-
nous injection with USPIOs has been employed 
to detect metastatic spread in lymph nodes, liver, 
and bone marrow [ 9 ,  10 ]. Interestingly, in addi-
tion to the blood volume and vascular permeabil-

ity, the USPIO-based readout also provides 
estimates of the vessel diameter [ 11 ], which can 
serve as a valuable marker of the antiangiogenic 
effects. 

 Dynamic-susceptibility contrast (DSC) MRI, 
also known as bolus-tracking MRI, is a dynamic 
MRI method that provides estimates of perfusion 
and other hemodynamic parameters. It exploits 
T2* sequences to monitor the passage of contrast 
material through a capillary bed, which presents 
as decrease in MR signal intensity [ 12 ]. The 
degree of signal loss is dependent on the vascular 
concentration of the contrast agent and microves-
sel size and volume. DSC-MRI can therefore 
provide quantitative indicatives of relative blood 
volume (rBV), relative blood fl ow (rBF), and 
mean transit time (MTT) derived from the fi rst 
pass of contrast agent through the microcircula-
tion [ 13 ]. DSC-MRI is most reliably used for nor-
mal brain and non-enhancing brain lesions, e.g., 
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  Fig. 13.2    DCE-MRI assessment of chemoradiotherapy-
induced changes in the tumor vasculature. Representative 
T2-weighted images ( T   2   w ) and maps of the endothelial 
transfer coeffi cient ( K   trans  ) and the exchange rate constant 
( k   ep

  ) obtained for a rectal cancer patient at the primary 
staging ( upper panel ) and after 8 weeks’ interval follow-
ing the neoadjuvant chemoradiotherapy ( lower panel ). 

The tumor location in the pre-therapy state is indicated by 
“T.” In the  lower panel ,  arrows  point to the potential 
residual tumor tissue after chemoradiotherapy, whereas 
the symbol “M” indicates the edematous mucosa. Both 
types of pharmacokinetic maps show a dramatic decrease 
in the parameter values after chemoradiotherapy, which 
indicates the vascular regression       
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low-grade gliomas, because the contrast medium 
is retained within the intravascular space [ 13 , 
 14 ]. In contrast, it cannot readily be applied to 
areas of marked blood–brain barrier breakdown 
or to extracranial tumors with very leaky blood 
vessels. This is because the T1 enhancing effects 
of Gd chelates can counteract the T2* signal 
lowering effects, resulting in falsely low blood 
volume values in very leaky vessels [ 15 ]. A solu-
tion to overcoming this problem is to use non-
gadolinium susceptibility contrast agents, which 
have a strong T2* effect but a weak T1 effect. 
The signal loss observed with T2*-weighted 
sequences has been used qualitatively in clini-
cal studies to characterize liver, breast, and brain 
tumors [ 16 – 18 ].  

13.2.2     Noninvasive Vascular MR 
Imaging 

 Arterial spin labeling (ASL) is a completely 
noninvasive vascular MR method, which 
exploits arterial water as an endogenous tracer. 
It is therefore very desired for the longitudinal 
patient follow- up. Importantly, ASL yields 
absolute measurements of blood fl ow at high 
spatial and temporal resolution [ 19 ]. In ASL, the 
proton spins of the arterial water are magneti-
cally labeled, i.e., undergo either saturation or 
inversion, prior to reaching the imaged volume. 
Blood fl owing into the imaging slice exchanges 
with tissue water, altering the tissue magnetiza-
tion. A perfusion-weighted image can be gener-
ated by the subtraction of a “labeled” image 
from a control image, in which spin labeling has 
not been performed. ASL has been clinically 
applied in the assessment of cerebral blood fl ow 
in various pathological states, including cere-
brovascular disease, neurodegenerative disease, 
and epilepsy. In oncology, the ASL application 
has been mainly limited to brain tumors [ 20 , 
 21 ]. In extracranial tumors, however, technical 
challenges limit the ability to label the supply-
ing vessels of the tumor [ 22 ]. Moreover, it is 
sometimes diffi cult to differentiate the tumor-
feeding artery. Nevertheless, some preclinical 
and clinical studies have shown potential of 

ASL for cancer diagnosis and therapy evalua-
tion at peripheral locations [ 23 ,  24 ].  

13.2.3     Perfusion CT 

 Computed tomography (CT) is currently one of 
the most commonly used imaging modalities 
because of widespread availability, reasonable 
costs, fast image acquisition, whole-body 3D 
coverage, and high spatial resolution. On the 
other hand, CT has several important disadvan-
tages, including the use of ionizing radiation, 
poor soft tissue contrast, and limited functional 
information. In clinical oncology, contrast- 
enhanced CT plays an important role, being the 
imaging method of choice for monitoring of pul-
monary, hepatic, mediastinal, and retroperito-
neal lymph node metastases [ 25 ]. Perfusion CT, 
a dynamic contrast-enhanced CT method, also 
aspires for the position in cancer diagnostics, by 
generating (patho)physiologically relevant 
hemodynamic parameters. Although perfusion 
CT can be readily incorporated into existing CT 
protocols, clinical experience has largely com-
prised preliminary studies and few large-scale 
clinical trials have been performed [ 26 ]. 

 A perfusion CT measurement consists of a 
dynamic series of images acquired before, dur-
ing, and after an intravenous bolus of iodinated 
contrast material. The fi rst pass of contrast agent 
through the vascular system typically comprises 
the fi rst 45–60 s post-contrast. Over time, increas-
ing amounts of contrast material pass into the 
extravascular space until equilibrium is reached 
at approximately 2 min post-contrast. The result-
ing temporal changes in contrast enhancement 
can be used to assess a range of parameters that 
refl ect the functional status of the tissue vascula-
ture. As a consequence of the two-compartment 
kinetics of a contrast agent, there are two catego-
ries of (patho)physiological data that are obtained 
from perfusion CT data. The intravascular phase 
of enhancement provides estimation of the perfu-
sion, i.e., blood fl ow per unit volume or mass of 
tissue, and the relative blood volume. The extra-
vascular phase can be used to evaluate vascular 
permeability exploiting the fact that tumor blood 
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vessels are abnormally permeable to circulating 
molecules [ 27 ]. 

 Vascular function of the imaged tissue can be 
expressed by means of semiquantitative and 
quantitative parameters. Semiquantitative param-
eters, such as the enhancement peak or enhance-
ment rate, are obtained from tumor time–
attenuation curves and have been shown to cor-
relate with MVD in lung and renal cancer [ 28 , 
 29 ]. Compartmental analysis and deconvolution 
represent the two most widely used quantitative 
analysis methods for determination of perfusion 
and other vascular parameters from dynamic CT 
data. Compartmental analysis for fi rst-pass stud-
ies considers the intravascular and extravascular 
spaces as a single compartment, which can be 
done prior to the moment when contrast medium 
appears in the draining veins of the tissue of 
interest. Perfusion is calculated either from the 
maximal slope of the tissue concentration–time 
curve or from its peak height, normalized to the 
arterial input function. A two-compartment 
model is used for measurements of capillary per-
meability and blood volume [ 27 ]. Deconvolution 
method uses arterial and tissue time–attenuation 
curves to calculate the impulse residue function 
(IRF) for the tissue of interest, where the IRF is a 
theoretical tissue curve that would be obtained 
from an instantaneous arterial input [ 27 ]. 
Compartmental analysis and deconvolution 
methods have both been validated against other 
reference standards both in animals and humans, 
showing high accuracy and reproducibility 
[ 30 – 32 ].  

13.2.4     Contrast-Enhanced 
Ultrasonography (CEUS) 

 Contrast-enhanced ultrasonography (CEUS) 
imaging emerges as the most popular medical 
imaging modality, which can be attributed to the 
low cost per examination and high safety profi le. 
Due to poor scattering of ultrasonic waves by 
blood, the US contrast agents have been devel-
oped to assess the functional tissue status. The US 
contrast agents consist of micron-sized gas 
 bubbles encapsulated in biodegradable shells. 

In contrast to both CT- and MRI-based methods, 
CEUS enables the visualization of tissue capil-
lary network. This unique feature is due to a high 
sensitivity of US to very small amounts of con-
trast agent, even to a single bubble. Furthermore, 
because sonography is a dynamic method that is 
performed in real time, the tissue perfusion prop-
erties can be deduced from both the infl ux and 
washout of the contrast media. In addition, sig-
nals from the microbubbles enable the visualiza-
tion of slow fl ow in microscopic vessels. CEUS 
is now routinely used for diagnosis, particularly 
for the detection and characterization of various 
liver tumors [ 33 ]. More detailed description of 
the methodological principles of CEUS and its 
clinical applicability can be found in the recent 
review by Postema and Gilja [ 34 ]. In addition to 
conventional CEUS, double contrast-enhanced 
ultrasound (DCUS) has been recently developed 
to improve the assessment of gastric cancer [ 35 ]. 
In clinical application of this methodology, the 
use of an oral US contrast agent reveals the three- 
layered structure of the gastric wall, while the 
application of an intravenous contrast reveals the 
dynamic features of tumor vascularity. DCUS is 
considered as superior to the traditional staging 
methods for gastric cancer since it can assess the 
depth of tumor penetration and the presence of 
lymph node metastases. In addition, a few 
research groups proposed blood fl ow measure-
ments by Doppler ultrasonography for therapy 
monitoring in different malignancies [ 36 – 38 ].   

13.3     Cellular Viability/Density 
Imaging with Diffusion MRI 

 Diffusion-weighted MR imaging (DWI) is a 
technique that is increasingly gaining ground 
within the fi eld of oncology. The contrast in DWI 
is derived from differences in the microscopic 
movement (“diffusion”) of water protons between 
different tissues. The degree of water diffusion is 
mainly dependent on a tissue’s cellular density, 
the presence of intact cell membranes, and the 
viscosity of fl uids. In tissues with a dense cel-
lular structure, with many intact cell membranes, 
or within fl uids with a highly viscous content, 
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the movement of water protons is restricted. 
In  contrast, the loss of cellularity, e.g., as a result 
of chemotherapy, is associated with an increase 
in the water diffusion and can be measured by 
DWI (Fig.  13.3 ) [ 39 ]. Diffusion weighting is 
typically obtained by applying two bipolar dif-
fusion sensitizing gradients to a T2-weighted 
spin echo sequence. The gradient duration, the 
amplitude, and the interval between the two 
 gradients together determine the degree of diffu-
sion weighting (referred to as the “b-value”). On 
high b-value (e.g., b800–1000) diffusion images, 
the signal from most soft tissues is suppressed, 
and the only signal that remains is that of high 
cellular structures, such as malignant tumors, 
but also some normal anatomical structures such 
as nerves and lymphoid tissues. Traditionally, 
DWI was mainly used in neurologic imaging 
to detect areas of brain ischemia, an indication 
for which DWI has proven itself invaluable. 

In the early years, body DWI was not deemed 
feasible due to artifacts caused by limitations 
in the scan technique, the presence of air-fi lled 
spaces (lungs, bowels), and respiratory motion. 
Nowadays, however, these limitations have been 
largely overcome, and extracranial applications 
of DWI are rapidly emerging. One of the current 
cornerstones of DWI is the evaluation of malig-
nancies. Numerous studies have shown the value 
of diffusion for the detection of malignant tumors 
within specifi c organs such as the liver and pros-
tate [ 40 ,  41 ] but also in the whole-body setting 
to assess the extent of disease in patients with 
lymphoma or to screen for metastases from, for 
example, prostate and breast cancer [ 42 ,  43 ]. One 
of the main strengths of DWI is that it not only 
allows for a visual assessment but also enables 
the acquisition of quantitative data. When plot-
ting the degree of signal attenuation obtained at 
two or more b-values logarithmically, the slope 
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  Fig. 13.3    Schematic representation of therapy-induced 
changes in tumor cellularity and water mobility measured 
as an apparent diffusion coeffi cient (ADC). The increase 
in extracellular space and membrane permeability 

associated with cell death ( upper panel ) results in greater 
water mobility, which is observed as a shift of tumor 
ADC distribution towards higher ADC values ( lower 
panel ). (Inspired by [ 39 ])       
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of this line can be used as a quantitative measure 
of diffusion: the “apparent diffusion coeffi cient” 
(ADC). ADC has been shown a useful parameter 
to help distinguish between benign and malig-
nant lesions. For example, in the liver study, it has 
been shown that the ADC of metastatic lesions 
(1.05 × 10 −3  mm 2 /s) and hepatocellular carci-
noma (1.22 × 10 −3  mm 2 /s) was signifi cantly lower 
 compared to benign lesions such as focal nodular 
hyperplasia (1.40 × 10 −3  mm 2 /s), hemangiomas 
(1.92 × 10 −3  mm 2 /s), and cysts (3.02 × 10 −3  mm 2 /s) 
[ 44 ]. Moreover, ADC has been suggested as a 
potential imaging biomarker to assess and moni-
tor the behavior of tumors after onset of cancer 
treatment. When a tumor responds to treatment, 

this is refl ected by a change in its cellular micro-
structure, which can readily be detected as a 
change in its diffusion characteristics (Fig.  13.4 ). 
The use of ADC as an imaging biomarker is an 
appealing option; because DWI is a noninvasive 
technique, acquisition is relatively fast and can 
easily be incorporated into any clinical MRI pro-
tocol. Moreover, DWI does not require the use of 
exogenous  contrast agents or ionizing radiation. 
Hence, the use of ADC as a noninvasive tumor 
biomarker is now frequently being explored, and 
successful results have been reported in various 
types of malignancies such as colorectal can-
cer, primary and metastatic liver tumors, bone 
tumors, and lymphoma [ 45 – 48 ].

a

d e f

b c

  Fig. 13.4    Early therapy assessment by diffusion-
weighted imaging (DWI). Example of a patient with a 
rectal tumor at primary staging ( a – c ) and early during 
neoadjuvant treatment, after 2 weeks of chemoradiother-
apy ( d – f ). On T2-weighted MRI before treatment ( a ), a 
circular T3 tumor is visible. After 2 weeks of treatment 
( d ), no apparent changes in tumor shape, signal intensity, 
or volume can yet be detected. On high b-value (b1000) 
DWI before treatment ( b ), the tumor is easily detectable 
because its high signal intensity – indicating restricted dif-
fusion – makes it stand out compared to the suppressed 

signal of the surrounding tissues. After 2 weeks of treat-
ment ( e ), changes in the DWI signal can already be 
observed. When analyzing changes in the tumor’s mean 
apparent diffusion coeffi cient (ADC) measurements – the 
quantitative measure of diffusion – a clear increase in 
ADC from 1,200 × 10 −6  mm 2 /s before treatment ( c ) to 
1,687 × 10 −6  mm 2 /s after 2 weeks of treatment ( f ) can be 
observed, indicating that DWI and in particular ADC 
measurements may be used as an early marker of tumor 
response       
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13.4         Metabolic Imaging 
with Magnetic Resonance 
Spectroscopy 

 Magnetic resonance spectroscopy (MRS) pro-
vides chemical information on the tissue meta-
bolic profi le. In contrast to conventional MRI, 

which detects the presence of mainly water 
and lipids, MRS generally depicts the reso-
nance spectra of various chemical compounds 
to obtain a metabolite fi ngerprint of the tumor. 
MRS is not restricted to proton ( 1 H) detection but 
also  carbon ( 13 C), phosphorus ( 31 P), and sodium 
( 23 Na), which are present in several compounds 
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  Fig. 13.5    Magnetic resonance spectroscopic imaging 
(MRSI) data obtained from a patient with a brain tumor 
(low- grade oligodendroglioma). ( a ) MR image with vol-
ume of interest in white and two-dimensional MRSI grid 
in blue. Spectra are only acquired from the MRSI voxels 
inside the volume of interest. The  dotted line  in ( a ) indi-
cates the MRSI voxels shown in ( b ). ( b ) Part of the spec-
tral image showing MRSI voxels with their corresponding 

spectra. ( c ) Enlargement of the spectrum obtained from 
the voxel indicated in  red  in (b) and (c). The spectrum 
shows a typical pattern for a low-grade brain tumor with 
increased choline, decreased NAA, and the doublet of lac-
tate. ( d ) Metabolite map showing the intensity distribu-
tion of the ratio of choline to NAA over the volume of 
interest with the highest intensity indicated in red at the 
position of the tumor (Reproduced with permission [ 51 ])       
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that play a role in tumor metabolism. The spe-
cifi c property that enables detection of the afore-
mentioned nuclei is the so-called chemical shift, 
which causes unique resonance frequencies for 
nuclei of different molecular groups. Specifi c 
spectral profi les, which can be observed in an 
MR spectrum, refl ect the identity of biomole-
cules present at the studied location. A particular 
advantage of MRS is that it provides quantitative 
data as the intensity of spectral signals is related 
to the concentration of these compounds. In 
practice, the detection of molecules is restricted 
to those present at the concentration higher than 
0.1–1 mM [ 49 ]. Therefore, new strategies are 
being explored to enhance the sensitivity of MRS 
with hyperpolarization of endogenous or exog-
enous compounds [ 50 ]. Following the intrave-
nous administration, the metabolic conversion of 
a hyperpolarized compound can be monitored by 
fast high- resolution MRSI to provide real-time 
metabolic information. 

  1 H-MRS plays a prominent role in clini-
cal applications, particularly in brain, breast, 
and prostate cancer [ 49 ]. This is because  1 H 
nuclei are present in most metabolites and can 
be detected with high sensitivity. Moreover,  1 H- 

MRS  can be employed relatively easily on clinical 
MRI  scanners. MRS is used to assess metabo-
lism in either single or multiple selected loca-
tions (metabolic mapping).  1 H-MRS of a single 
voxel is the most common way to assess meta-
bolic information. A multivoxel or spectroscopic 
imaging approach (MRSI) has been developed 
to assess the metabolic heterogeneity of tumor 
tissue. In this way, a large tissue volume can 
be selected, which is divided into small voxels 
(Fig.  13.5 ). Subsequently, a 2D or 3D spatial map 
can be reconstructed from signals in spectra of 
each voxel.  1 H-MRS has uncovered abnormal 
levels of several metabolites, refl ecting changes 
in the metabolism and physiology due to neo-
plastic growth. The most characteristic for brain 
tumors is an increase in the choline compound 
(Cho) level and decrease in the total creatine (tCr) 
as compared to normal brain tissue (Fig.  13.5 ) 
[ 51 ]. Moreover, in MR spectra of brain tumors, 
a lactate signal can be also observed. In pros-
tate tumors, the proton signal of tCho has been 
frequently reported as increased compared to 

the healthy prostate tissue [ 52 ]. In contrast, the 
citrate peak displayed relatively low level.  1 H-
MRS can be used to characterize breast lesions 
through differences in the ratio of fat and water 
signals [ 53 ,  54 ] or the intensity of signal from 
Cho [ 55 ,  56 ]. Anticancer therapy may alter the 
tumor metabolic profi le, depending on the level 
of response. For example, the complete regres-
sion of nodal lesion of head and neck carcinoma 
has been accompanied by the disappearance of 
the primarily observed Cho peak (Fig.  13.6 ) [ 57 ].

    In vivo  31 P MRS has shown great promise as a 
tool for cancer research and the clinical manage-
ment of solid tumors.  31 P MRS can detect 
 phosphorylated compounds in vivo, which are 
present at greater than roughly 100 mM 
 concentration, including metabolites such as 
nucleoside triphosphates (NTP: ATP, UTP, 
and similar compounds), phosphocreatine, inor-
ganic phosphor (P i ), and a variety of phospho-
monoester and phosphodiester compounds [ 58 ]. 
In breast cancer,  31 P MRS  studies have shown 
phosphomonoester and diester peaks attributable 
to enhanced levels of phosphoethanolamine and 
(glycero)phosphocholine [ 59 ]. The enhanced 
levels of these metabolites were also found in 
other tumor types, including brain [ 60 ] and soft 
tissue tumors [ 61 ].  

    Conclusions 

 Functional imaging provides information on 
underlying tumor pathophysiology; cellular-
ity, vascular function, metabolism, and molec-
ular biology of the tumor tissue. Functional 
imaging combined with conventional mor-
phological imaging gives us comprehensive 
information on tumor heterogeneity and risk 
profi le. Among all functional imaging tech-
nologies, functional MRI is emerging as one 
of the most promising in oncology because of 
its versatility and lack of radiation exposure. 
Dynamic contrast-enhanced MRI (DCE-
MRI) with micro or macromolecular contrast, 
arterial spin labeling (ASL) and dynamic-sus-
ceptibility contrast (DSC) MRI are promising 
techniques to evaluate the tumor vascula-
ture but still under investigation. Diffusion-
weighted MRI (DWI-MRI) is increasingly 
used in clinical practice to characterize 
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lesions. Metabolic imaging with magnetic 
resonance spectroscopy (MRS) has its appli-
cation in brain, breast and prostate cancer 
imaging. Despite its potential functional 
imaging is not yet widely used in practice. 
One of the reasons is a weak evidence still 
that proves its value. So far evidence is from 
small single center studies. Apart from that 
we face several challenges. First, we need to 
standardize the imaging protocols, the acqui-
sition of data, the data processing methods 
and methods of analysis. Second, we need to 
know the reproducibility of such a measure-
ment, the intra- and intervendor as well as the 
intra- and interobserver variability. Third, it 
is important to understand the natural varia-
tion of each individual biomarker and know 
whether the change that we observe can truly 
be ascribed to changes induced by treatment. 
Software programs for smooth integration 

into diagnostic PACS systems and (radiation) 
treatment planning systems need to be devel-
oped. And most importantly, the most effec-
tive functional imaging biomarkers should 
be incorporated in clinical outcome trials to 
understand its true value in cancer medicine. 
Only then we will know whether functional 
imaging is of true value in cancer treatment.     
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MRI is an attractive imaging modality in oncol-
ogy owing to its lack of ionising radiation and 
exquisite soft tissue contrast. While conventional 
MRI provides invaluable morphological informa-
tion, it gives little functional information. 
Diffusion-weighted MRI (DW-MRI) derives its 
contrast from the movement of water molecules 
in the tissue microenvironment and thus provides 
an insight into tissue cellularity and architecture.

Einstein formalised the mathematical descrip-
tion of Brownian motion in 1905 [1], but it was 
not until 1965 that water diffusion in nuclear 
magnetic resonance (NMR) was studied and 
described by Stejskal and Tanner [2]. It took 
another 20 years for DW-MRI to be employed 
clinically [3]. Among the first clinical application, 
DW-MRI was used to evaluate ischaemic stroke 
[4, 5]. Its utility soon broadened to include brain 
tumours [6–8], and the technological advances 
in the last decade have enabled its use in extra-
cranial malignancies [9–16]. DW-MRI is quick 
to perform and non-invasive and can be applied 
for lesion detection, disease characterisation and 
assessment of treatment response. Quantitative 
measurements derived from DW-MRI are poten-
tial imaging biomarkers to predict likelihood of 
treatment response and prognosis in oncology.

In this chapter, we will review the principles 
of DW-MR imaging, its technical considerations, 
image interpretation and its broad application 
in oncology. Discussions related to DW-MRI in 
specific diseases will be reviewed in subsequent 
chapters.

14.1  Principles of DWI

The pioneers of NMR recognised the effect of dif-
fusion on signal intensity [17]. Carr and Purcell 
[18] performed the first diffusion sensitive NMR 
experiment by applying a constant magnetic gra-
dient in a spin-echo sequence. They observed that 
the phase shifts accumulated by static molecules 
before the 180° pulse were cancelled by phase 
shifts in the opposite direction after the 180° pulse, 
thereby preserving phase coherence and signal 
strength; conversely, with water molecules that 
randomly move through a gradient field, e.g. diffu-
sion, the spins are not refocused by the 180° pulse 
resulting in phase dehiscence and signal loss.

Torrey in 1956 [19] showed that the Bloch 
equations for magnetisation can be modified 
to include diffusion effects. This was applied 
by Stejskal and Tanner [2] using a spin-echo 
sequence with an additional pair of diffusion- 
sensitive motion-probing gradient (MPG) pulses 
of equal magnitude before and after the 180° 
refocusing pulse (Fig. 14.1). This scheme forms 
the basis of DW-MRI sequences in clinical use 
today.

DW-MRI acquisition speed can be improved 
by using single-shot echo-planar imaging (EPI) 
where the whole k-space making up an image is 
filled within one repetition time (TR). Acquisition 
speed is further improved by parallel imaging 
methods such as SENSE and GRAPPA [20], 
which reduces the echo-train length. As EPI is 
sensitive to susceptibility artefacts [21], non-EPI 
techniques such as single-shot turbo spin-echo 
have also been used [22]. However, these are typ-
ically associated with longer acquisition times, 
making them less practical in a clinical setting.

14.2  b-Values and Apparent 
Diffusion Coefficient (ADC)

The rate of diffusion of any molecule depends on 
the particle size, the medium viscosity and the 
temperature, which can be described using the 
diffusion coefficient, D, with the unit mm2/s.

In a DW-MRI study, the amount of signal 
attenuation from each voxel after application of 
the MPGs is related to the strength of the MPGs 
and D,
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where S0 is the baseline signal with no diffusion 
weighting; S the signal after applying diffusion 
weighting; γ, G, Δ and δ the gyromagnetic ratio, 
strength of the diffusion gradients, time interval 
between the diffusion gradients and duration of 
the gradient, respectively; and D the diffusion 
coefficient. The parameters G, Δ or δ can be var-
ied, although on clinical scanners only the 
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summarised as the b-value, b, with unit s/mm2 
[23]. Thus,

 
S b S e Db( ) = −

0  
(14.2)

By performing imaging using at least two 
b-values, it is possible to quantify the diffusion 
coefficient, D, for each imaged voxel
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In tissues, in vivo water movement is influenced 
by various factors such as pressure gradient, ionic 
and osmotic gradients, capillary perfusion and 

bulk tissue movements. Furthermore, the motion 
of water is impeded by microstructures such as 
cell membranes and macromolecules. Thus, the 
measurement of diffusion coefficient, D, in tissues 
is only an estimation of pure water diffusivity and 
is termed apparent diffusion coefficient (ADC).

Figure 14.2 illustrates what one might expect 
to see in a DW-MRI study. With increasing dif-
fusion weighting, there is progressive signal loss 
from the imaged voxels. ADC represents the rate 
of signal loss with increasing b-values; therefore 
if the signal intensity (in logarithmic scale) is plot-
ted against the b-value, the slope of the resulting 
line represents the ADC. The steeper the slope, 
the higher the ADC value. The ADC value of each 
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Fig. 14.1 Pulse sequence timing diagram of basic diffu-
sion-weighted sequence formed by adding a pair of 
motion- probing gradients (MPGs) to a spin-echo 

sequence. G, Δ and δ (strength of the MPGs, time interval 
between the MPGs and duration of the MPGs) are adjust-
able parameters which influence the diffusion weighting
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voxel can be displayed as greyscale or pseudo- 
colour on the image matrix as an ADC map.

In voxels where there is one pool of ran-
domly moving water molecules, the rate of signal 
attenuation is mono-exponential and the logarith-
mic plot of signal intensity against b-values is a 
straight line (Fig. 14.2). Fitting a line onto the data 
points on this plot using Eq. (14.3) would yield 
an ADC value that is a very close approximation 
to the true value. Such an approach is known as 
a mono-exponential fit as the equation contains 
a single  exponential. However, as demonstrated 
in early clinical experiments, the ADC curves 
tend to have an initial rapid attenuation at the low 
b-value ranges (b = 0–100 s/mm2) and a slower 
rate of attenuation at the higher b-value ranges. 
This has led Le Bihan et al. [23] to conclude that 
there exists two or more pools of randomly mov-
ing water molecules moving at different rates 
within tissues. Under such circumstances, ADCs 
derived from a mono-exponential fit would not 
adequately account for tissue behaviour. As 
such, various approaches have been developed to 
account for the non-mono- exponential attenua-
tion of signal in tissues.

14.3  Pseudodiffusion and 
Intravoxel Incoherent 
Motion (IVIM)

As well as diffusion of water molecules within 
tissues, bulk water movement in randomly ori-
entated capillaries (i.e. perfusion) can also cause 
phase dispersion at DW-MRI. The  resulting loss of 
signal is akin to that seen in true  diffusion and has 
been termed pseudodiffusion [23]. As capillary 
flow is significantly faster compared with water 
diffusion in tissue, signal loss per unit increase in 
b-value is also greater, meaning that signal loss 
from the majority of perfusing water molecules 
occurs at relatively low b-values (b = 0–100 s/
mm2). If the low b-values are included in a 
mono-exponential calculation of ADC, the value 
of ADC would be overestimated, i.e. the ADC 
would suggest a higher diffusion rate than can be 
accounted for by tissue water. Since the effect of 
perfusion on ADC is particularly marked at low 
b-value ranges, a means to desensitise the effect 
of perfusion has been suggested by calculating 
ADC from the higher b-value ranges (b > 100 s/
mm2), to produce a perfusion insensitive ADC. 
In contrast, an ADC value calculated using a full 
range of b-values is variably perfusion sensitive 
ADC [24–26] (Fig. 14.3), depending on the num-
ber and range of b-values used for its calculation.

A more sophisticated approach accounting for 
pseudodiffusion has been proposed by Le Bihan 
et al. [23, 27, 28]. In this approach, water 
 molecules in random motion are said to exhibit 
intravoxel incoherent motion (IVIM), which 
include water molecules undergoing true diffusion 
and those moving within randomly orientated 
capillaries (perfusion). The contribution of true 
 diffusion and perfusion towards signal loss are 
written as two separate terms in the equation mod-
ified from (14.2),
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where fV is the fractional volume of flowing 
water molecules within the capillaries (therefore, 
(1 − fV) denotes the fraction of water molecules 
undergoing true diffusion); D is the tissue diffu-
sion coefficient, uninfluenced by movement of 
water molecules within the capillaries; D* is the 
pseudodiffusion coefficient that represents the 
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Fig. 14.2 Schematic diagram of signal attenuation of dif-
ferent tissue types with increasing diffusion weighting. 
The rate of signal loss (i.e. the slope of a line on this plot) 
is the ADC. Note the initial steep part of the curve seen in 
solid tissue (e.g. tumour), indicating the presence of a fast-
moving pool of water. In tissue, this is due to pseudodiffu-
sion, i.e. perfusion and inherent water diffusion associated 
with microcapillaries. If there is only one pool of water 
molecules, the resulting plot should be a straight line
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amount of non-diffusional random movements 
of water molecules, e.g. perfusion, plus the dif-
fusion of these water molecules. As discussed in 
the above section, there is minimal contribution 
from pseudodiffusion at the higher b-values, thus 
the term f eV

bD− *

 becomes negligible at the higher 
b-value ranges. By performing the DW-MRI 
study with a range of b-values, including b = 0 s/
mm2, a number of b-values between 0 and 100 s/
mm2 and higher b-values, it is possible to solve 
the bi-exponential equation (14.4) for D, D* and 
fV. ADC can be approximated as

 
ADC ≈ D

f

b
V+

 
(14.5)

Using the IVIM model, it is therefore possible 
to attribute a fast component of tissue water diffu-
sivity to perfusion by deriving D* and fV 
(Fig. 14.3). Indeed, studies comparing intravascu-
lar tracer and DW-MRI with IVIM modelling have 
shown good correlation between tissue blood vol-
ume and fV and between relative blood flow and 
D* [29, 30]. Of note is that a tissue may have high 
D* but low fV values, as the two vascular proper-
ties are not related. However, as the pseudodiffu-
sion coefficient, D*, is influenced by physiological 
processes other than perfusion, e.g. glandular 

secretion and renal tubular flow, there remains 
controversy regarding the reliability of IVIM-
derived perfusion parameters in secretory organs 
such as the salivary glands and kidneys [31–33].

14.4  Other Non-mono- 
exponential Diffusion 
Models

Another approach to account for the non-mono- 
exponential attenuation of the water signal in tis-
sue is the stretched-exponential model [34], which 
does not necessitate a priori knowledge of the 
number of diffusion pools. The amount of signal 
loss after application of MPGs is described as thus
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where DDC is the distributed diffusion coeffi-
cient, a surrogate for ADC, and α is the stretch-
ing parameter which describes the deviation of 
the curve from a mono-exponential line. α = 1 
describes perfect alignment with the mono- 
exponential line consistent with a single diffusion 
pool, whereas a value of α < 1 suggests the pres-
ence of a distribution of different diffusion rates 
within the imaged voxel. Hence, α is also known 
as a heterogeneity index. One limitation of the 
stretched-exponential model is that unlike the 
IVIM model, it is difficult to correlate the term of 
α with a specific biological underpinning.

There are other phenomenological diffusion 
models (e.g. Gaussian, Kurtosis) that are used in 
research, but these are beyond the scope of dis-
cussion in this chapter.

14.5  Technical Implementation

14.5.1  General Considerations

DW-MRI is made possible within a clinically 
acceptable time frame with EPI and parallel imag-
ing. However, T2* effects of the tissues causes 
signal attenuation on EPI and is sensitive to B0, 
leading to reduced signal-to-noise ratio (SNR). 
This can be improved by increasing the slice thick-
ness, increasing the number of signal averages, 
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Fig. 14.3 Schematic DW-MRI signal plot of a generic 
soft tissue demonstrating perfusion and diffusion effects. 
If the rate of signal loss (ADC) is calculated from all 
b-values, the resulting ADC is sensitive to flow and over-
estimates the true diffusivity. In tissues with significant 
perfusion fraction, tissue diffusion can be more accurately 
approximated using the bi-exponential model or by omit-
ting the low b-values in the ADC calculation
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increased pixel size or large field of view (FOV), 
shorter echo-times, optimising receiver bandwidth 
and use of parallel imaging techniques.

Another problem in DW-MRI is chemical 
shift artefacts from fat which can be particularly 
pronounced on DW-MRI images due to the nar-
row bandwidth used in phase encoding. As the 
bandwidth per pixel in DW-MRI is 10–30 Hz 
compared to the fat-water chemical shift fre-
quency of 220 Hz, signal displacement up to 
10–15 pixels can be seen (approximately 6 cm if 
a pixel size of 4 mm is used). Ensuring optimal 
fat signal suppression is therefore critical in 
DW-MRI.

With increasing availability of 3.0 T scanners, 
there is a potential to improve image quality with 
the theoretical doubling of SNR compared to a 
1.5 T system. However, at higher field strength, 
susceptibility artefacts are accentuated and 
become more problematic. Chemical shift arte-
facts can also be more profound.

14.5.2  DW-MRI in the Body

Breathing-related artefacts are an additional 
 consideration in body DW-MRI. This problem can 
be dealt with in three approaches [35]: (1) breath- 
hold imaging, (2) navigator echo respiratory- 
triggered imaging and (3) free breathing.

Breath-hold DW-MRI acquisition time is 
typically <20 s per breath hold and the full data-
set is acquired in a few breath holds. It may 
improve conspicuity of small lesions but has the 
disadvantage of limited b-values per breath 
hold, increased sensitivity to susceptibility arte-
facts (due to long echo train) and reduced SNR. 
Images are also prone to degradation by other 
uncontrolled physiological motions such as ves-
sel/cardiac pulsation and peristalsis.

In navigator echo respiratory-triggered imag-
ing [36], the position of the diaphragm is tracked 
by a pencil-beam excitation prepulse placed 
between the liver and lung. Compared with 
breath-hold imaging, navigator DW-MRI shows 
higher SNR and lesion to liver contrast ratio [37]. 
In a modified sequence using navigator echo to 
track pixel displacement without respiratory gat-
ing, image sharpness is improved compared with 
free-breathing technique with minimal increase 
in acquisition time [38, 39].

Free-breathing technique uses multiple signal 
averaging to overcome the effect of motion. 
Because of the increased number of acquisitions, 
it has better SNR compared with breath-hold 
imaging and allows more b-values to be acquired. 
It is also possible to use thinner slices in free 
breathing, thereby allowing for multiplanar 
manipulation of the images. ADC obtained using 
free-breathing technique has been found to be 

Table 14.1 Single-shot DW-EPI parameters in clinical examination of the abdomen and pelvis

Abdomen LFOV pelvis SFOV pelvis

Field of view (mm) 380 380 220–280
RFOV 80 80 80
Number of slices 26–33 40–48 18
Slice thickness (mm) 6–7 6 5
Slice gap (mm) 10 % 10 % 10 %
Matrix 104–112/256 104–112/256 112/256
Foldover direction AP AP AP
TE (ms) 66–70 66 66–70
TR (ms) 5,000 5,600–7,400 2,500–3,100
PI factor 2 2 2
Fat saturation SPAIR IR/SPAIR SPAIR
EPI factor 59–104 59–104 75–112
Signal averages 4–5 4 4–8
Bandwidth (Hz/Px) 1,800 1,800 1,800
b-values (s/mm2) 0,100,500,750 0,900 0,300,750
Acquisition time (min) 4.5 2.5 3

Adapted from Koh and Theony [93]
AP anterior-posterior, IR inversion recovery, SPAIR spectral attenuated inversion recovery
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reproducible and not dissimilar to values obtained 
using other acquisition techniques [40, 41]. 
Typical image acquisition protocols used for 
body DW-MRI are shown in Table 14.1.

14.6  Image Interpretation

Interpretation of DW-MRI and its accompanying 
ADC maps can be performed qualitatively by 
visual assessment or quantitatively by numerical 
analysis of regions of interest (ROIs) on the 
ADC maps. When visually assessing the 
DW-MRI images, the images should be inter-
preted together with the ADC map and other 
morphological MR images to avoid misinterpre-
tation. Likewise, when quantitatively analysing 
the ADC map, the source diffusion-weighted 
images and other morphological images should 
be assessed for any artefacts, which may bias the 
ADC estimates.

Most DW-MRI studies will yield observations 
that fit into one of the following four categories 
(Fig. 14.4) as below.
 1. Lesions with relatively preserved signal 

intensity with increasing b-values and dark 
on ADC maps (Fig. 14.5). This indicates 
impeded diffusion within the lesion and may 
result from increase in cellular density and/or 
increased tortuosity of the extracellular space. 
Malignancy is the prime example of pathol-
ogy, which may give rise to this picture. Other 
pathologies that may lead to this imaging 

appearance include active inflammation [42] 
and abscess [43].

 2. Lesions showing rapidly decreasing signal 
intensity with increasing b-values and bright on 
ADC maps (Fig. 14.6). This occurs in lesions 
with relatively unimpeded diffusion, e.g. cysts, 
necrotic tissues and vasogenic oedema without 
accompanying rise of cellularity. Careful inter-
pretation of the DW-MRI and morphological 
images may reveal clues as to the true nature of 
the lesion. In simple cysts, it would be unusual 
to observe perilesional diffusion impediment 
or complex internal  structure; conversely, 
one might expect to see a rim of tissue with 
impeded diffusion in necrotic tumour, which 
represents viable disease.

 3. Lesions showing low signal intensity on both 
the b-value images and ADC map (Fig. 14.7). 
This can be observed in regions of inherent 
low signal on the fat-suppressed T2-weighted 
image (e.g. fat and fibrosis) or may be 
 secondary to imaging artefacts (including pro-
cesses that result in susceptibility effects in the 
local magnetic field such as haemorrhage, iron 
deposition and dense calcifications). Note, 
however, that fibrosis can exhibit a range of 
signal intensities and ADC values and is yet to 
be fully characterised.

 4. Lesions showing relatively preserved signal 
intensity with increasing b-values and bright 
on ADC map (Fig. 14.8). This results from 
“T2 shine-through” effects and will be dis-
cussed in the next section.

b = 0
– Preserved signal intensity
   with increasing b-value

– Rapid loss of signal intensity
   with increasing b-value

– Bright on ADC map
– e.g. necrotic tissue

– Low signal on b-value images

e.g. Fibrosis

e.g. Cyst

– High signal on b-value images
– Bright on ADC map

– Dark on ADC map

– Dark on ADC map
   e.g. Malignant tumour

b = 150 b = 750 ADC
Fig. 14.4 Four common 
signal intensity patterns 
observed on the b-value 
images and ADC maps at 
DWI
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Quantitatively, the ADC values of a lesion can 
be measured by drawing regions of interest 
(ROI). This may help in lesion characterisation as 
malignant disease often has lower ADC values 
and can provide a quantitative measure for 
tumour response assessment. When defining a 
region of interest, it is preferable to do so first on 
the high b-value images and then copy the ROI to 
the ADC map at the equivalent body position, as 
disease boundaries can be difficult to define on 
the ADC maps.

14.7  Potential Pitfalls 
in Interpreting DW-MRI

14.7.1  Using Signal Intensity 
on b-Value Images

The basis for disease identification using b- value 
images depends on differential signal between the 
disease and background tissue. Hence,  potential 
pitfalls may arise from lesions with intrinsi-
cally long T2 relaxation times (T2 shine-through 
effect), susceptibility effects that destroy the dif-
fusion signal and disease occurring at anatomical 
locations in the body that normally shows high 
signal intensity (e.g. brain, salivary glands,  spinal 
cord, lymph nodes, spleen, testes, ovaries and 
peripheral zone of the prostate).

14.7.1.1  T2 Shine-Through
Any tissues/lesions with sufficiently long T2 
relaxivity, e.g. fluid within a simple cyst, can show 
high signal intensity on the high b-value image 
even though diffusion may not be impeded in such 
tissues/lesions. Fortunately, T2 shine-through can 
be distinguished from true impeded diffusion by 
corroborating the signal intensity to its ADC value. 
A lesion with T2 shine-through will show high 
ADC value (Fig. 14.8). Additionally, on long echo 
time T2-weighted sequence, a T2 shine-through 
lesion will also show very high signal intensity 
relative to a lesion with true impeded diffusion.

14.7.1.2  Susceptibility Artefacts
Any local field inhomogeneity would create 
susceptibility artefacts, which lower the signal 
intensity of the affected voxels (Fig. 14.9). In the 
context of oncological imaging, this may be due 
to paramagnetic materials, such as blood prod-
ucts, calcifications, iron or other metallic depos-
its, resulting in lower signal intensity and ADC 
values. However, strong focal perturbation of the 
B0 magnetic field can lead to spurious areas of 
high signal intensity on the b-value images, which 
should not be interpreted as disease. Natural 
locales of field inhomogeneity (air-bone interface 
of the paranasal sinuses, interface between bowel 
gas and bowel wall) can limit the utility of EPI-
DW-MRI in these regions, particularly at 3.0 T.

a b

Fig. 14.5 A man with carcinoma of the anus. (a) b = 900 s/mm2 DWI image shows abnormal high signal and thickening 
of the anal canal (arrow). (b) ADC map returns low signal intensity and ADC values (arrow)
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a b

Fig. 14.6 A woman with cystadenoma of the ovary. 
(a) The cystic area within the lesion shows signal loss 
on the b = 750 s/mm2 image (arrow) compared with 

the  internal septi which remains relatively high signal. 
(b) The cystic area returns high ADC values on the ADC 
map (arrow)

a b

c

Fig. 14.7 A man with previous low anterior resection for 
rectal cancer. (a) T2-weighted MRI shows low signal 
intensity change in the presacral area (arrow) consistent 

with fibrosis. (b) This shows low signal intensity on the 
b = 900 s/mm2 image (arrow) and (c) also returns predom-
inantly low ADC value (arrow)
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14.7.2  Using ADC Values

Artefacts that distort the b-value images can lead 
to spurious ADC estimation.

Motion-induced voxel misregistration may be 
reduced by “tracking” motion with ECG gating 
or navigator control, but these methods are time- 
consuming. Hence, even though free-breathing 
diffusion will result in signal averaging between 
voxels, multiple signal averaging can improve 
confidence in the measurement of ADC values. 
Studies have shown that in the abdomen, using 
free-breathing acquisition can result in a good 

ADC measurement reproducibility of about 
14 % [44, 45] and that ADC values obtained as 
such may be more reproducible than breath-hold 
or  respiratory-triggered scans [40].

Another source of ADC measurement error 
is Eddy currents, which leads to image distor-
tion, thus changing the alignment of voxels 
when calculating ADC producing a spurious 
result. Effects from Eddy currents cannot be 
eliminated entirely but may be largely miti-
gated by shielding of the various conducting 
elements of the scanner, use of shaped MPG 
(pre-emphasis), twice refocused spin echo, 

a

c

b

Fig. 14.8 A 40-year-old man with a cyst in the left lobe 
of the liver. (a) T2-weighted image obtained with long 
echo time (TE = 240 ms) shows a 1 cm high signal inten-
sity cyst in left hepatic lobe (arrow). (b) The cyst remains 

high  signal on the b = 750 s/mm2 image due to its long T2 
relaxation time (arrow). (c) Note the high ADC value of 
cyst confirming T2 shine-through effect (arrow)
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actively screened  gradients and software- based 
post-processing [21].

Finally, ADC may be underestimated in the 
kidney after intravenous gadolinium-based con-
trast medium injection [46], although the same 
study found no effects of gadolinium on liver, 
pancreas or spleen. If there is substantial accu-
mulation of contrast material within an organ 
after contrast administration, it may be prudent to 
perform DW-MRI sequences prior to contrast 
administration.

14.7.3  False-Positive and False- 
Negative Results in Disease 
Assessment

As the inference of pathology on DW-MRI relies 
on impeded diffusion, there are benign condi-
tions that may mimic malignant pathologies, e.g. 
hepatic adenoma/focal nodular hyperplasia [47] 
(Fig. 14.10) and abscesses [43]. Conversely, there 
are malignant conditions that show relatively 

unimpeded diffusion, which can be misinter-
preted as normal tissues, e.g. well-differentiated 
hepatocellular carcinoma [48] or mucinous carci-
noma (Fig. 14.11). Hypercellular red marrow, e.g. 
young patients or those with bone marrow hyper-
plasia following granulocyte colony stimulating 
factor (G-CSF) stimulation, is also hyperintense 
on high b-value images and may be confused for 
diffuse marrow infiltration. Normal lymph nodes 
can show impeded diffusion and may be difficult 
to differentiate from malignant nodes based on 
diffusion characteristics.

14.8  Clinical Application 
in the Body

The application of DW-MRI in the body has 
largely been in oncology, although the tech-
nique has also been applied to evaluate infec-
tive and inflammatory conditions. In oncology, 
malignant tissues tend to exhibit impeded 
 diffusion, resulting in relative preservation of 

a

c

b

Fig. 14.9 A 45-year-old man with history of spinal 
 surgery. (a) Turbo spin-echo T2-weighted imaging shows 
susceptibility artefacts arising from surgical screws in 
the spine (arrow). (b) Echo-planar DWI is highly sen-
sitive to magnetic field inhomogeneity,  inducing more 

pronounced susceptibility artefacts at imaging (arrows) 
and obscuring normal structures. (c) These areas with 
artefacts lead to spurious ADC values (arrows) and can-
not be assessed
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a b

Fig. 14.10 A hepatic lesion (a) with preserved signal on 
DWI (arrow). (b) The lesion shows near uniform enhance-
ment in the arterial phase (arrow), with a suggestion of 

central scar, consistent with focal nodular hyperplasia. 
Lesion was unchanged for 12 months at follow-up

signal intensity relative to normal tissues with 
increasing b- values (i.e. bright on DW-MRI) 
and return low ADC values [49–54]. The broad 
areas of applying oncological applications are 
summarised below.

14.8.1  Disease Detection

DW-MRI has been shown to improve lesion 
detection compared with conventional MR imag-
ing, CT imaging and even PET imaging. The 
technique has been shown to be of particular 
value for detecting liver metastases, peritoneal 
disease, prostate cancer and bone metastases.

In the liver, using DW-MRI improves disease 
detection, either on its own or in combination 
with contrast-enhanced imaging [47, 55–59]. 
However, in the cirrhotic liver, the success of 
DW-MRI in detecting hepatocellular carcinoma 
appears more variable [60].

In ovarian cancer, peritoneal deposits as 
small as 5 mm may be prognostically important 
[61]. However, CT scans often miss such small 
lesions, with sensitivity in the region of 10–20 % 
for deposits <1 cm [62]. DW-MRI has a high 
diagnostic sensitivity in this context (Fig. 14.12) 
[63], which can be comparable to 18F-FDG-PET/
CT [64].

In the male pelvis, the addition of DW-MRI to 
a T2-weighted sequence improves the detection 
of prostate carcinoma [65, 66]. However, the sen-
sitivity of DW-MRI (± other sequences) in detect-
ing transitional zone lesion remains poor [67, 68]. 
DW-MRI may also identify index lesions for tar-
geted biopsy and improve diagnostic yield in pre-
viously biopsy-negative patients [69–71].

DW-MRI is superior for detecting non- sclerotic 
bone metastasis compared to other imaging meth-
ods [72]. Other studies have shown comparable 
results between whole-body DW-MRI and nuclear 
medicine bone scintigraphy in the detection of 
bone metastases [73]. Indeed, some authors have 
suggested the use of whole-body DW-MRI as a 
one-stop staging investigation replacing body CT 
and bone scintigraphy [74].

14.8.2  Disease Characterisation

The ADC values of benign lesions are generally 
higher than malignant lesions. In the liver [47, 75], 
the most commonly used threshold for distin-
guishing malignant from benign lesion is 1.47–
1.63 mm2/s with reasonably high diagnostic 
accuracies, below which the lesions are consid-
ered malignant. The lack of standardisation in 
scanning protocols in the literature has hampered 
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the clinical use of ADC cut-off values for lesion 
characterisation. A further problem in using ADC 
for lesion characterisation is the significant 

 overlap of ADC values between malignant and 
non- malignant lesions, making it difficult to use 
ADC values alone to prospectively classify lesions.

a

c

b

Fig. 14.11 Mucinous metastasis to right lobe of liver from 
rectal cancer. (a) T2-weighted imaging at long echo time 
(TE = 240 ms) shows hyperintense lesion (arrow) in right 
lobe of liver. (b) Lesion demonstrates T2-shine-through 

effect and appears as high signal on b = 750 s/mm2 image 
(arrow). (c) The  metastasis returns relatively high ADC val-
ues (arrow)

a b

Fig. 14.12 Peritoneal disease. (a) On the T1-weighted 
image, the peritoneal disease in the left flank is more 
difficult to discern (arrow) compared with (b) the 
b = 900 s/mm2 image, where the lesion appears markedly 

 hyperintense compared with background (arrow). Note 
also the site of serosal disease involving a loop of small 
bowel (arrowhead)

14 Diffusion-Weighted MR Imaging



320

14.8.3  Response Assessment

Studies have shown a rise in tumour ADC fol-
lowing treatment in breast cancer [76], colorectal 
liver metastases [77, 78], prostate cancer includ-
ing bone disease (Fig. 14.13) [79–82] and cervi-
cal cancer [83]. Such a change occurs from days 
to months after treatment, depending on tumour 
type. However, the exact temporal relationship 
between treatment and ADC changes has not 
been systematically documented.

As well as comparing pre- and post-treatment 
mean ADCs in areas of body that are less prone 
to physiological motion, e.g. brain, head and 
neck and bones, it may be possible to analyse the 
change in ADC on a voxel-by-voxel basis. In this 
approach, the pre-treatment ADC map is spa-
tially co-registered with the post-treatment ADC 
map, and the resulting difference in ADC value 
of each voxel can be colour-coded and displayed 
in a functional diffusion map (fDM) [84].

14.8.4  Prognosis

There is emerging evidence that parameters 
derived from DW-MRI, e.g. ADC values, may 
provide prognostic information. For example, 
Vandecaveye et al. showed that a smaller magni-
tude of change of ADC at 2 and 4 weeks post- 
radiotherapy in head and neck SCC was associated 
with locoregional recurrence at 2 years [85]. A low 
ADC value in pancreatic cancer also predicts for 
a faster rate of progression [86]. The efficacy of 
DW-MRI in disease prognostication requires fur-
ther validation in multicentre prospective studies.

14.8.5  Whole-Body DW-MRI

Whole-body DW-MRI, more commonly known 
as DWIBS (diffusion-weighted imaging with 
body signal suppression), is a technique des-
cribed by Takahara et al. [87] in the 2000s. By 

a b

c d

Fig. 14.13 Pretreatment (a) T1-weighted image and 
(b) ADC map showing metastasis in the right acetabu-
lum (arrow), which returns a mean ADC value of 
1.00 × 10−3 mm2/s. After 8 weeks of chemotherapy, 

(c) T1-weighted and (d) ADC map shows no appre-
ciable change on T1-weighted imaging (arrow), but 
the lesion ADC has increased by more than 80 % to 
1.87 × 10−3 mm2/s, in keeping with responding disease
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 combining axial image stacks and using  maximum 
intensity projections, the resultant images can be 
displayed using an inverted greyscale to produce 
images that superficially resemble PET imaging 
(Fig. 14.14). Readers are referred to the articles 
by Takahara et al. [87] and Kwee et al. [88] for 
an overview of the technical aspect of DWIBS.

The evidence supporting the clinical use of 
DWIBS is growing. DWIBS has been shown to 
be comparable to 18F-FDG-PET/CT in the stag-
ing of non-small cell lung cancer [89, 90] and has 
potential for staging lymphoma [91, 92]. Another 
area of oncology where DWIBS can make an 
impact is response assessment, especially in 
bones, which is being investigated (Fig. 14.14).
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15.1           Introduction 

 Assessment of the functional vasculature of a 
 tissue or organ of interest by dynamic contrast- 
enhanced CT techniques is based on intravenous 
contrast agent kinetics. In clinical practice low-
molecular- weight (<1 kDa) iodinated contrast 
agents are used, which have negligible serum 
protein binding. Their distribution in the body is 
similar to that of extracellular fl uid. Following a 
bolus intravenous injection of contrast agent, the 
contrast agent distributes rapidly within the vas-
cular system. As the contrast agent transits 
through a vascular bed, it passes from the intra-
vascular to the extravascular-extracellular com-
partment, with the exception of the brain, retina 
and testis. The rate at which this occurs is deter-
mined by a number of factors including the rate 
of tissue delivery, vessel surface area and the per-
meability of these vessels which will differ 
between pathological and normal tissue. There is 
subsequent return of contrast agent from the 
extravascular-extracellular compartment back 
into the intravascular compartment, and the con-
trast agent is excreted usually by the kidneys. 
Typically there is insignifi cant passage of con-
trast agent into the intracellular compartment 
(<1 %). By taking advantage of the differences in 
contrast agent kinetics between pathological and 
normal tissues or organs, this provides tissue- or 
organ-specifi c information of the functional 
vasculature. 

 By assessing the dynamic changes in vessel 
and tissue or organ enhancement over time fol-
lowing intravenous administration of an iodin-
ated contrast agent, both qualitative and 
quantitative parameters may be assessed. 
Qualitative parameters refer to descriptors of the 
enhancement time curves. These include curve 
shape, time to peak enhancement, peak enhance-
ment or area under the enhancement time curve. 
These parameters will be infl uenced by technical 
and patient factors including contrast agent dose, 
contrast agent rate of administration and cardiac 
output. Quantitative parameters are derived from 
kinetic modelling of the enhancement time 
curves and are more physiologically based. These 
include regional blood fl ow, blood volume and 

extraction fraction or permeability surface area 
product (Table  15.1 ). These parameters may be 
obtained in a robust manner and may provide rel-
evant clinical information to the clinician and 
enable treatment effects on the vasculature to be 
assessed [ 1 ].

   Regional blood fl ow, blood volume and vascu-
lar leakage parameters within the tumour are 
interrelated but may vary with the underlying 
tumour environment. For example, areas of high 
blood fl ow, blood volume and leakage may refl ect 
well-perfused areas with presence of shunting 
and areas of angiogenesis; low blood fl ow, blood 
volume and low-leakage areas may represent 
areas of poor vascularisation ± necrosis; low 
blood fl ow, blood volume and high-leakage areas 
may represent poor perfusion areas with 
angiogenesis.  

15.2     Biological Correlates of 
Tumour Vascular Parameters 

    Tumour vascular parameters derived via kinetic 
modelling provide physiological information 
regarding regional blood fl ow and thus 
the delivery of oxygen and nutrients to the 
tumour; regional tumour blood volume, which 
refl ects functional ‘vascular density’; and  vascular 

   Table 15.1    Defi nition of vascular parameters   

 Vascular parameter  Defi nition 

 Regional blood 
fl ow (BF) 

 Flow rate of whole blood 
through the vasculature of a 
defi ned tissue volume or mass 

 Regional blood 
volume (BV) 

 Volume of fl owing whole blood 
within the functioning 
vasculature of a defi ned tissue 
volume or mass 

 Extraction fraction 
(EF) 

 Fraction of the whole blood 
contrast agent that is transferred 
to the extravascular-extracellular 
space during a single passage of 
the contrast agent 

 Permeability 
surface area 
product (PS) 

 Product of permeability and total 
surface area of capillary 
endothelium in a unit volume or 
mass of tissue and refl ects the 
total diffusional fl ux across the 
capillaries 
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leakage from the capillaries or neovessels. 
In general tumours demonstrate higher vascu-
larisation than normal tissues. These parame-
ters may also provide a surrogate measure of 
tumour angiogenesis and perfusion-related 
hypoxia. 

15.2.1     The Tumour Vasculature 

 The development of a viable tumour blood sup-
ply is essential to support tumour growth and 
proliferation [ 2 ]. This may occur through sprout-
ing from pre-existing vessels (vasculogenesis), 
de novo vascular formation through recruitment 
of circulating endothelial progenitor cells and 
vessel co-option. The tumour microenvironment 
including hypoxia, glucose deprivation and low 
pH plays an important role in the initiation of 
tumour angiogenesis via the activation of onco-
genes and/or inactivation of tumour suppressor 
genes [ 3 ]. 

 In terms of morphology, the tumour vascula-
ture appears functionally distinct and spatially 
heterogeneous. The vasculature lacks the usual 
hierarchical branching pattern and in general 
demonstrates greater vessel density at the tumour 
periphery. The vessels themselves are thin and 
tortuous, characterised by a relatively high endo-
thelial cell proliferation rate, incomplete endo-
thelium, relative absence of smooth muscle or 
pericyte investiture and hyper-permeability 
resulting in high interstitial fl uid pressure.  

15.2.2     Immunohistochemistry 
Correlates of Dynamic 
Contrast-Enhanced CT 

 Microvessel density (MVD) and vascular endo-
thelial growth factor (VEGF) are commonly used 
immunohistological measures of angiogenesis. 
In a number of cancers including lung, renal, gas-
trointestinal and pancreatic cancer, associations 
have been found between MVD and VEGF and 
various perfusion CT parameters. Most of the 
evidence relates to lung cancer. Typically these 
correlations have been moderate: histological 

analysis has been varied based on different 
 number of ‘hotspot’ counts or from random areas 
of the whole tumour. There have also been nega-
tive studies, in part refl ecting the heterogeneity of 
analyses and immunohistological biomarkers 
used [ 4 ]. 

 With respect to the lung, peak CT enhance-
ment in patients with solitary pulmonary nodules 
has been correlated signifi cantly with both MVD 
and VEGF, irrespective of the benign or malig-
nant nature of the nodules [ 5 ]. In patients with 
operable NSCLC, either CT peak enhancement, 
blood fl ow, blood volume or permeability surface 
area product has been shown to demonstrate a 
moderate correlation with MVD: Li et al. showed 
that CT regional blood fl ow correlated with 
CD34 expression ( r  = 0.715;  P  = <0.001) assessed 
in 6 tumour regions: central (3) and peripheral 
(3) [ 6 ]. Ma et al. showed that CT peak enhance-
ment and regional blood fl ow correlated with 
CD34 expression assessed in 5 hotspots in VEGF 
positive but not VEGF negative tumours [ 7 ]. 
Similarly Sauter et al. have found that there is a 
moderate correlation between extraction fraction 
and blood fl ow and CD34 [ 8 ], while Spira et al. 
have found a positive association between MVD 
and blood fl ow and volume [ 9 ]. Peak enhance-
ment, blood fl ow and relative blood volume have 
also been shown to be signifi cantly higher in 
VEGF positive compared to VEGF negative 
tumours [ 7 ,  10 ]. 

 There have also been several pathological 
correlative studies in other abdominally sited 
cancers. In renal cell cancer an initial study in 24 
patients showed a moderate correlation ( r  = 0.60) 
between peak enhancement and hotspot MVD 
(CD34) Wang et al. [ 11 ]. More recently a further 
small study ( n  = 10) where patients with renal 
cell cancer underwent volumetric perfusion CT 
prior to surgery has confi rmed that regional 
blood fl ow and blood volume correlated signifi -
cantly with MVD (CD34;  r  = 0.600–0.829); 
however,  K  trans  only demonstrated moderate cor-
relations with MVD in non-necrotic areas 
( r  = 0.550) [ 12 ]. 

 Moderate correlations ( r  = 0.42) between 
regional blood volume and hotspot MVD (CD34) 
have been found in gastric adenocarcinoma [ 13 ]. 
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Similarly in colorectal cancer, moderate 
 correlations between regional blood volume 
and permeability surface area product and non-
hotspot MVD (CD34) have been shown [ 14 ]. 
In pancreatic adenocarcinoma moderate corre-
lations ( r  = 0.49) have also been found between 
MVD and peak enhancement in the arterial 
phase [ 15 ]. 

 Perfusion CT parameters may also inform on 
the presence of perfusion-related hypoxia. In 
lung cancer blood volume measurements have 
also been found to be negatively correlated to an 
exogenous marker of hypoxia (pimonidazole: 
 r  = −0.48) [ 16 ]. However, one of the challenges of 
clinico-pathological correlative studies is the 
comparison of in vivo with ex vivo fi ndings. 
Tacelli et al. have showed that areas of low 
regional tumour BV but high PS have higher 
CD34 expression (assessed in 3 hotspots in the 
non-necrotic tumour portion) than areas of high 
regional tumour BV and high PS: 72.1 versus 
47.9,  P  = 0.038 [ 17 ], which they postulated could 
be related to the degree of tumour interstitial 
pressure.   

15.3     Technical Aspects 

15.3.1     Patient Preparation 

 As with any contrast-enhanced CT study, 
patients should be well hydrated and have a nor-
mal renal function. For studies involving abdom-
inal organs such as the liver, pancreas and bowel, 
recent food intake may affect organ perfusion, 
and patient fasting may be appropriate. If an oral 
contrast agent is required, water is preferred to 
positive contrast agents. An anti-peristaltic drug 
(e.g. glucagon or hyoscine-N-butyl bromide) is 
advisable for DCE-CT studies of the bowel and/
or pelvis. 

 Keeping the patient well informed concerning 
the CT acquisition will improve the quality of the 
study. Clear instructions should be given, for 
example, regarding the need to stay still, breath-
ing instructions for breath-held studies, cessation 
of swallowing during the acquisition for head 
and neck studies and potential effects induced by 
the contrast agent including a hot fl ush.  

15.3.2     Contrast Agent 
Administration 

 The dose and manner in which contrast agents 
are administered will infl uence parameter quanti-
fi cation. Kinetic modelling benefi ts from a bolus 
injection of contrast agent and an injection rate of 
at least 4 mL/s via a large bore intravenous can-
nula, usually sited in the antecubital fossa. 
Injection rates beyond 10 mL/s appear to confer 
no additional benefi t for quantifi cation. The total 
injected iodine dose should be within the range of 
12–18 g. It is important that the iodine concentra-
tion administered is not less than 300 mg/mL. If 
iodine concentrations are >350 mg/mL, the con-
trast agent must be warmed to body temperature 
prior to injection, as the higher viscosity will 
slow the actual injection rate. The volume of con-
trast agent will depend on the iodine concentra-
tion used    (Table  15.2 ) [ 1 ].

15.3.3        CT Data Acquisition 

 With current state-of-the-art technology, an entire 
organ such as the brain, lungs, liver, spleen or kid-
ney may be encompassed with a high spatial reso-
lution and a high temporal acquisition sampling 
rate. A typical CT acquisition is shown in Fig.  15.1 .

   To ensure accurate quantifi cation, a sampling 
rate of 2 s or less should be used. For the initial 
perfusion phase, an acquisition duration of 45 s is 
adequate; for the interstitial phase at least 5 addi-
tional time points are recommended, the sam-
pling rate ranging from 5 to 15 s depending on 
the kinetic model applied [ 1 ]. The change in 
blood vessel and tumour enhancement during 
this time, which is related to the passage of intra-
venous contrast agent between the intravascular 
and extravascular-extracellular space, provides 

   Table 15.2    Recommended volume of contrast agent   

 Iodine concentration (mg/mL)  Volume (mL) 

 300  40–60 
 350  35–50 
 370  32–48 
 400  30–45 

  From [ 1 ]  
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the necessary data for quantifi cation. As the 
 concentration of iodine within blood vessels and 
tissues is proportional to the resultant increase in 
attenuation, temporal changes in attenuation can 
be analysed using standard kinetic models with-
out prior conversion to iodine concentration.  

15.3.4     Image Processing 

15.3.4.1     Motion Correction and Image 
Registration 

 For target lesions located in motion susceptible 
sites, breath-holding during the fi rst-pass study 
will reduce motion artefact and voxel displace-
ment. For longer duration studies, motion correc-
tion/image registration may compensate for 
motion artefact, and this is incorporated into com-
mercial software platforms, for example, based on 
a non-rigid deformable registration technique [ 18 ].  

15.3.4.2     Quantifi cation of Vascular 
Parameters 

 The vascular parameters which can be quantifi ed 
include regional blood fl ow (BF), blood volume 

and extraction fraction or permeability surface 
area product. 

 Different mathematical models may be 
applied to derive these. Commonly used tracer 
kinetic modelling include (1) maximum initial 
slope, (2) Patlak and (3) distributed parameter 
analysis (Table  15.3 ).

   In practice quantifi cation using commercial 
platforms requires a region of interest (ROI) to be 
placed within an input artery (to generate an arterial 
input function, AIF) and for the lesion(s) of inter-
est. From the arterial and tissue enhancement time 
curve that are displayed by the software, quantita-
tive parametric maps are generated (Fig.  15.2 ).

   While volume-of-interest analysis, encom-
passing the whole tumour, may be the least sus-
ceptible to observer error and experience and 
provide a global evaluation of perfusion and 
angiogenesis; this may not best refl ect the hetero-
geneity within a tumour, particularly if this dem-
onstrates areas of necrosis, calcifi cation or 
haemorrhage, as these are ‘averaged’ in the pro-
cess (Fig.  15.3 ).

   In practice it is important to choose an appro-
priate target lesion(s). Ideally this should be 

Dynamic contrast enhanced acquisition

<2 s interval

First pass < 45 s Delayed phase

5−15 s interval

  Fig. 15.1    Schema showing typical perfusion CT acquisition for tumour evaluation       

   Table 15.3    Summary 
of the commonly 
applied kinetic models   

 Kinetic model  Compartments  Parameter measured  Assumptions 

 Johnson-Wilson 
distributed 
parameter 

 Dual  BF, BV, MTT, PS  Constrained IRF 

 Patlak  Dual  EF, BV  One way transfer 
 Well-mixed compartments 

 Maximum slope  Single  BF  No venous outfl ow 

   BF  regional blood fl ow,  BV  regional blood volume,  MTT  mean transit time,  PS  permeabil-
ity surface area product,  EF  extraction fraction  
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a b

c d

  Fig. 15.2    Perfusion CT image of a right breast cancer ( a ) 
and corresponding parametric maps of regional blood 
fl ow ( b ), blood volume ( c ) and extraction fraction ( d ) are 

shown. The tumour demonstrates heterogeneous blood 
fl ow and blood volume       

a b

c d

  Fig. 15.3    Dynamic contrast-enhanced CT ( a ) and corresponding parametric maps of a large heterogeneous renal 
 cancer are shown: regional blood fl ow ( b ), regional blood volume ( c ) extraction fraction ( d )       
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>2 cm and not in close proximity to large  vessels 
(e.g. superior vena cava or aorta), heart or dia-
phragm in order to reduce artefacts. For lesions 
located in motion susceptible sites, breath- 
holding techniques (± initial hyperventilation) 
and/or the use of motion correction/image regis-
tration will reduce motion artefacts. For target 
lesions located within the bowel, the use of a 
standard anti-peristaltic (Buscopan or gluca-
gon) will reduce the motion related to peristal-
sis. It is also important to select an appropriate 
artery to derive the AIF. The vessel chosen must 
be of suffi cient size to prevent  partial voluming 
occurring secondarily due to  pulsation or move-
ment artefact (including peristalsis) or laminar 
fl ow within the vessel. If this is the case, this 
will infl uence and change the arterial time-
attenuation curve. It is assumed that the arterial 
time-attenuation curve of the artery in the fi eld 
of view is identical to the vessel supplying the 
tumour. This is only valid if there is no obstruc-
tive process or other signifi cant feeding 
vessels.    

15.4     Clinical Implementation 

15.4.1     Quality Assurance 
and Quality Control 

 The ready availability of perfusion CT software 
on commercial reporting workstations has facili-
tated clinical implementation. However, in addi-
tion to standard quality assurance that tests the 
performance of the CT scanner, quality control 
procedures should be in place for perfusion CT, 
particularly where longitudinal studies are 
planned and robust quantifi cation is required, for 
example, in the clinical trial setting [ 1 ]. Quality 
control refers to the processes needed to maintain 
quality. Standardisation of acquisition, analysis 
and reporting protocols should be implemented, 
where possible. These acquisition, radiation 
dose, data processing and reporting protocols 
should be recorded for each patient allowing 
audit to be undertaken. The use of phantom cali-
bration, assessment of image quality (contrast to 
noise ratio) and, in clinical trials, central data 

review should be undertaken of at least 10 % of 
the dataset.  

15.4.2     Radiation Dose 

 The cancer risk associated with perfusion CT 
has to be balanced against the potential benefi ts 
derived from quantifi cation of tumour vascular-
ity. Imaging should comply with the ALARA 
( A s  L ow  A s  R easonably  A chievable) principle. 
The radiation dose of a perfusion CT acquisition 
is dependent on the temporal frequency of the 
acquisition, volume of coverage, kilovoltage 
and milliampere selected [ 19 ]. The risk signifi -
cance of a radiation exposure from DCE-CT 
will depend to some extent on the clinical cir-
cumstance. The risk of radiation exposure from 
perfusion CT, for example, will be relatively 
inconsequential in the context of radiation 
therapy. 

 The CT acquisition should be tailored to the 
research or clinical question or clinical context. 
A maximal acceptable dose should be assigned 
for the acquisition ensuring that satisfactory 
signal:noise characteristics can be obtained. In 
general it is good practice to ensure that a max-
imum effective dose of 20 mSv for a volume of 
tissue measuring 4 cm in the cranio-caudal 
direction is not exceeded [ 1 ]. The effective 
dose is obtained by multiplying the dose length 
product (DLP, mGy · cm) provided by the CT 
scanner and the appropriate conversion factor 
(mSvmGy −1  · cm −1 ). The DLP and CT Dose 
Index by volume (CTDI vol ) of DCE-CT studies 
should be recorded in the patient record.  

15.4.3     Measurement Reproducibility 

 Good measurement reproducibility is essential 
for the clinical application of any technique. 
Ideally the coeffi cient of variation should be less 
than 20 % [ 20 ]. This is particularly pertinent in 
oncological imaging for response assessment, 
where the differences in repeated measurements 
have to be smaller than the expected therapeutic 
effect. Usually, the more straightforward a 
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measurement, the easier it should be to  reproduce. 
With perfusion CT techniques, measurement 
reproducibility has been shown to be acceptable, 
with a coeffi cient variation of 13.2–35 % which 
has been reported for the cranial circulation of 
both animals and humans [ 21 ,  22 ] and coeffi -
cients of variation ranging from 14 to 24 % for 
tumours    [ 23 – 25 ]. 

 It is also important in the context of repeated 
measurements that intra- and interobserver vari-
ability are limited. In general intraobserver is bet-
ter than interobserver agreement [ 26 ], in 
concordance with other studies of observer 
agreement using traditional morphological mea-
sures of response [ 27 ]. Where appropriate a sin-
gle observer should analyse serial examinations 
in the same patient. 

 The tumour location, the tumour size, the 
acquisition protocol, the software programme 
and positioning of the arterial and tumour ROIs 
by individuals all contribute to observer variation 
[ 28 ]. For perfusion CT coeffi cients of variation 
have ranged from 2.5–9.5 % [ 29 ] to 14–20.8 % 
[ 30 ] in cranial studies and 3–13 % in a study of 
squamous cancers of the extracranial head and 
neck [ 31 ].   

15.5     Clinical Applications 

 In oncological practice its main role remains the 
evaluation of the effectiveness of drugs which 
target the tumour vasculature, particularly in the 
context of clinical trials [ 32 ]. However, by refl ect-
ing perfusion and angiogenesis and exploiting 
the differences in perfusion parameters between 
tumour and normal tissues, perfusion CT may 
also assist lesion characterisation, delinea-
tion of tumour extent, tumour  phenotyping and 
prognostication. 

15.5.1     Response Assessment 

 Quantitative parameters derived from perfusion 
CT may be used to monitor the effects of a  variety 
of treatments. These include chemotherapy with 
standard and novel agents (anti-angiogenic drugs, 

vascular disrupting agents, immunotherapy), 
radiotherapy and interventional oncologic proce-
dures such as embolisation of the tumour vascu-
lar supply or radiofrequency ablation. Early 
evidence has shown that a common long-term 
effect of treatment is a reduction in perfusion CT 
parameters following treatment completion, 
although in the short term, there may be a vari-
able vascular effect related to the therapeutic 
mechanism of action (Table  15.4 ).

   With standard chemotherapy, which affects 
actively replicating cells via DNA damage or 
interruption of DNA repair, this effect is thought 
to refl ect the loss of angiogenic cytokine support 
following cell death [ 33 ]. With anti-angiogenic 
therapies, differing vascular effects may be seen 
depending on mechanism of action of the drug 
under investigation and timing of the scan. An 
initial effect may be a decrease in vascular per-
meability and reduction in interstitial fl uid pres-
sure, with normalisation of function of the 
vasculature resulting in a transient increase in 
tumour blood fl ow [ 34 ]. In the longer term, with 
subsequent pruning of the vasculature, a reduc-
tion in regional blood fl ow, blood volume and 
vascular permeability may be elicited. With vas-
cular disrupting agents, which target the prolifer-
ating immature vasculature ± the mature 
vasculature, a rapid shutdown in tumour vascu-
larisation may occur that is usually transient and 
reversible within 24–48 h. This may be followed 
by a rebound re-vascularisation [ 35 ]. With radio-
therapy, the acute effects are related to an initial 
infl ammatory effect; the permeability is related 
to microvascular damage, which can lead to 
tumour shrinkage [ 36 ] (Figs.  15.4  and  15.5 ). 
With interventional procedures perfusion CT 
parameters may provide evidence of effective 
treatment or the need for further procedural 
attempts for optimal therapeutic effect [ 37 ].

    In early phase clinical trials, these quantitative 
parameters may provide insight into drug phar-
macodynamics [ 38 ]. Tumour angiogenesis is an 
attractive target for anticancer therapy. For drug 
development, results from such trials may inform 
on ‘go-no-go’ pharma decisions, as well as appro-
priate dosages to be taken into further stages. In 
recent years different therapeutic agents have 
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been developed and licensed including antibod-
ies targeting vascular endothelial growth factor 
(e.g. bevacizumab) and small molecule tyrosine 

kinase inhibitors (e.g. sunitinib, sorafenib, pazo-
panib). These agents have been shown to be 
effective in clinical trials in several cancers 

   Table 15.4    The acute and chronic vascular effects of therapy measured by perfusion CT   

 Therapy 

 Perfusion CT parameter 

 Blood fl ow  Blood volume  Vascular leakage 

 Cytotoxic chemotherapy: short-term effects  Unchanged  Unchanged  Unchanged 
 Cytotoxic chemotherapy: long-term effects  Decrease  Decrease  Decrease 

 Unchanged 
 Anti-angiogenics: short-term effects  Increase  Increase  Decrease 

 Unchanged  Unchanged 
 Anti-angiogenics: long-term effects  Decrease  Decrease  Decrease 
 Vascular disrupting agents: short-term effects  Decrease  Decrease  Decrease 
 Vascular disrupting agents: long-term effects  Increase  Increase  Increase 

 Unchanged  Unchanged  Unchanged 
 Radiotherapy: short-term effects  Increase  Increase  Increase 
 Radiotherapy: long-term effects  Decrease  Decrease  Decrease 
 Interventional: radiofrequency ablation  Decrease  Decrease  Decrease 
 Interventional: TACE  Decrease  Decrease  Decrease 

 Absent  Absent  Absent 

a b

c d

  Fig. 15.4    Axial image ( a ) and regional blood fl ow map ( b ) of a rectal cancer. Following neoadjuvant chemoradiation 
there is tumour shrinkage ( c ) and decrease in blood fl ow ( d )       
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including metastatic colorectal cancer [ 39 ], 
 metastatic renal cell cancer [ 40 ,  41 ] and hepato-
cellular cancer [ 42 ] with a modest improvement 
in objective benefi t (progression-free survival or 
overall survival).  

15.5.2     Perfusion CT as a Prognostic 
and Predictive Biomarker 

 This remains an exploratory area for perfu-
sion CT but clinically promising as tumour 
angiogenesis and tumour hypoxia may be 
adverse prognostic factors. A few studies 
have addressed if perfusion CT can  provide 

 additional  information to current tumour 
 staging strategies. Some correlative studies 
have assessed if perfusion CT parameters may 
refl ect tumour type, grade or stage in a number 
of tumour types including hepatocellular can-
cer [ 43 ], non-small cell lung cancer [ 7 ,  44 ,  45 ] 
and colorectal cancer [ 46 ,  47 ]. In hepatocellular 
cancer; higher-grade cancers have been shown 
to have higher perfusion measurements than in 
lower-grade hepatocellular cancers [ 43 ]. There 
have been confl icting results in surgically con-
fi rmed non-small cell lung cancer with some 
studies showing no relationship while others 
reporting differences in measurements between 
adenocarcinomas, squamous cell, large cell and 

  Fig. 15.5    Axial images of an oesophageal cancer before 
( top row ) and after treatment ( bottom row ). Following 
defi nitive chemoradiation there has been a good response 

with a reduction in tumour size ( a ) and tumour vasculari-
sation: regional blood fl ow ( b ) and extraction fraction ( c )         

a b 
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small cell carcinomas. In  primary colorectal 
tumours, permeability  surface area product is 
increased in patients with metastatic disease 
compared with tumours without evidence of 
metastases at staging [ 46 ]. With a correlation 
between permeability surface area product and 
microvessel density [ 14 ], this fi nding supports 
the theory that greater angiogenesis in colorec-
tal cancer may be associated with a higher like-
lihood of metastatic disease. 

 Perfusion CT parameters have also shown 
promise in terms of predicting outcome at stag-
ing. Regional blood fl ow, as a marker of overall 
tumour perfusion and an indirect marker of 
hypoxia, may be an important prognostic bio-
marker. A study in primary oesophageal cancer 

treated with chemoradiation found that overall 
survival was lower in patients with lower base-
line blood fl ow [ 47 ]. A rectal cancer study has 
also produced similar results [ 48 ]. This is consis-
tent with our current understanding of tumour 
biology, which proposes that tumour hypoxia 
may be associated with a more aggressive tumour 
type and found in other cancers including extra-
cranial head and neck cancers [ 49 ] and cervical 
cancer [ 44 ,  50 ]. 

 In a small study of colorectal cancer patients 
treated with surgery and followed up until pre-
sentation with metastatic disease, baseline 
regional blood fl ow was found to be substantially 
lower in patients who developed subsequent 
metastases in comparison to patients who remain 
disease-free [ 46 ]. 

 Perfusion CT parameters have also shown 
promise as a predictive biomarker at staging. It is 
hypothesised that a higher regional blood fl ow 
ensures better tumour oxygenation and poten-
tially increases radiosensitivity and enables bet-
ter delivery of the chemotherapeutic agents. 
Several studies have shown that tumours which 
have a lower regional blood fl ow are more likely 
to be poor responders to chemotherapy and radio-
therapy treatment. This was shown to be the case 
in renal cell carcinoma, where the baseline 
enhancement blood fl ow and blood volume were 
signifi cantly lower in patients who did not 
respond to treatment [ 51 ,  52 ]. This is also the 
case for head and neck SCC where lower regional 
blood fl ow values are associated with a higher 
failure rate [ 49 ,  53 ,  54 ]. This has also been shown 
for anti-angiogenic therapy, where higher base-
line quantitative parameters are associated with a 
higher response rate [ 55 ,  56 ]. With locoregional 
procedures, such as laser-induced thermotherapy 
for lung tumours [ 57 ] and radiofrequency abla-
tion or transarterial chemoembolisation for liver 
tumours [ 37 ,  58 ], perfusion CT may predict for 
technical success immediately after treatment. 
Hegenscheid et al. have suggested that lung 
tumours with perfusion measurements that do not 
change after therapy are likely to have progres-
sive disease [ 57 ].  

c

Fig. 15.5 (continued)
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15.5.3     Perfusion CT for Lesion 
Characterisation and 
Phenotyping 

 Apart from its role in response assessment, 
 perfusion CT techniques may aid lesion charac-
terisation and augment assessment of tumour 
biology, providing an imaging ‘phenotype’ 
either as a single modality [ 9 ] or when combined 
with 18F-FDG-PET-CT [ 59 ,  60 ,  61 ], where per-
fusion parameters are combined with metabolic 
parameters. As mentioned previously, there are 
usually signifi cant differences in tumour and 
normal tissue vascularisation related to the struc-
tural and functional differences in tumour and 
normal vessels, although there may be overlap in 
the vascular characteristics of infl ammation and 
cancer. There are exceptions, for example, pan-
creatic tumours where lower perfusion is typi-
cally observed in fi rst-pass studies compared to 
the normal pancreatic parenchyma [ 62 – 64 ]. 
A similar reduction in vascularisation is also 
seen in infl ammatory pancreatitis [ 65 ,  66 ]; and 
chronic pancreatitis [ 65 ,  67 ], with the potential 
to differentiate between pancreatic adenocarci-
noma and mass-forming chronic pancreatitis 
[ 68 ], which demonstrates higher perfusion than 
cancer. 

 In the lung both semi-quantitative and quanti-
tative measures may improve the characterisation 
of solitary pulmonary nodules. Malignant lesions 
typically have a higher rate of enhancement and 
analysis of the enhancement time curves shows 
faster washout compared with benign lesions. 
Absence of enhancement is a strong predictor 
of benignity [ 69 ]; using a threshold of 15HU or 
greater, sensitivity, specifi city and accuracy for 
malignancy can be 98, 58 and 77 %, respectively 
[ 69 ]. In terms of quantitative parameters, Zhang 
et al. found in 65 patients with solitary pulmo-
nary nodules that the mean perfusion value of 
malignant SPNs was signifi cantly higher than 
benign nodules (70 vs. 10 mL/min/100 mL, 
respectively) [ 70 ]. Similarly Sitartchouk et al. 
found that perfusion and blood volume were 
 signifi cantly higher in malignant than benign 
solitary pulmonary nodules [ 71 ]. However, 
infl ammatory nodules also demonstrate elevated 

perfusion values, reducing  specifi city [ 72 ]. 
The addition of vascular permeability measure-
ments has the potential to improve differentia-
tion of malignant and infl ammatory nodules: Ma 
et al. found that permeability was signifi cantly 
higher in cancer compared with infl ammatory 
nodules [ 7 ]. 

 In the context of cirrhosis, perfusion CT has 
the potential to improve detection and characteri-
sation of hepatocellular carcinoma. In a rat model 
of HCC, Fournier et al. demonstrated that 
DCE-CT allowed for early tumour detection: 
arterial blood fl ow was high with a sensitivity 
and specifi city of detection of 86 and 65 %, 
respectively, within 11 weeks of tumour induc-
tion even though only 7 % was visible by eye 
[ 73 ]. HCC typically shows an increase in arterial 
liver perfusion [ 74 ,  75 ] with higher perfusion in 
well-differentiated tumours [ 76 ]. 

 In the colon, assessment of regional blood 
volume, blood fl ow and vascular permeability 
may help in distinguishing colon cancer from 
diverticular disease. Their features may overlap 
in terms of clinical symptoms and morphological 
imaging, and distinction between colon cancers 
and diverticular disease based on these character-
istics can be challenging, particularly as up to 
30 % of colon cancers are coincident with diver-
ticular disease. Vascular parameters such as 
regional blood fl ow, blood volume and permea-
bility surface area product are highest in cancer: 
regional blood fl ow and blood volume had a sen-
sitivity of 80 % and specifi city of 75 and 70 % for 
differentiating cancer from acute diverticulitis, 
which is better than that achieved using estab-
lished CT morphological criteria [ 77 ]. 

 Perfusion CT techniques have also been 
applied to characterise lymph nodes, where it 
may potentially provide additional information 
to size, and aid differentiation between malignant 
and benign lymph nodes either as a single modal-
ity [ 78 ] or combined with 18F-FDG-PET/CT 
[ 61 ,  79 ,  80 ]. These have included the assessment 
of mediastinal lymph nodes in lung cancer [ 61 ], 
squamous cell cancer (SCC) of the head and neck 
[ 78 ] and in breast cancer [ 81 ]. Metastatic nodes 
typically demonstrate higher perfusion than 
benign nodes (Fig.  15.6 ).
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15.6         Summary 

 In conclusion, perfusion CT is a robust technique 
for imaging the functional tumour vasculature. 
With current state-of-the-art technology, whole- 
organ regional blood fl ow, blood volume and vas-
cular leakage can be investigated: this can 
encompass more than a single target lesion. In 
clinical trials, it may provide evidence of vascu-
lar response in early phase trials, though further 
validation studies are required for these measure-
ments to be surrogate endpoints in phase III clini-
cal trials. Perfusion CT also has a growing role in 
wider clinical practice for the assessment of 
locoregional therapy and anti-angiogenic therapy 
for agents licensed for clinical use. Perfusion CT 
may aid lesion characterisation and has shown 

potential as a prognostic and predictive bio-
marker. As technological improvements in CT 
continue to evolve, this will further extend clini-
cal applications.     
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16.1  Introduction

Perfusion lies in the domain of the physiology trying 
to provide information about how efficiently the 
blood is providing oxygen and nutrients to the tissue 
and how effectively it is removing waste products 
from the tissue. To accomplish these objectives, 
fresh blood must be provided to the tissue from 
inflowing arteries and deoxygenated blood must be 
removed through the venous system.

Quantitative analysis of perfusion can be eval-
uated from a simplified point of view when a 
single organ, with a single blood supply, such as 
the kidney, is analyzed. If it is assumed that the 
organ is uniformly perfused and that the total 
blood is completely “used” in the capillary bed, 
in order to measure the blood flow into the organ, 
it is just necessary to quantify the total amount of 
contrast that reaches the organ and the organ 
mass (to present perfusion measurements in the 

usual units of ml/min/100 g). This intuitive 
understanding of perfusion becomes more com-
plex when one attempts to determine the spatial 
distribution of perfusion within an organ and to 
map it as an image.

Three main approaches are used for MR per-
fusion studies, two of which are analogous to 
radioisotope tracer studies and use similar meth-
ods for analysis of the flow dynamics. One 
approach acquires a series of rapid T1-weighted 
imaging studies following the bolus administra-
tion of a gadolinium-chelated contrast agent, and 
an increase in tissue signal occurs as the contrast 
agent infuses the extravascular spaces of the tis-
sue. This type of techniques is known as dynamic 
contrast-enhanced (DCE) MRI. On this approach, 
perfusion defects are visualized as a lack of sig-
nal increase for the affected region of tissue.

The second approach is useful if the contrast 
agent remains in the blood vessels, such as in 
cerebral tissue with an intact blood–brain barrier 
(BBB). In this situation, there is not any transfer 
of contrast agent to the extravascular space, pro-
ducing minor signal variation due to T1 effect. In 
this case, the paramagnetic nature of the contrast 
agent during the arrival increases the local sus-
ceptibility, causing increased T2* dephasing of 
nearby tissues. Serial T2*-weighted gradient- 
echo (GE) or echo-planar sequences (EPI) are 
acquired, and the well-perfused tissue exhibits a 
reduction of signal relative to the pre-contrast 
images or the poorly perfused tissues. These 
techniques are known as dynamic susceptibility 
contrast (DSC) MRI.

These first two approaches rely on an intrave-
nous contrast injection while the third approach 
does not use contrast media to highlight the flow-
ing spins. Instead, two sets of images are 
acquired. One set is acquired following an MR 
tagging strategy, such as applying an inversion 
pulse in those spins that flow to the territory of 
interest, whereas the other set of images, obtained 
in basal conditions, is used as a reference. The 
difference image shows signal primarily from the 
moving spins providing perfusion information of 
the organ. This technique is known as arterial 
spin labeling (ASL).

In addition, other recent approaches of perfu-
sion estimation have been developed with MRI. 
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The analysis of diffusion with intravoxel incoher-
ent motion (IVIM) model of signal decay,  permits 
to obtain information related with tissue blood 
flow through parameters, such us perfusion frac-
tion (fV) or the pseudodiffusion coefficient (D*) 
(see Chap. 14). This technique is now beginning 
to be tested in the analysis of tumor perfusion, 
and there is limited reported data. Blood oxygen 
dependent-level (BOLD) MRI is a rapid noninva-
sive method for assessing regional tissue oxygen 
concentration using the paramagnetic properties 
of deoxyhemoglobin as an endogenous contrast 
agent. Therefore, BOLD MRI is also valid to 
estimate tissue perfusion. We will obviate this 
technique in the chapter as it was extensively 
reviewed in Chap. 12.

In this chapter we will focus on the existing 
techniques to evaluate perfusion information 
with MRI. In each case, we will describe the 
whole necessary process from image acquisition 
to image post-processing and analysis to get 
accurate perfusion information. In addition, a 
succinct review of current clinical applications of 
all these techniques in the brain and body is per-
formed, with emphasis in the most appropriate 
MRI technique to perform according to the clini-
cal situation.

16.2  Contrast-Based Techniques

16.2.1  Image Acquisition

16.2.1.1  Dynamic Susceptibility 
Contrast MRI

In anatomical regions like the brain, where under 
normal conditions the bolus of contrast does not 
pass (leakage) to the extravascular space due to 
the presence of the BBB, there is a minor signal 
variation due to T1 effect during DCE-MRI 
acquisition. In this case it is necessary to look 
for other mechanism of contrast. In this sense, 
gadolinium-based contrast agents increase the 
local susceptibility at arrival due to their para-
magnetic nature. This susceptibility variation 
produce increased T2* dephasing of nearby tis-
sues that can be monitoring using a dynamic T2- 
or T2*-weighted sequence. This procedure is 
known as DSC-MRI. Rapid imaging using 

relaxivity or susceptibility effects can be used to 
generate a contrast concentration time curve 
from the first pass of the contrast bolus. This 
allows the use of well-established analysis tech-
niques to produce measures of relative cerebral 
blood volume (rCBV) and mean transit time 
(MTT). Using these parameters, it is then possi-
ble to calculate relative cerebral blood flow 
(rCBF) using the central volume theorem 
(rCBF = rCBV/MTT).

Acquisition strategies based of T2 [1] and T2* 
[2, 3] sequences have been proposed for DSC- 
MRI acquisition to evaluate the susceptibility 
variation produced by the first pass of contrast 
injection (Fig. 16.1). In all cases, image readout is 
normally based on single-shot echo-planar 
imaging (SSh-EPI) to increase the time resolution 
of these experiments, using a long TE for a strong 
weighting in T2 effects. Normally, spin- echo 
(SE) sequences have a TE of 100 ms while gradi-
ent-echo (GE) sequences use a TE around 35 ms.

Although, both types of image weighting (T2 
and T2*) are sensible to contrast concentration, it 
has been described a different behavior depend-
ing on the vessel size. On one hand, SE-based 
maps show a stronger capillary weighting and 
suppression of large vessels, making that the 
gray-to-white matter ratio determined with the 
SE method is in better agreement with previous 
positron emission tomography (PET) and single 
photon emission tomography (SPECT) studies 
than the GE results. On the other hand, GE tech-
niques are also sensible to large vessel perfusion 
[4]. For brain tumor aggressiveness differentia-
tion, GE techniques have shown higher rCBV in 
aggressive tumors compared to SE sequences. In 
addition, equivalent dispersion levels have been 
found on both techniques [5].

Based on the different behavior of both acqui-
sition techniques depending on vessel size, imag-
ing techniques has been proposed to be able to 
measure the radius of the vessel. These tech-
niques are known as vessel size imaging (VSI). 
Although a deep explanation of these techniques 
is out of the scope of this chapter, two different 
acquisition approaches have been proposed in the 
literature. The main difference between both 
approaches relies on the used contrast and the 
associated acquisition approach. The first 
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approach use a super-paramagnetic contrast 
agent and R2 and R2* mapping techniques for 
the estimation of relaxation difference when the 
contrast is distributed in the parenchyma [6]. The 
second approach benefits from the first pass of 
gadolinium combined with a dynamic acquisition 
where GE- and SE-weighted images are acquired 
at the same time [7].

For quantitative flow results using DSC-MRI 
experiments, it is necessary to convert T2 changes 
in contrast concentration using the following 
equation:
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where r represents the T2 relaxativity constant 
of the contrast, and T2(t) and T2(0) represents 
the T2 during the contrast passage and at the 
baseline. A detailed analysis of the conven-
tional MRI signal shows that the S(t) can be 
expressed as:
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where S0 (T1) represents the fully T2 or T2* 
relaxed signal that takes into account T1 satura-
tion effects, S(t) represents the signal evolution 
during contrast injection, TE represents the echo 
time of the sequence, and T2(t) or T2*(t) the 
relaxation constant that will be affected by the 
changes in contrast concentration during the first 
pass of contrast. Under the assumption that there 
is no signal change due to T1 relaxation, S0 (T1) 
remains constant during the experiment and the 
contrast concentration can be obtained as:
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In the case where there is also a signal varia-
tion due to T1 effects, Eq. 16.3 cannot be applied. 
A clear example is when the BBB is broken and 
the contrast goes to the extravascular- 
extracellular space and is accumulated along the 
experiment also producing faster T1 relaxation. 
Imaging sequences sensitive to susceptibility 
effects will demonstrate a decrease in signal due 
to contrast passage. However, unless the 

EPI-SE images TE 100

Dynamic susceptibility contrast experiment

Contrast injection protocol
0.2 mM/kg

5 ml/s

Contrast injection protocol
0.2 mM/kg

5 ml/s

EPI-GE images TE 35

Fig. 16.1 T2- and T2*-weighted echo-planar MR image 
of the same slice show decreased signal intensity of brain 
parenchyma while bolus of paramagnetic contrast mate-
rial passing through the tissues. The reduction of signal 
intensity is greater within the gray matter than in the white 

matter. In GE T2* acquisition this signal drop can be 
appreciated in all territories, especially in great vessels. 
Conversely, in SE T2-weighted images this signal drop is 
more pronounced in gray matter than in great vessels
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sequence is insensitive to relaxivity effects, this 
will cause elevation of signal intensity (T1 shine-
through), which may result in underestimation 
of rCBV [8, 9].

In order to avoid T1 effects in the signal, two 
different approaches have been suggested. The 
most common one is to inject a pre-bolus of con-
trast before the DSC-MRI experiment [10]. With 
this injection, those brain regions with broken 
BBB accumulates enough contrast, producing 
less variation due to T1 effects during the second 
contrast injection of the DSC-MRI experiment. 
This approach is combined with acquisition 
strategies less sensible to T1 effect, with small 
excitation flip angles, normally lower than 35º 
[10]. The second approach is to acquire dual-
echo sequences [11] with a segmented EPI 
sequence that allows T2 and T2* estimation for 
each dynamic acquisition and, it does not need 
to refer to different dynamic acquisitions to get 
the relaxativity variation due to contrast con-
centration. Moreover, this technique allows to 
distinguish between T2 and T1 effect during 
the acquisition and, therefore, to obtain not 
only the conventional DSC-MRI parameters, 
but also the extraction fraction of the contrast to 
the extravascular space.

16.2.1.2  Dynamic Contrast- Enhanced 
MRI

The most common method to measure perfusion 
is known as DCE-MRI, where a dynamic imag-
ing technique is used to monitor the time varia-
tion signal change in the tissue due to an 
intravenous injection of a bolus of paramagnetic 
tracer. The first DCE-MRI experiments were per-
formed at mid-1980s [12, 13], but true perfusion 
weighting was only obtained when this signal 
variation could be followed at the equivalent time 
scale of tracer dynamics [14, 15]. Since this is the 
time scale of typical tracer transit times through 
the capillary bed, the tracer is essentially intra-
vascular during the first pass of the bolus, provid-
ing pure perfusion weighting.

Depending on the image information that will 
be extracted from the images, the acquisition 
strategy needs to be defined. On one hand, in 
many clinical applications, it is sufficient to 

acquire a limited number of images at the base-
line and during contrast pass through the tissue of 
interest, in order to measure the maximum 
enhancement and contrast washout and roughly 
study the enhancement pattern. This approach 
does not require a very high-temporal resolution 
acquisition, and for this reason, this approach is 
usually performed in most of the clinical abdomi-
nal MRI.

On the other hand, the evaluation of the whole 
hemodynamic perfusion information derived 
from DCE-MRI exams relies on the quantitative 
capability of the MRI techniques to provide an 
accurate contrast concentration along time not 
only in the tissue -C(t)- but also in the feeding 
arteries -CA(t)-. This requirement imposes some 
limitation in the temporal resolution that need to 
be fulfilled, establishing a framework for MRI 
techniques applied in DCE-MRI studies.

On MRI, intravenous tracers produce a com-
petitive T1 and T2 relaxation mechanism when 
used in clinical environment. Normally, T1 
effects are the most relevant relaxation mecha-
nism associating signal changes during the MRI 
acquisition. At the same time, the contrast arrival 
also presents T2* effect, especially in the feed-
ing arteries, that needs to be reduced in order to 
avoid underestimation of contrast concentration 
in the CA(t).

Most of the sequences applied in DCE-MRI 
are either 2D or 3D gradient-echo sequences. The 
earliest approaches used a 2D sequence with a 
limited number of slices to achieve the high- 
temporal resolution required for perfusion MRI. 
However, since the introduction of parallel imag-
ing and acceleration schemes for dynamic 
 imaging [16, 17], fast 3D acquisition has become 
feasible and is gradually replacing 2D approaches 
in current practice. Moreover, 3D acquisition is 
less sensible to B1 artifacts reducing slice profile 
error of the 2D acquisition. For this reason this 
section will be focused on the 3D approach 
(Fig. 16.2), but deeper analysis of MRI tech-
niques applied to DCE-MRI can be found else-
where [18].

For accurate flow estimation, it is necessary to 
estimate the contrast concentration for every 
dynamic acquisition. To get this concentration it 
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is possible to use the well-known T1 relation 
described by:
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where T1(t) represents the T1 variation trough 
dynamic acquisition due to contrast concentra-
tion, T10 represents the T1 of the tissue at the 
baseline, r1 represents T1 relaxativity of the con-
trast agent, and C represents the unknown con-
trast concentration. From Eq. 16.4 contrast 
concentration can be easily estimated if T10 and 
T1(t) are known. The easiest way to estimate this 
baseline T10 value of the tissue is acquiring a 3D 
T1-weighted spoiled gradient- echo (3D SPGR) 
acquisition with different flip angles, maintaining 
equal all other acquisition parameters. The opti-
mum selection of the applied flip angle to 

estimate T1 values can be chosen depending on 
the expected T1 value [19]. The final estimated 
T1 value is obtained fitting the signal intensity of 
the images acquired with different flip angles to:
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where α represents the applied flip angle in each 
acquisition, S0 represents the T1 fully relaxed sig-
nal that takes into account T2 effects, and TR 
represents the repetition time of the sequence.

Dynamic acquisition is also performed using a 
3D SPGR acquisition strategy. The sampling rate 
of this sequence should be sufficient to follow the 
transient of the contrast through the capillary bed 
that is typical between 3 and 5 s. In order to 

Dynamic Contrast enhanced acquisition

BaseLine T1 mapping Dynamic T1 enhanced acquisition

Contrast injection:
Dynamic acquisition:

T1 Spoiled Gradient Echo
Standard dose of 0.1 mmol/kg body
weight.
Injection rate of 3–5 cc/s flushed with
20–30 ml of saline.
Leave 5 dynamics before contrast
arrival to estimate the signal baseline

BaseLine T1 mapping:
3D T1 Spoiled Gradient echo
acquisition with at least two
different flip angles. Normally 5°
and 15°.

Flip Angle 5º Flip Angle 15º Time

3D acquisition to improve image resolution and
coverage and minimize B1 effects in slice
selection.

•

Dynamic Time between 2–3 s to follow contrast
transit time through capillary bed

•

Shortest TR and parallel imaging (SENSE factor: 2)
to improve scan time per dynamic

•

Shortest TE to reduce the T2* effects of contrast
arrival in the feeding arteries.

•

Low flip angle to improve the evaluation of signal
changes due to contrast injection.

•

Acquisition time between 5 to 10 minutes to
evaluate wash-out

•

Fig. 16.2 Schematic representation of a DCE-MRI acquisition including the baseline T1 mapping, the injection protocol, 
and the dynamic acquisition
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achieve this dynamic time, the shortest possible 
TR is chosen and parallel acquisition techniques 
are normally applied. To minimize the T2* effects 
due to contrast arrival, especially in the CA(t) 
estimation, the shortest possible echo time (TE) 
is preferable. To improve the visualization of the 
contrast concentration variations, it is desirable 
to define an optimum flip angle according to a 
defined range of contrast concentration and the 
other image parameter [20]. Finally, the number 
of dynamic acquisitions is chosen to cover the 
whole hemodynamic process, according to the 
enhancement pattern of the tissue, but a 5 min 
acquisition is normally sufficient to evaluate the 
tissue wash out.

16.2.2  Image Analysis

16.2.2.1  Motion Compensation
As an alternative to motion compensation 
approaches on the acquisition level, or comple-
mentary to them, motion correction may be 
performed on the post-processing level [21]. 
Technically, the major difficulty in DCE-MRI 
compared to similar problems in medical imag-
ing is the changing signal intensities during bolus 
passage. The challenge for a (semi) automatic 
motion correction technique is to distinguish 
these changes from those due to motion, and the 
development of robust techniques remains an 
open problem. For an ROI-based analysis, the 
most straightforward approach is to redraw or 
modify the ROI for every individual dynamic 
acquisitions. The process is tedious and time con-
suming, difficult to automatize [22], and is not 
suitable for a pixel analysis. An alternative 
approach is based on co-registration techniques, 
which aim to match motion-affected images to a 
reference image by a rigid or nonrigid deforma-
tion of the image [23–25]. Co-registration is 
attractive in theory, as it fully removes motion 
effects and reconstructs the data that would be 
measured in the absence of motion. However, it is 
computationally challenging and usually requires 
expert intervention especially in those body 
organs where the displacement is different 
depending on the organ position.

16.2.2.2  Image Quantification
Different strategies can be applied to extract 
quantitative parameters from perfusion studies. 
The simplest approach uses curve descriptor like 
contrast arrival time (time when the contrast 
arrive to a pixel), time to peak (time for the maxi-
mum signal intensity), or area under the curve 
(AUC, integral of the contrast concentration time 
curve for a specific time interval definition).

On the other hand, once the contrast con-
centration is obtained from each dynamic 
acquisition, the tracer kinetic theory provides a 
relation between those quantities and thus 
forms the basis for determining the tissue sta-
tus from the measured concentrations in the 
tissue C(t) and the feeding artery CA(t). This 
theory establishes a relation between both 
quantities that follows:

 
C t F C t t( ) = ( ) ⊗ ( )p A R ,

 
(16.6)

where Fp is the flow of the blood plasma in the 
tissue, and R(t) is normally called residue func-
tion and represents the fraction left in the tissue 
at time t of a dose injected at time t = 0, and ⊗  
 represent the convolution operator. The residual 
function R(t) is the relative amount of contrast 
in the VOI in an idealized perfusion experiment, 
where a unit area bolus is instantaneously 
injected and subsequently washed out by the 
perfusion.

The blood volume (BV) can be estimated as:

 
V k F t R t t= ( ) − ′( ) ′∫H p dt ,

 
(16.7)

where the kH represents a correction factor that 
takes into account the extracellular behavior of 
the contrast.

Following the central volume theorem, the pas-
sage of contrast can also be measured with DSC-
MRI through the MTT, expressed as MTT = V/Fp 
which gives a measure of the washout time of the 
blood in the volume of interest. In the case of 
cerebral perfusion, Fp is known as CBF and the 
contrast volume is known as CBV (Fig. 16.3).

One step further in this theory is the pharma-
cokinetic modeling of the residue function in 
terms of the hemodynamic parameters. The 
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fundamental building block of any tracer-
kinetic model is the compartment, often defined 
as a space where the tracer is well mixed or 
evenly distributed over the space at all times. 
Following this theory, the residue function can 
be described as a combination of different 
compartments:
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where n represents the number of compartments.
Following this compartmental theory, cerebral 

perfusion can be seen as a single compartment 
model where the residual function can be 
expressed as:
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In most of the tissues other than brain, stan-
dard MRI tracers distribute over two different 
spaces: the blood plasma P and the extravascular, 
extracellular space E. The two-compartment 
exchange model [26–28] is defined by the 
assumption that (1) P and E are compartments; 
(2) E does not exchange tracer directly with the 
environment; (3) the clearances for the outlets 
connecting P and E are equal; and (4) the clear-
ance for the outlet of P to the environment equals 
the plasma flow.

There are four different situations where a 
 tissue with this structure can be effectively 
reduced to a one-compartment model: (1) and 
(2) when one of the spaces has a negligible vol-
ume, (3) if the tracer extravasates slowly, so that, 
the concentration in the extravascular space is 
negligible within the acquisition time, and (4) if 
the tracer extravasates rapidly, so the system 

Spin Echo-EPI acquisition Gradient Echo-EPI acquisition

Time-concentration curveTime-signal intensity curve

Gd-DTPA
iv bolus

rCBV

Relative cerebral
Blood volume

rCBV

Fig. 16.3 Time-signal intensity curve demonstrates 
decreased signal intensity with passage of bolus of para-
magnetic contrast material (Left, Top row). The shaded 
area represents the area used to calculate the rCBV. Data 
obtained in the time-signal intensity curve are trans-

formed to time-contrast concentration curves (Right, Top 
row) to generate color-coded map that represents rCBV 
values in brain tissue. Notice the differences between the 
rCBV parametric maps derived form a SE-EPI and a 
GE-EPI sequences (Bottom row).
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behaves as a single well mixed space. In each of 
these regimes, the residue function becomes 
mono-exponential, but the precise interpretation 
of the parameters is different. Hence, it is recom-
mended to use an abstract notation Ktrans and kep 
for the model parameters of a one-compartment 
model:

 
C t K e C ttkep( ) = ⊗ ( )−trans
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A one-compartment model with these nota-
tions is often referred to as a Tofts model [29] or 
as a modified Tofts model when a term is added 
to account for the tracer in the vasculature [30]. If 
prior information regarding the state of the tissue 
is available, then Ktrans and kep can be interpreted 
in more concrete terms. However, to avoid errors 
of misinterpretation [31, 32], it is prudent to leave 
the interpretation open [33, 34].

In those cases where the vascular volume can-
not be neglected, it is required to include the 
plasma contribution in the model with a resulting 
total contrast concentration equal to:
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where vp represents the volume of plasma inside 
the voxel and is normally called plasma volume, ve 
represents the extravascular-extracellular volume 
inside the voxel, Ktrans represents the transfer rate of 
the blood from the vessels to the extravascular- 
extracellular space, and kep the transfer rate of the 
blood from the extravascular- extracellular space to 
the vessel. A graphical interpretation of these 
parameters can be found in Fig. 16.4 and the results 
of the analysis of a highly vascularized tumor.

Analysis result of a 
Non-Hodgkin Lymphoma

Esquematic interpretation of two
compartment DCE pharmacokinetic analysis

Extracellular extravascular space, ve

Capillary vascular plasma space, vp

Kep

Ktrans

a b

DCE-MRI analysis

kep

ve

Ktrans

Plasma fraction

Fig. 16.4 (a) A graphical interpretation of the quantifica-
tion parameters of a two-compartment model and (b) 
Ktrans, Kep, plasma volume and extraction volume maps 
obtained according to the quantification process explained 

in Fig. 16.2. The yellow arrows show the pharmacokinetic 
characteristics of a non-Hodgkin lymphoma, which dem-
onstrates high permeability and perfusion

16 Perfusion Imaging by Magnetic Resonance



350

16.2.2.3  AIF Selection
For an accurate perfusion estimation, it is neces-
sary to obtain the arterial input function (AIF) of a 
contrast agent CA(t); the time-concentration curve 
in plasma has long presented a problem in MR 
DCE-MRI and DSC-MRI studies. A poor estima-
tion of the AIF due to insufficient time sampling or 
signal saturation effects produces substantially 
increase bias in the estimated hemodynamic and 
permeability maps [28]. To overcome this limita-
tions, some authors have proposed to use a simpli-
fied functional form for the AIF, which is assumed 
valid for all individuals [35, 36]. However, others 
have shown that using a simplified standard AIF 
can lead to large systematic errors in kinetic tracer 
model output parameters, such as the volume 
transfer constant Ktrans and the fractional blood vol-
ume [37, 38]. Because interindividual variations in 
heart rate and kidney function have the potential to 
lead to differences in the AIF form, the use of an 
accurately measured AIF for each subject is often 
the preferred approach, even though it is only 
attainable in a minority of studies [35, 39]. It is 
often not possible to perform a reliable AIF mea-
surement due to experimental constraints or due to 
the lack of a suitable artery in the field of view. 
Hence, recent published work [40] of a clinical 
DCE-MRI study has suggested the use of an 
assumed form of AIF that is sufficiently similar to 
the true AIF to allow estimation of model param-
eters. Parker et al. [40] demonstrated that in the 
presence of measurement errors in an experimen-
tally acquired AIF, there are significant benefits to 
be gained in the reproducibility of compartmental 
model parameters by using an assumed form. 
However, there have been limited studies con-
ducted, so far, to quantify the effects of using an 
assumed form of AIF in experimental models or in 
differentiating the effects of varying assumed AIF 
forms, including population averages.

16.2.3  Contrast Agents and Injection 
Protocol

DCE-MRI may be performed using low-
molecular- weight contrast media or macromo-
lecular contrast media. Most of published 

DCE-MRI studies in the body have used low-
molecular- weight contrast media because of their 
clinical availability. Due to space constraints, this 
review will not refer to DCE-MRI with macromo-
lecular contrast agents. Any of the commercially 
available gadolinium chelates of 0.5 mM concen-
tration are useful to measure first-pass perfusion, 
but in order to analyze permeability, it is prefera-
ble to avoid the use of protein-bound tracers, as 
they need of a complex specific analysis.

Most commonly, a standard dose of 0.1 mmol/
kg body weight is recommended, using an injec-
tion rate of at least 3 cc/s flushed with 20–30 ml 
of saline.

DSC-MRI is usually performed with 
extravascular- extracellular gadolinium chelates. 
Some authors advocate for the use of protein- 
bound tracers or agents with double-gadolinium 
concentration due to better contrast enhancement 
and better diagnostic performance in many clinical 
situations due to higher relaxivity [41]. In DSC-
MRI, a dose of 0.1 mmol/kg of gadolinium- based 
contrast agent is enough for adequate diagnostic 
performance. Injection protocol requires fast injec-
tion rates (ranging from 3 to 5 mL/s bolus injection 
rate) for stronger arrival effect of the contrast fol-
lowed by a 20–30 mL saline flush at the same rate.

16.3  Non-Contrast-Based 
Techniques

16.3.1  Arterial Spin Labeling

Among MRI methods, arterial spin labeling (ASL) 
techniques have shown their potential for tissue 
perfusion quantification. The complete noninva-
siveness and nonionizing nature of this technique 
makes ASL a very interesting method for studying 
perfusion in healthy individuals or patients who 
require repetitive follow-ups. Furthermore, the use 
of any radioactive tracers or exogenous contrast 
agents, which are necessary in most conventional 
techniques, may be restricted in patients with par-
ticular conditions, such as kidney failure, or in 
pediatric populations. Finally, ASL-based methods 
are useful for functional studies and evaluations of 
new therapies, in which physiological changes due 
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to the pharmacological stimuli must be monitored 
over time. Due to movement artifacts, most of the 
clinical experience of ASL has been limited to the 
brain (Fig. 16.5), although recently it has been 
proven useful in body organ such as kidney.

The common goal of all existing ASL 
techniques is to produce a flow-sensitized image 
(also known as a labeled image) and a control 
image in which the static tissue signals are identi-
cal. This is usually performed by inverting or 
saturating the water protons in the blood supply-
ing the imaged organ. After a delay between 
labeling and image acquisition, called the inver-
sion delay (TI), the labeled blood spins reach the 
capillaries, where they exchange with tissue 
water, giving rise to the perfusion signal. The 
subtraction of the label from the control yields a 
difference signal that directly reflects local perfu-
sion, since the signal from stationary tissue is 
completely eliminated.

There exist two main classes of ASL tech-
niques: continuous ASL (CASL) and pulsed ASL 
(PASL). In CASL, the supplying blood is con-
tinuously labeled below the imaging slab, until 
the tissue magnetization reaches a steady state. 
The PASL approach labels a thick slab of arterial 
blood at a single instance in time, and the imag-
ing is performed after a time long enough to 
allow the spatially labeled blood to reach the tis-
sue and exchange at the region of interest. Both 
methods need a control experiment in order to 
visualize and quantify the perfusion (Fig. 16.6).

16.3.1.1  Continuous Arterial Spin 
Labeling

The original ASL method proposed by Detre and 
Williams et al. [42, 43] in 1992 used a continuous 
flow- driven adiabatic inversion scheme, a method 
that was previously used for angiography [44]. 
This type of adiabatic inversion of the arterial 

T1WI T2WI MRSFLAIR

DWI rCBV ASL

Fig. 16.5 A 47-year-old woman with Hodkgin lymphoma 
complaining of new onset of seizures. A round-enhancing 
lesion is demonstrated in the parasagittal aspect of the left 
frontal lobe, surrounded by vasogenic edema. The lesion 
also presents restricted diffusion, secondary to its hyper-

cellularity. MR spectroscopy shows elevated picks of cho-
line and lactate/lipids (arrow) and reduction of NAA. The 
lesion demonstrates high perfusion on both rCBV and 
ASL maps related to brain involvement by lymphoma
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magnetization is performed using a 2–4 s continu-
ous radiofrequency (RF) pulse, while applying a 
magnetic field gradient in the flow direction. The 
moving arterial spins will therefore experience a 
slow variation of the resonance frequency, which 
will result in their inversion, while static (tissue) 
spins will just be saturated. The use of long inver-
sion pulses produces strong magnetization trans-
fer (MT) effect during the labeling procedure that 
needs to be compensated as well during control 
image acquisition. In the first implementation, 
MT effects were compensated by applying a dis-
tal labeling during the control experiment. This 
produces identical saturation effects but, due to 
the applied gradients during labeling, this is 
unfortunately valid only for a single slice. For 
multi-slice acquisition, Alsop et al. [45] proposed 
the use of two closely spaced inversion planes, 
also called double adiabatic inversion. In the con-
trol experiment, the magnetization gets inverted 
while traversing the first plane and returns theo-
retically to its original state during the passage 
through the second plane.

16.3.1.2  Pulsed Arterial Spin Labeling
In 1994, Edelman et al. [46] proposed the first 
pulsed ASL scheme. Contrary to CASL, the 
labeling is performed once in a 10–15 cm slab 
proximal to the image slices. For the PASL 
sequences, MT effects have to be considered as 
well, although these are much smaller compared 
with CASL. In this first version of the “Echo- 
Planar MR Imaging and Signal Targeting with 
Alternating Radio frequency” (EPISTAR) 
sequence, inversion was performed distal to the 
image slice during the control experiment to 
induce identical MT effects in both cases. Again, 
this truly compensates for a single slice only and, 
therefore, the sequence was modified for multi- 
slice acquisition using a single 180° adiabatic 
pulse for the label experiment and two 180° + 180° 
pulses of half the power for the control experi-
ment at the same proximal location [46, 47].

Shortly afterwards, an alternative to this asym-
metric method of labeling was proposed by 
Kwong et al. [48] and independently by Kim 
[49], who named it flow alternating inversion 

General description of an ASL experiment

Target image: Inversion pulse is applied in the flowing blood that after a time period
arrives to the image slice with signal inversion producing a signal decay.

The same experiment is applied without applying the inversion pulse.

ALS signal is obtained subtracting the target image to the control image

Target image

Image slice

Inversion band pulsed
or continuous

Delay time
Target blood magnetization
Normal blood magnetization
Tissue magnetization

Target blood magnetization
Normal blood magnetization
Tissue magnetization

Delay time

Inversion band pulsed
or continuous

Image slice

Control image

Control image:

Fig. 16.6 A schematic representation of an ASL experi-
ment is presented where two sets of images are acquired with 
and without the application of an inversion pulse to the flow-
ing blood. In the first experiment an inversion pulse is applied 

producing a signal drop in the slice image due to the inverted 
spins of the target blood. In the second experiment there is no 
signal drop due as none inversion pulse is applied. The differ-
ence between both images provides perfusion information
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recovery (FAIR). Here, the label is applied using 
a nonselective inversion pulse, while the control 
employs a concomitant slice-selective gradient 
pulse. The symmetric nature of this sequence 
automatically compensates for MT effects.

PASL allows inversion of the arterial spins 
closer to the image slices and the inversion effi-
ciency is improved; however, due to imperfect 
inversion profiles, a gap between the labeling 
region and the image slices of typically 1–2 cm is 
needed, depending on the type of RF pulse used. 
This increases transit time from the labeling slab 
to the imaging slices leading to decreased effi-
ciency. In addition, T1 relaxation of all the 
inverted spins will also result in a theoretically 
lower signal difference. Nevertheless, the ease of 
implementation and reduced practical problems, 
as compared with CASL, has made PASL a pop-
ular choice for perfusion imaging.

16.3.1.3 ASL Perfusion Quantification
Having acquired the data using either technique, 
the subtracted control-label images will be perfu-
sion weighted. The relationship between the ΔM 
signal and the actual CBF depends mainly on 
proton density and T1 relaxation rates of tissue 
and inflowing blood and their respective 
 differences. In addition, the label transit time 
from the inversion slab to the observed region in 
the images is also an important factor. 
Traditionally, quantitative CBF estimation is car-
ried out using the tracer clearance theory origi-
nally proposed by Kety and Schmidt [50] which 
was first adapted to ASL experiments by Detre 
and Williams et al. [42, 43]. In the original model, 
it is assumed that the labeled arterial blood water 
is a free diffusible tracer, implying that the 
exchange of blood water with tissue water hap-
pens instantaneously upon its arrival to the paren-
chyma. Therefore, this model corresponds to a 
single compartment tracer kinetic, described by a 
mono-exponential tissue response function. In 
the original quantification model, further assump-
tions about uniform plug flow and equal T1 
relaxation of both tissue and arterial blood were 
made [42]. Buxton et al. [51] proposed a general 
kinetic model where the magnetization differ-
ence between labeled and control measurements 

were described using the convolution integral 
between a particular arterial input function and to 
consider a certain exchange mechanism (CASL 
and PASL experiments) and the mono-exponen-
tial tissue response.

16.3.2  Intravoxel Incoherent Motion

Diffusion-weighted imaging (DWI) is an MRI 
technique sensible to microscopic mobility of 
water and is classically referred as Brownian 
motion. This mobility is due to thermal agitation 
and is highly influenced by the cellular 
environment of water. In oncologic imaging, 
DWI has been linked to lesion aggressiveness 
and proposed to evaluate tumor response, 
although the biophysical basis for this is incom-
pletely understood. In biologic tissues, these 
motions include molecular diffusion of water and 
microcirculation of blood in the capillary net-
work (perfusion). Molecular diffusion refers to 
physical properties of tissue that allow tissues to 
be characterized. The sensitivity to water move-
ment is controlled by a sequence parameter called 
b value. This acquisition parameter controls the 
water dephasing due to the movement; when this 
parameter increases, the signal from water mole-
cules with a higher movement disappears, 
remaining only the signal from those water mol-
ecules with restricted movement. In this scenario 
microcirculation of blood or perfusion can also 
be considered an incoherent motion due to the 
pseudorandom organization of the capillary net-
work at the voxel level that can be imaged using 
low b values during the diffusion acquisition.

IVIM imaging is a method initially developed 
by Le Bihan et al. [52] to quantitatively assess the 
microscopic translational motions that occur in 
each image voxel at MRI. Le Bihan et al. [52, 53] 
demonstrated that both pure molecular diffusion 
and microcirculation, or blood perfusion, can be  
distinguished by using IVIM analysis of diffu-
sion signal decay. For this, it is necessary to 
obtain multiple b values to encompass both low b 
values (<200 s/mm2) and high b values (>200 s/
mm2). The low b values are used to study the fast 
water movement associated to the blood flowing 
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through the capillary network in a pseudorandom 
manner. Conversely, for b values over 200 s/mm2, 
the signal information from the capillary network 
is completely dephased obtaining only signal 
from the extravascular space (Fig. 16.7).

16.3.2.1 IVIM Quantification
Following the diffusion theory the signal varia-
tion with the b values can be expressed as:

 S S e bD= −
0 ,  (16.12)

where S is the acquired signal intensity for each b 
value; S0 is the signal intensity when there is no 
diffusion weighted applied, and D is the diffusion 
coefficient that represents the water mobility 
inside the studied voxel.

Under the IVIM theory where the blood flow 
mimics the diffusion process, the signal is also 
modeled equivalent to equation to Eq. 16.12

 F e bD= − *

,  (16.13)

where D* represents the fast signal decay due to 
blood flow and is normally referred as perfusion- 
related diffusion. Combining the information of 
both tissues, diffusion territories is obtained:

 
S S e f febD bD= −( ) +





− −
0 1

*

,
 

(16.14)

where f represents the perfusion fraction, which 
corresponds to the portion of the signal decay 

explained by the blood. Under this model D rep-
resents the free perfusion-diffusion coefficient 
(Fig. 16.8).

16.4  Clinical Applications 
in Oncology of perfusion-
weighted MRI

16.4.1  Clinical Applications in Brain 
Tumors

16.4.1.1 Tumor Grading
There is a strong correlation between astrocy-
toma grading and tumor rCBV. One of the char-
acteristic features of high-grade tumors relative 
to low grade is a higher degree of vascular prolif-
eration related to neoangiogenesis, which can be 
assessed by rCBV. Thus, perfusion rCBV maps 
can provide relevant information regarding tumor 
grading, as low-grade gliomas have low rCBV 
(Fig. 16.9) and high-grade gliomas have high 
rCBV (Fig. 16.10). Some authors also proposed 
that rCBV measurement has the capability to pre-
dict progression and survival [54]. Therefore, a 
threshold value (1.75) can be proposed to suggest 
such differentiation, with also the ability to pre-
dict progression-free survival (Fig. 16.11) [54].

In a previous publication, rCBV demon-
strated a better correlation to progression-free 

IVIM model

Decay due to blood flow

Slope= D+D*

Slope= D

0.0

-0.2

-0.4

-0.6

Ln
 (

s/
so

)

-0.8

-1.0

-1.2 0 200 400
b values (s/mm2)

f = Perfusion contribution to the diffusion signal

D = Real diffusion of the water molecules

D* = Perfusion contribution to the signal decay

s–
 

s0 = (1–f) • exp(–bD)+ f • exp [– b (D+D*)]

600 800

Decay due to Brownian motion

Fig. 16.7 This figure 
represents a graphical 
interpretation of IVIM model. 
In the first part (b < 200 s/
mm2) of the diffusion decay 
curve, there is a fast signal 
drop related to the blood 
flowing through the capillary 
network organized in a 
random manner. The second 
part of the curve represents 
the signal decay due to 
normal diffusion of the tissue
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survival than the histopathology grading [55]. 
Potentially rCBV measurements could overcome 
some limitations of current histological methods, 
providing additional prognostic factor for tumor 

biology. Thus, perfusion MRI could also be used 
to identify the location that demonstrates the 
highest rCBV values. This allows for a more 
accurate  targeting of stereotactic biopsy in 

Perfusion fraction

Diffusion coefficient

8x104

6x104

4x104

2x104

0
0 200 400

b foctor [5/mm2]

600 800

Fig. 16.8 IVIM analysis of round cell carcinoma of the 
right kidney. Several b values under and over 100 s/mm2 are 
necessary to model the diffusion-signal decay in a bicom-
partmental model. The firs fast decay permits to obtain 

information about tumor moving flow (perfusion fraction 
map) and posteriorly, the more flattened signal decay of dif-
fusion permits the quantification of tissue diffusivity with-
out perfusion contamination (diffusion coefficient)
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Fig. 16.9 Low-grade glioma. A 5-year-old boy with sei-
zures. An expansive right temporal lobe lesion is demon-
strated in the T2-weighted image. MR spectroscopy shows 

an elevation on myoinositol and a slight elevation of cho-
line. A reduction of NAA is also shown. On DSC-MRI, the 
lesion presents low rCBV values
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order to avoid an understaged tumor. Not least, 
rCBV maps can be able to identify within a 
low-grade lesion areas of malignant transfor-
mation or tumor  dedifferentiation before they 
are visible on conventional imaging (Fig. 16.12) 
[56]. In addition, ASL has also been proposed 
to predict the difference between high- and low-
grade gliomas [57].

On the other hand, the use of rCBV to grade 
gliomas has in the other hand some limitations. 
Several low-grade gliomas may have elevated 
rCBV and therefore can be misclassified as high 
grade, resulting in a false-positive analysis. Non- 
fibrillary astrocytoma, like oligodendrogliomas, 
may have high rCBV regardless of grade [58, 59]. 
Despite these shortcomings, the WHO classifica-
tion remains the standard reference system to 
guide brain tumor management [60].

16.4.1.2 Nonastrocytic Gliomas
Nonastrocytic gliomas, like oligodendrogliomas, 
may have high rCBV even in low-grade subtypes 
(Fig. 16.13) and can be, in some cases, misdiag-
nosed as a high-grade neoplasm [58, 59]. However, 
there are others MRI features on conventional 
sequences that might help in the diagnosis of oli-
godendroglioma, like cortical involvement,  
frontal lobe predominance, calcification, and 
intratumoral cysts.

Choroid plexus papilloma is a highly vascular 
intraventricular glioma, fed by choroid plexus cap-
illaries, which does not contain blood–brain barrier. 
Thus, this lesion has high contrast enhancement, 
due to marked gadolinium leakage. On DSC-MRI 
images, the susceptibility- weighted signal intensity 
curve never returns towards baseline because neo-
plasm vasculature lacks of blood–brain barrier and 

FLAIR

DSC - rCBV DCE
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Series No.

Series No. 8
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Fig. 16.10 A 58-year-old man with GBM. An expan-
sive, necrotic lesion with irregular and peripheral contrast 
enhancement surrounded by an abnormal hyperintense 

area on FLAIR images. The lesion presents high rCBV on 
DSC- MRI and high permeability on DCE-MRI consistent 
with high-grade glial tumor
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a marked contrast leakage occurs during the con-
trast administration (Fig. 16.14) [58, 59].

16.4.1.3 Non-gliomas Brain Tumors
Metastasis
Some reports suggest that high-grade gliomas 
have a higher rCBV than metastasis. The 
vasculature of metastatic lesions contains 
capillaries that are highly leaky. Then, the 
 susceptibility- weighted signal intensity curve 
demonstrates a profound leakage of gadolinium 
during the contrast administration, similar to the 
observed in the choroid plexus papilloma. The 
evaluation of the abnormal peritumoral region 
can also be useful in differentiating primary to 
secondary brain tumors. The infiltrative edema 
of gliomas has a higher rCBV than the vaso-
genic edema surrounding metastatic lesions 
(Fig. 16.15) [56, 61].

Lymphoma
Distinction between lymphoma and high-grade 
gliomas can be extremely difficult to neuroradi-
ologists, as these two lesions can have similar 
imaging features on conventional MRI sequences. 
Although rCBV can be slightly elevated on lym-
phoma, rCBV tends to be lower when compared 
to high-grade lesions (Fig. 16.16). This is likely 
because neovascularization is not a typical histo-
logical feature of this neoplasm [58, 59, 62].

Meningioma
Meningioma can be classified as being benign 
(WHO grade I) or atypical (WHO grade II). 
Atypical meningioma tends to be more aggres-
sive and usually recurs after surgical resection. 
DCE-MRI is considered to be able to determine 
the meningioma grade. Atypical variants are 
associated with higher permeability than typical 

Case 1

Case 2

T1WI Gd

T1WI Gd Flair CBV

AX. T2 CBV
PRESS (1500/35)

PRESS (1500/30)

Fig. 16.11 Case 1. A 51-year-old man with a diagnosis of 
low-grade glioma presented with seizures and headache. 
The lesion does not enhance after contrast administration 
and MRS demonstrates elevation of choline and myoino-
sitol and a reduction of NAA. Low rCBV on DSC-MRI 
suggests a low-grade glial tumor. Case 2. A 51-year-old 

woman with a diagnosis of high-grade glioma presented 
with early onset of seizures and right facial palsy. A 
slightly enhancing cortical lesion with high perfusion is 
seen. MRS shows a marked elevated choline and reduction 
of NAA, as well as presence of lipids/lactate. High CBV 
on DSC-MRI suggests a high-grade glial tumor
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variants, which have lower permeability [58, 59, 
63]. The dynamic perfusion curves generated by 
using DSC-MRI with respect to the permeability 

between intravascular and extravascular com-
partments can provide additional information 
regarding the differentiation between benign and 

T1WIGd DSC-rCBV

Fig. 16.13 A 52-year-old woman with oligodendroglioma. An expansive-enhancing right frontal lesion with high 
perfusion (increased rCBV on DSC-MRI) is seen
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Fig. 16.12 A 21-year-old man with left hemiplegia and 
seizures, with a biopsy proven low-grade glioma. 
Presurgical MRI (top row images) demonstrated an infil-
trative lesion on FLAIR image, with increased perfusion 
on DSC-MRI. MRS shows elevation of choline and myo-
inositol as well as a reduction of NAA, typical of low-
grade gliomas. Some months after surgery, the patient got 

worst clinically and MRI (bottom row images) demon-
strated progression of both the enhancing portion of the 
lesion and the surrounding hyperintense area on FLAIR. 
MRS shows a marked elevation of choline and lipids/lac-
tate and a reduction of NAA. A marked elevation on 
rCBV values was also demonstrated. A new surgery con-
firmed the diagnosis of high-grade glioma
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FLAIR T1WIGd

Fig. 16.14 Choroid plexus papilloma. A 22-month-old 
boy presented with seizures and elevation of the cephalic 
circumference. An expansive-enhancing lesion is seen at 
the right posterior choroid plexus topography. The lesion 

presents a high rCBV value and the time-signal intensity 
curve (TIC) does not return towards baseline, due to 
marked contrast leakage
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atypical meningiomas (Fig. 16.17) [63]. DSC 
perfusion MRI can also determine the maximal 
rCBV in the peritumoral edema, what can be use-
ful in the differentiation between benign and 
malignant meningiomas [64]. Furthermore, ASL 
may also be useful in distinguishing different 
subtypes of meningioma [65].

16.4.1.4 Posttreatment Tumor 
Evaluation

Several studies have demonstrated a relation-
ship between rCBV in gliomas and overall sur-
vival. The change in rCBV values measured 
prior to treatment and after the first 6 weeks of 
therapy is considered to allow prediction of 
treatment outcome at 6 months. Changes in 
rCBV values can be more sensitive than that 
observed on contrast enhancement tumor size to 
predict outcome [66, 67].

16.4.1.5 Distinction Between 
Radiation Necrosis and Tumor 
Recurrence

The differentiation between radiation necrosis 
and recurrent or residual tumor remains a chal-
lenge in the clinical management. Conventional 
MRI was unable to predict such difference. Most 
of the time, these entities coexist when histopa-
thology analysis is performed. Previous reports 
showed that radiation-induced necrosis has lower 

rCBV values than the observed in tumor recur-
rence. Although several studies demonstrated the 
ability of DSC-MRI to differentiate radiation 
necrosis from tumor recurrence, to date accurate 
threshold rCBV values had not yet been validated 
(Fig. 16.18) [54, 58–60].

16.4.1.6 Tumor-Mimicking Brain 
Lesions

Abscess
Abscess can be difficult to differentiate from 
necrotic brain neoplasm based only in conven-
tional MRI sequences. DSC-MRI can demon-
strate such difference. Abscess tends to have 
low rCBV when compared to normal white mat-
ter, whereas rCBV values are generally higher 
in high-grade gliomas and metastasis 
(Fig. 16.19) [68].

Tumefactive Demyelinating Lesion
DSC-MRI can be useful in differentiating tume-
factive demyelinating lesions from brain neo-
plasms. Demyelinating plaques demonstrate 
lower rCBV values than brain neoplasms 
(Fig. 16.20). However, despite the generally 
decreased cerebral blood flow in inflammatory 
lesions, a transient increase may be identified in 
the very early phase of the formation of these 
lesions [69]. On the source images of DSC-MRI, 
it is possible to identify vessels within the  
demyelinating lesion, as the histopathological 
process consists of perivascular inflammatory 
infiltration and demyelination (Fig. 16.21).

16.4.2  Clinical Applications 
in the Body

DCE-MRI in body applications is a broad term 
that refers to dynamic multiphase contrast- 
enhanced MRI. It includes two different 
approaches: (1) low temporal resolution DCE- 
MRI, which is the heart of almost every abdomi-
nopelvic MRI protocol. This approach uses few 
T1-weighted measurements with high spatial 
resolution (Fig. 16.22a). (2) Conversely, perfu-
sion MRI needs of multiple fast T1-weighted rep-
etitions with limited coverage and reduced spatial 
resolution (Fig. 16.22b).

T2WI

Fig. 16.14 (continued)
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T1WIGd

AH

SP

DCS-rCBV

Fig. 16.15 A 37-year-old woman with breast cancer pre-
sented early onset of simple partial seizures. A round 
expansive contrast-enhancing lesion in the post central 

gyrus is demonstrated. DSC-MRI demonstrated a high 
rCBV within the lesion, but not at the surrounding area in 
this brain metastasis

T1WI

FLAIR DWI DSC-rCBV

T1WIGd T2WI

Fig. 16.16 Lymphoma. A 63-year-old man with cognitive impairment. An expansive-enhancing and infiltrating corpus 
callosum lesion with restricted diffusion and low rCBV
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In addition, the use of T2*-weighted DSC- 
MRI has also been used in research for tumor 
evaluation outside the brain. Due to very limited 
available data and space constraints, we will not 
discuss this approach.

16.4.2.1 Perfusion MRI in Clinical Trials 
of Body Tumors

Perfusion MRI in the body is still in the research 
setting, although it is on its way towards the clini-
cal arena. Quantitative vascular parameters 

T2WI T1WIGd

DSC-rCBV

Fig. 16.17 Atypical meningioma in a 52-year-old man 
that presented with headache and right hemiplegia. DSC-
MRI shows a high rCBV value of this lesion. The TIC 

does not return towards baseline, due to marked 
permeability
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T1WIGd DSC-rCBV

Fig. 16.18 A 56-year-old man with postoperative GBM 
treated with radiation therapy. The axial T1-weigthed 
image shows an expansive lesion with irregular and 

 heterogeneous contrast enhancement. DSC-MRI shows 
low rCBV, consisting with radiation necrosis

T1WI Gd rCBV

Fig. 16.19 HIV-positive patient with toxoplasmosis presented a round-enhancing lesion (circle on left image) that does 
not present high rCBV on DSC-MRI (circle on right image)
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derived from DCE-MRI have been usually applied 
to clinical trials evaluating the effect of drugs on 
tumor vascularity. In the body, most of the experi-
ence comes from the monitorization of rectal can-

cer [70], hepatocellular carcinoma (HCC), liver 
metastasis [71], prostate cancer, and renal cell 
carcinoma (RCC) treated with angiogenic inhibi-
tors or vascular disrupting agents [72] (Fig. 16.23). 

FLAIR T1WIGd DSC-rCBV

Fig. 16.20 Tumefactive demyelinating lesion. A 
50-year-old woman with early onset of left hemiparesthe-
sia. A round lesion surrounded by vasogenic edema in the 
right subcortical parasagittal parietal white matter is dem-

onstrated. After intravenous contrast administration, the 
lesion presented an incomplete round enhancement. DSC-
MRI does not demonstrate high rCBV

FLAIR FLAIR T1WIGd

DSX-rCBV

Fig. 16.21 A demyelinating lesion that does not enhances after endovenous contrast administration is seen at the right 
centrum semiovale in a patient with multiple sclerosis. DSC-MRI demonstrates the presence of vessels within the lesion
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Several series have linked early reduction of these 
vascular parameters to treatment response, as 
early as 2 days after the start of therapy, but fur-
ther studies are necessary to show its relationship 
to critical endpoints as patient survival [73].

Ktrans, the most extended parameter evaluated 
for this purpose, does not purely measure capil-
lary permeability, and its change with treatment 
represents a number of different physiological 
processes. On one hand, Ktrans is related to tissue 
perfusion in tissues with flow limitations. On the 
other hand, if permeability is limited, Ktrans is 
related to permeability surface area [74]. 
Therefore, in flow-limited lesions, Ktrans will show 
low values related to negligible microvascular 
component. ve is usually diminished in tumors 
when there is a higher fraction of neovessels in 
tumor than in surrounding normal tissue.

16.4.2.2 Role of Perfusion MRI  
in the Liver

Perfusion MRI in the liver is technically demand-
ing, and there is limited literature of its applica-
tion in oncology. Coronal acquisitions are more 
commonly acquired to limit inflow artifacts [75]. 
It is important to perform a whole liver approach 
in order to avoid missing small lesions. This is of 
paramount importance in the evaluation of liver 
metastasis of colorectal carcinoma, as DCE-MRI 
pharmacokinetic parameters have been proposed 
as surrogate biomarkers of drug efficacy in 
colorectal carcinoma metastasis [76]. In the liver, 
the hepatic perfusion index, a specific 
semiquantitative- derived parameter, has shown 
its role in the detection of micrometastases as it 
appears elevated [77]. Perfusion MRI can also 
measure perfusion parameters of HCC and can 
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Fig. 16.22 (a) Conventional liver DCE-MRI with low 
temporal resolution and high spatial one in a patient with 
liver metastases of colon adenocarcinoma. Five acquisi-
tions (pre-contrast, arterial, portal, venous, and equilib-
rium phases) were acquired. Acquisition time per 

dynamic: 15 s. (b) DCE-MRI using an approach with 
multiple fast T1-weighted repetitions with limited cover-
age and reduced spatial resolution in a patient with focal 
nodular hyperplasia (FNH). Time per dynamic: 3 s. 
Notice that only the first twelve dynamic series are shown
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be used for predicting and monitoring treatment 
response to anti-vascular agents [78].

16.4.2.3 Role of Perfusion MRI in 
Pancreatic Carcinoma

Initial data of perfusion MRI in the pancreas sug-
gests that derived parameters of bicompartmental 
model may differentiate pancreatic cancer from 
normal pancreas tissue, as pancreatic cancer 
demonstrates significant lower values of Ktrans, 
kep, and AUC [79]. Histologically, pancreatic can-
cer is a hypovascular tumor due to reduced blood 
flow, although it has high permeability. Therefore, 
Ktrans and AUC of pancreatic cancer represent 
blood flow as explained before.

Furthermore, there is a significant difference 
between quantitative parameters of neuroendo-
crine pancreatic tumors and pancreatic carcinoma 
[79]. Pretreatment Ktrans measurement in pancre-
atic tumors can predict response to antiangiogenic 
therapy, and decreased of perfusion parameters 
have been linked to good response after combined 
chemotherapy and antiangiogenic therapy as soon 
as 1 month after the start of treatment [80].

16.4.2.4 Role of Perfusion MRI in Renal 
Cell Carcinoma

Accurate characterization of renal lesions is 
mainly based on the presence or absence of 
enhancement to distinguish cystic from solid 

Postchemo follow-up of liver metastasis of pancreatic carcinoma

Pretreatment

1 Month postreatment

Fig. 16.23 Follow-up functional MRI pre- and post-che-
motherapy in a patient with a metastasis (arrows) from 
pancreatic carcinoma. On pretreatment MRI (left column 
images), there is a lesion in segment 8 with very low ADC 

and increased area under the curve (AUC obtained from 
DCE-MRI). One month after chemotherapy (left column 
images) the lesion has disappear on ADC map and a drastic 
reduction on the AUC values indicates complete response
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lesions. DCE-MRI has shown detection rates of 
RCC near to 100 %, with low false-positive rates 
[81]. Furthermore, according to the enhancement 
pattern, the three most common subtypes of RCC 
can be distinguished, which is of paramount 
importance, as the therapeutic approach varies 
according to the histological type. Clear cell RCC 
shows early and fast enhancement than other sub-
types of RCC during the arterial/corticomedular 
phases. Conversely, papillary RCC demonstrates 
poor enhancement in these phases. Chromophobe 
RCCs usually show an intermediate pattern of 
enhancement compared to the other most com-
mon subtypes. Regarding benign tumors, oncocy-
tomas may overlap with RCCs in terms of degree 
of enhancement and lipid-poor angyomyolipomas 
more commonly demonstrate a moderate degree 
of enhancement overlapping with that of chromo-
phobe RCC [82]. Characterization of renal masses 
is accurate using a three-point dynamic approach 
with high spatial and low temporal resolution. 
However, since the use of new targeted antiangio-
genic therapies to clear cell and papillary subtypes 
of RCC, it is important to assess early response to 
treatment using functional imaging techniques, 
such as DCE-MRI or ASL (see Figs. 46.9 and 
46.10, respectively) [83].

16.4.2.5 Role of Perfusion MRI in 
Gynecological Malignancies

Detection and staging of endometrial and cervi-
cal uterine carcinomas are improved with the use 
of DCE-MRI, which is usually included in clini-
cal protocols [84]. There is scarce experience in 
the posttreatment assessment of endometrial can-
cer with perfusion MRI. However, it has shown 
promising results in the early monitoring of 
response to chemoradiotherapy of cervical 
 cancer. Tumor enhancement or an increase in sig-
nal intensity early after initiation of treatment 
predicts for favorable therapeutic outcome [85]. 
There are contradictory data about the predictive 
role of baseline contrast enhancement of cervical 
cancer with DCE-MRI [86].

16.4.2.6 Role of Perfusion MRI 
in Ovarian Cancer

DCE-MRI techniques have revealed favorable 
results in the characterization of ovarian carci-

noma. In fact, several studies have suggested a 
relationship between tumoral grade and pattern 
of enhancement of solid components. The use of 
functional DCE-derived parameters, such as 
wash-in rate, may be helpful to establish a thresh-
old value to determinate or even to predict the 
risk of invasive malignancy of an ovarian lesion 
[87]. The use of bicompartmental model derived 
parameters such as tissue blood flow and AUC 
are useful to distinguish benign from malignant 
tumors (Fig. 16.24). In addition, the presence of a 
shorter lag time, defined as the time required for 
blood to go from the main arterial reference ves-
sel (usually external iliac) to the tumoral arteri-
oles, has been postulated as a biomarker of 
potential peritoneal carcinomatosis [88].

16.4.2.7 Role of Perfusion MRI 
in Prostate Cancer

Evaluation of prostate cancer is probably the 
most investigated application of perfusion MRI 
between all abdominopelvic tumors. Most com-
monly, prostate cancer shows an early, fast and 
intense enhancement followed by washout, 
although this is better found in high-grade tumors 
(Fig. 16.25) [89], and a broad spectrum of differ-
ent patterns of enhancement have been reported. 
Furthermore, a recent report suggests that pros-
tate cancer is not associated with increased vas-
cularity [90].

In clinical practice, qualitative and semiquan-
titative analysis of DCE-MRI is used for prostate 
cancer management, but they do not represent the 
true microvascular properties of cancer, as phar-
macokinetic parameters do. Most of prostate can-
cers show elevated Ktrans due to a mixed effect of 
increased flow and permeability. In peripheral 
zone, prostate carcinoma usually demonstrates 
high vascular permeability and Ktrans values 
depend mainly on the tumor flow; whereas; in the 
central gland, where permeability is the limiting 
factor, Ktrans values are related to the permeability 
surface area. Besides, ve is commonly decreased 
in tumors, but it is less useful than Ktrans to distin-
guish cancer from normal tissue. Pharmacokinetic 
MRI is complex in the prostate due to variations 
in vascularization of the different areas of a nor-
mal prostate and vascular heterogeneity of pros-
tate carcinoma. Besides, introduction in the 
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clinical setting has been limited by poor correla-
tion between pharmacokinetic volume and blood 
flow parameters and histological parameters.

DCE-MRI is superior to T2-weighted 
sequences alone for detection of prostate cancer, 
being of interest in patients with previous negative 
TRUS-guided biopsy and high clinical suspicion 
of malignancy [91]. Furthermore, DCE-MRI 
improves detection of prostate cancer when it 
forms part of a multiparametric analysis, includ-
ing T2-weighted sequences and other functional 
MRI techniques [92]. Characterization of hypoin-
tense lesions on T2-weighted sequences is a fre-
quent clinical problem. In this setting, the role of 
DCE- MRI is limited, as it is well-known the over-
lap in time signal intensity curves (TIC) patterns 
of chronic prostatitis and prostate carcinoma.

Controversy exists about the role of DCE- 
MRI in local staging of prostate cancer. DCE- 
MRI is especially useful in the detection of 

recurrence in treated prostate with radiotherapy 
[93], radical prostatectomy [94], androgen- 
deprivation therapy [95], or multikinase inhibi-
tors [96], being by far the best functional MRI 
technique for this purpose (Fig. 16.26). DCE- 
MRI should be included always in prostate imag-
ing protocol along with other functional 
techniques, for most of clinical indication of 
prostate MRI, with a central role in the detection 
of recurrence in the treated prostate.

16.4.2.8 Role of perfusion MRI 
in Rectal Cancer

DCE-MRI can be used to measure functional 
vascular changes, and it is well established that 
parameters obtained significantly correlate with 
the degree of angiogenesis and microvessel den-
sity (Fig. 16.27) [97]. It has been described that 
the degree of angiogenesis correlates with sur-
vival, tumor progression, and liver and lymph 

postcontrast T1w DCE

Ktrans

Perfusion fraction (IVIM)

Fig. 16.24 Right ovarian cystoadenocarcinoma. Large 
heterogenous mass on post-contrast T1-weighted 
sequence which shows elevated Ktrans values on solid areas 

(green and red colored areas). Perfusion fraction obtained 
from IVIM model also demonstrates areas with increased 
blood flow peripherally (green colored areas)
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nodes metastasis [98]. Quantitative parameters, 
such as Ktrans, can predict response to preoperative 
treatments, assess response to neoadjuvant 
chemoradiation, and detect small early recur-
rence [99, 100]. Rectal tumors with pretreatment 
higher Ktrans values respond better to chemoradia-
tion [100]. Elevated Ktrans in a posttreatment sce-
nario is related to incomplete response and 
residual active tumor; meanwhile, good respond-
ing tumors show decrease of Ktrans levels. 
Recurrent rectal cancers also show elevation of 
Ktrans. Therefore, limited current data suggest a 
role for DCE-MRI in rectal cancer management, 
improving patient selection and potentially clini-
cal outcomes. Recent data also support the capac-
ity for pharmacokinetic MRI to identify complete 
pathological response after radio and/or chemo-

therapy, which is a critical endpoint as it is pos-
sible to avoid in these patients radical surgical 
strategies [99].

16.4.2.9 Perfusion MRI in Breast 
Cancer

DCE-MRI is the basis of every breast MRI 
study, which is currently a popular MRI exami-
nation in clinical practice. Normally, DCE-
MRI is performed with a temporal resolution 
between 40 and 120 s. This approach to DCE-
MRI of the breast has a high sensitivity for 
breast cancer detection (89–100 %) but lacks 
specificity for characterizing breast tumors 
(Fig. 16.28). An overlap between the MRI find-
ings of benign and malignant lesions still 
exists, resulting in variable specificity 
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Fig. 16.25 Prostate cancer. Small nodule hypointense on T2-weighted sequence on left peripheral zone demonstrates 
low ADC values and increased Ktrans value, indicating a high-grade tumor (arrows)
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Fig. 16.26 Prostate carcinoma treated with external 
radiotherapy 9 months ago. Follow-up MRI demonstrates 
diffuse low signal intensity on T2-weighted image on 
peripheral zone that prevents tumor detection. Maximum 
relative enhancement parametric map of DCE-MRI shows 
two foci of increased enhancement bilaterally on the 
peripheral zone which show type III TIC (red ROI L1 

located in the nodule in right peripheral zone) and type II 
TIC (green ROI L2 located in the nodule in left peripheral 
zone). Both nodules corresponded to recurrent prostate 
carcinoma. Notice differences in enhancement pattern 
with normal peripheral zone which shows a type 1 TIC 
(yellow ROI L4)

K trans T2 TSE

Fig. 16.27 Differences in angiogenesis in rectal carcinoma. Top row images show a rectal carcinoma with increased 
perfusion and permeability (high Ktrans) and bottom row images show another carcinoma with low Ktrans
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 (37–86 %) [101]. In addition, DCE- MRI has 
been shown useful as a biomarker for assessing 
overall response to therapy in breast cancer 
[102]. In this setting, pharmacokinetic MRI 
(with temporal resolution below 6 s) has been  
proposed for the early assessment of changes 
during therapy. The diagnostic accuracy of 
DCE- MRI to predict pathologic complete 
response seems to have a high specificity and 
negative predictive value versus only moderate 
sensitivity and positive predictive value [103]. 
In this sense, derived parameters from DCE-
MRI pharmacokinetic modeling can be consid-
ered as a predictive biomarker to evaluate 
treat ment response to anti- vascular drugs [104]. 
Preliminary data have shown that IVIM and 
ASL are technically feasible for breast cancer 

assessment, although more experience is neces-
sary [105, 106] (Fig. 16.29).

16.4.2.10 Perfusion MRI in 
Musculoskeletal Malignancies

As a general rule, in DCE-MRI, a malignant 
tumor shows a rapid wash-in with posterior wash-
out enhancement. However, several studies based 
on first-pass MRI of musculoskeletal lesions have 
found a significant overlap of the obtained micro-
circulatory parameters between highly vascular 
benign and low vascular malignant lesions. 
Perfusion MRI may also help in posttreatment 
monitoring, in the distinction between necrotic 
and viable tumor tissue and in the differentiation 
between post-therapeutic soft tissue changes and 
tumor recurrence [107] (Fig. 16.30).
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Fig. 16.28 Infiltrating lobular carcinoma. DCE-MRI 
confirmed a regional enhancement with maximum diam-
eter of 5 cm, whose enhancement pattern (type III TIC) 
was consistent with malignancy. Axial MIP of the first 

dynamic post- contrast series better depicted the tumoral 
extension, the absence of additional foci, and the presence 
of enlarged right axillary lymph nodes (arrow) (With per-
mission from Barcelo et al. [101])
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 Conclusions

Perfusion is a fundamental biological func-
tion that refers to the delivery of oxygen and 
nutrient to tissue by means of blood flow. In 
the purest sense, perfusion is measured in 
tissue-specific units of milliliters of blood 
per unit time and gram of tissue. MRI is able 
to assess tumor perfusion with different 
technical approaches. Most commonly, 
dynamic techniques after contrast injection 
of contrast material are used with either a 
T2*-weighed (DSC-MRI) or a T1-weighted 
(DCE-MRI) sequence. Both approaches are 
clinically validated for tumor characteriza-

tion in the brain and body and show promise 
for early therapy monitoring, being espe-
cially interesting if novel-targeted anti-vas-
cular therapies are applied. In addition, 
non-contrast MR techniques such as ASL or 
IVIM allow also tumor perfusion analysis. 
ASL has proved valid for assessment and 
therapy monitoring of malignancies of brain 
and kidney, although it needs further valida-
tion and it will be tested also in other ana-
tomic regions. IVIM, which measures 
moving flow, is now being introduced in the 
clinical arena and its application in oncology 
still has to be demonstrated.
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Fig. 16.29 Invasive lobular carcinoma. Axial DWI with 
a b value of 25 s/mm2 shows a large ill-defined mass on 
right breast. Graph of the biexponential signal decay of the 
tumor showed a first fast decay related to tumor perfusion 
with b values under 100 s/mm2 and a more flattened slope 
of signal decay with b values over 100 s/mm2 related to 
true diffusion. Tumor perfusion fraction (f) measured with 

the IVIM approach was that of 12 %. Notice the correla-
tion of the perfusion fraction map with the relative 
enhancement map derived from a noncompartmental anal-
ysis of the DCE-MRI. Tumor D value was that of 
1.34 × 10–3 mm2/s. A core biopsy confirmed an infiltrating 
lobular carcinoma of right breast with right axillary nodal 
metastases (With permission from Barcelo et al. [101])
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  VEGF    Vascular endothelial growth 
factor   

  WFUMB    The World Federation for 
Ultrasound in Medicine and 
Biology   

17.1           Introduction 

 Currently the Response Evaluation Criteria in Solid 
Tumours (RECIST 1.1) is the most commonly used 
international guideline for evaluation of treatment 
response in solid tumours [ 1 ]. Targeted therapy 
with tyrosine kinase inhibitors (TKIs), vascular 
endothelial growth factor (VEGF) inhibitors and 
mammalian target of rapamycin (mTOR) inhibitors 
have become the standard of care for a variety of 
malignancies, including renal cell carcinoma (RCC) 
[ 2 ], gastrointestinal stromal tumours (GIST) [ 3 ], 
colorectal cancer, breast cancer and hepatocellular 
carcinomas (HCC). Sunitinib and sorafenib are US 
Federal (Food and Drug Administration)-approved 
TKIs for RCC [ 4 ]/GIST [ 5 ] and RCC/HCC, 
respectively. These drugs act on several tyrosine 
kinases, including receptors for VEGF, platelet-
derived growth factor (PDGF) and stem cell factor. 
Bevacizumab, a humanised monoclonal antibody 
which inhibits the action of VEGF, is always used 
with interferon-alpha in RCC or with chemother-
apy for colon or breast cancer. These targeted thera-
pies complicate the evaluation of tumour responses, 
which are frequently underestimated. Despite 
signifi cant clinical improvement, the radiological 
response rate using the classical RECIST criteria 
demonstrated only 15 % partial response and 70 % 
stable disease in metastatic RCC [ 6 ]. Thus, tradi-
tional evaluations based on tumour size criteria are 
no longer effective, as necrosis may occur without 
reduction in size of the tumour. The goal of func-
tional imaging is to provide adapted tools to moni-
tor patients with earlier surrogate markers.  

17.2     How Does DCE-US Work? 

17.2.1     What Is a US Contrast Agent? 

 For dynamic contrast-enhanced ultrasonography 
(DCE-US), the development of new and effective 
contrast agents in the form of microbubbles began 

to open up this application in 2003 (Fig.  17.1 ) [ 7 ]. 
Microbubbles are 1–10 μm-sized capsules con-
taining an inert gas (Table  17.1 ) [ 8 ], usually cho-
sen to be of high molecular weight so as to slow 
diffusion through the encapsulating membrane, 
thus prolonging their life after intravenous injec-
tion [ 9 ,  10 ]. Typical gases are perfl uorocarbons 
and sulphur hexafl uoride. The shell, again, is bio-
compatible: denatured albumen and phospholip-
ids are commonly used. Factors infl uencing their 
choice are the compromise between stability and 
fl exibility. After injection, they have the same 
haemodynamics as red blood cells, fl ooding the 
entire circulation including the capacious capil-
lary bed. Their size prevents them leaving the cir-
culation, so they behave as true blood pool 
contrast agents. Eventually (typically after a few 
minutes), the shell and gas dissolve and the 
microbubbles disappear. The shell residues are 
metabolised, mainly in the liver, and the gas is 
exhaled. Side effects are of the same order of fre-
quency as with gadolinium agents [ 11 ].

17.2.2         How to Increase Signal 
to Noise Ratio 

 Their contrast behaviour under ultrasound is 
based on the fact that the gas they contain con-
tracts and expands under the alternating higher 
and lower pressure phases of the sound beam. 
Importantly, this contraction and expansion is 
asymmetric: they resist compression more than 
expansion (i.e. their response is non-linear), and 
therefore the echoes they return are distorted 
compared to the sinusoidal waveform of the 
transmitted ultrasound beam. This means that the 
echoes contain harmonics, unlike tissue echoes, 
and these harmonic components can be detected 
using multipulse sonication approaches. A very 
successful choice, known as phase inversion 
imaging, is to transmit a pair of pulses along each 
ultrasound line, each with opposite phase [ 12 ]. 
Since tissue’s response is broadly linear, when 
the echoes from such a pulse pair are summed, 
they cancel out, while the sum of the inverted pair 
from microbubbles add. Thus, a microbubble- 
only image can be created, albeit at half the 
normal frame rate. In the DCE-US studies per-
formed in our institution, a single intravenous 
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bolus of 4.8 mL of the contrast agent consist-
ing of sulphur hexafl uoride-fi lled microbubbles 
(SonoVue; Bracco, Milan, Italy) is administered 
[ 13 ] Recording of the investigation together with 
timing is initiated as soon as the contrast agent is 
injected. A total of 720 images are acquired dur-
ing each 3-min examination (Fig.  17.2 ).

   In SonoVue®, the microbubbles are fi lled 
with sulphur hexafl uoride (SF 6 ) and stabilised 
by a shell of amphiphilic phospholipids [ 8 ]. The 
mean diameter of the microbubbles is 3 μm, 
which means that they are confi ned to the circu-
lation and they are distributed through the whole 
blood volume, which is ideal for the evaluation 

Milestones of ultrasound with injection of contrast agent
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  Fig. 17.1    This timeline represents the milestones in the 
validation process of ultrasound contrast agents for lesion 
characterization and evaluation of antiangiogenic treat-
ments including guidelines.  Abbreviations :  EFSUMB  

European Federation of Societies for Ultrasound in 
Medicine and Biology,  WFUMB  World Federation for 
Ultrasound in Medicine and Biology,  PFS  progression-
free survival,  OS  overall survival       

   Table 17.1    This table summarises the different microbubbles according to the gas and the shell   

 Ultrasound contrast agents 

 Agent  Shell  Gas  Company 

 Echovist®  Galactose microparticles  Air  Schering 
 Levovist®  Galactose 99 % + palmitic acid 

0.1 % 
 Air  Schering 

 Optison®  Human serum albumin  Perfl utren (C 3 F 8 )  GE Healthcare 
 SonoVue®  Phospholipids  Sulphur hexafl uoride (SF 6 )  Bracco Imaging 
 Defi nity®  Phospholipid bilayer  Perfl utren (C 3 F 8 )  Bristol Meyer Squibb 
 Sonazoid®  Phospholipids  Perfl uorocarbon  GE Healthcare 
 Imagent®  Surfactant  Perfl exane (C 6 H 14 ) + air  Imcor Pharmaceuticals 
 AI-700  Synthetic biodegradable 

polymers (PLGA) 
 Perfl uorocarbon  Acusphere 

 CardioSphere®  Polymer bilayer  Nitrogen (N 2 )  Point Biomedical 

  We can classify the different agents that currently exist according to the encapsulated gas  
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of perfusion. Properties of the SF 6  gas include 
that it is innocuous, stable and inert. In addition, 
it is resistant to pressure changes and gives a 
good nonlinear response when insonated at low 
acoustic power, providing continuous real-time 
ultrasonographic (US) imaging without bubble 
destruction.  

17.2.3     Easy to Use 

 SonoVue® is presented as a vial of SF 6 , a powder 
combining phospholipids and pharmaceutical 
grade polyethylene glycol, and a syringe pre- 
fi lled with 5 mL of 0.9 % sodium chloride. Before 
each ultrasound examination, the contrast agent 
is reconstructed by introducing the contents of 
the syringe into the vial followed by manual 
shaking for at least 20 s. The microbubbles are 

naturally buoyant and tend to accumulate at the 
top of the vial after standing for a few minutes: in 
order to ensure that the preparation is homoge-
neous for bolus injection, the vial is shaken 
before each administration. SonoVue® is usable 
for up to 6 h.   

17.3     Qualitative and Quantitative 
Analysis of DCE-US 

 The fi rst studies used only qualitative analysis 
after bolus injection in patients with sarcomas, 
GIST or RCC [ 14 – 16 ]. The development of per-
fusion [ 17 ] and quantifi cation software,  beginning 
in 2006, enabled quantitative analysis for calcu-
lating features linked to blood fl ow and blood 
volume. This new methodology, using raw linear 
ultrasound data [ 18 ], has been developed to 

Methodology: standardization
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3

  Fig. 17.2    This scheme represents the standardisation of 
the DCE-US acquisition: with fi xed settings of the US 
machine, the radiologist selects an appropriate target with 
the best acoustical window. After a bolus injection of 

SonoVue, raw data are recorded over 3 min. In our institu-
tion, the radiologist selects a region of interest and after 
tracking, the automatic modelisation is applied to calcu-
late 7 vascular parameters       
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 produce more robust and quantitative indices. 
A single intravenous bolus of 4.8 mL of the con-
trast agent is administered. The recording of the 
contrast-specifi c data together with timing is ini-
tiated, as soon as the contrast agent is injected. 

 For the time intensity curve (TIC) analysis, 
a single-plane imaging is usually performed 
following each bolus injection at 4 frames per 
second, which is a very high temporal reso-
lution compared to other functional imaging 
techniques, over the duration of the ultrasound 
contrast enhancement. The average intensity 
within a region of interest (ROI) is displayed as a 
function of time which describes the wash-in and 
wash- out of the contrast agent in the ROI. One 
advantage of this method of quantifi cation is the 
linear relation [ 13 ] between the microbubble con-
centration and the signal intensity [ 19 ]. Tracking 
software is now available, to correct for breathing 
movement, and is crucial to allow quantifi cation 
of acquisitions [ 20 ]. 

 Analyses based on the least-squares method 
can be performed with curve fi tting software 
(Patent: WO/2008/053268 entitled “Method and 
system for quantifi cation of tumoral vasculariza-
tion”) to derive the coeffi cients of the fi tted curve, 
including wash-in and wash-out times. This 
allows functional indices to be determined, of 
which the most important are the peak intensity 
(PI), area under the curve (AUC), area under the 
wash-in (AUWI) and the area under the wash-out 
(AUWO) (all corresponding to blood volume); 
time to peak intensity (TPI) and the slope of the 
wash-in (SWI) (both corresponding to blood 
fl ow); and the mean transit time (MTT). A differ-
ence between DCE-US and DCE-CT or DCE- 
MRI is that permeability information cannot be 
obtained, because microbubbles are confi ned to 
the vascular space, behaving as true blood pool 
agents [ 21 ].  

17.4     Blood Volume Using DCE-US 
as Surrogate Marker of 
Vascularisation 

 Several studies using quantitative techniques of 
DCE-US with bolus injection in RCC, HCC and 
GIST in phase I clinical trials have been  published 

[ 22 – 24 ]. These have shown that indices repre-
senting blood volume calculated after 2 weeks of 
treatment correlated with the RECIST response 
but were apparent much earlier. In two studies of 
treatment response of RCC and HCC, the authors 
demonstrated a good correlation with both pro-
gression-free survival (PFS) and overall survival 
(OS) [ 22 ,  23 ]. 

 In order to strengthen the level of evidence, 
a French multicentre study was set up to enrol 
patients with various types of tumours, approxi-
mately half of which were located outside the 
liver, with a majority of metastatic RCC, but 
also including GIST (Fig.  17.3 ), colon cancer, 
melanoma (Fig.  17.4 ), breast cancer and primary 
HCC. All patients were treated with antiangio-
genic drugs alone or with a combination of two 
drugs (antiangiogenic + conventional chemother-
apy or two antiangiogenic drugs). The prelimi-
nary results in this study of 539 patients indicated 
that the AUC, which is related to the blood vol-
ume, is one of the indices that best correlates 
to response at 6 months in both good and poor 
responders [ 25 ]. It had previously been demon-
strated that the variability of this index was less 
than 15 % in preclinical studies [ 26 ], probably 
explaining the robust results in this study. The 
AUC at 1 month correlates with the RECIST 
response at 10 months (European Society for 
Medical Oncology 2011). The fi nal results with 
2 years follow-up will include correlation with 
PFS and OS.

    There is now emerging evidence that 
DCE-US with appropriate ultrasound hardware 
and software tools may be used to differentiate 
between responders and nonresponders at an 
earlier stage than conventional imaging meth-
ods, and this allows tailoring of the treatment 
regimen, particularly changing treatment for 
nonresponders or modifying the dose according 
the toxicity [ 27 ]. The AUC promises to form an 
early surrogate marker to monitor patients. 
DCE-US offers several advantages over other 
imaging techniques, including ready repeatabil-
ity without ionising radiation and lower cost 
[ 28 ,  29 ]. To the best of our knowledge, a compa-
rable multicentre study with a similar level of 
standardisation has not been performed with 
DCE-CT or DCE-MRI.  
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  Fig. 17.3    Good responder, 58-year-old female, with 
metastatic GIST treated with imatinib (400 mg/day) for 
over 24 months. Target lesion: ( a ) US B-Mode image 
demonstrates a metastasis in the left iliac fossa, measur-
ing 86 mm in maximum dimension. ( b ) DCE-US at base-
line showed intense vascularisation of the mass. DCE-US 
was repeated at day 7, day 14, 1 ( c ) and 2 months. The 
  green-coloured  overlay represents the microbubble- 

specifi c signals, and the charts on the  right  of each image 
show the TICs. Note that these are normalised to the PI. 
( d ) The corresponding contrast uptake curves demon-
strate progressive decrease of the AUC at D7, D14, 1 and 
2 months. Conversely to DCE-US, CT scans performed at 
baseline ( e ) and 2 months ( f ) with matched slices of the 
target lesion show no change in size (stable disease)               

a

b
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Fig. 17.3 (continued)
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b

a

  Fig. 17.4    Poor responder, 47-year-old male with mela-
noma on the left fl ank, treated with sorafenib and temsiro-
limus. ( a ) The baseline ultrasound B-Mode image showed 
a mass measuring 49 mm in largest diameter. ( b ) DCE-US 
study showed marked enhancement of the mass after con-
trast administration. ( c ) One month later, the lesion had 

not changed in size but showed an increase in contrast 
enhancement, corroborated by an increase in PI and AUC 
on the TIC ( d ). Unfortunately, the disease progressed 
uncontrollably at 2 months, and patient died 1 week after 
stopping the treatment             
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17.5     Level of Validation 
of DCE-US 

 DCE-US has been endorsed by the European 
Society for Medical Oncology (ESMO) to assess 
response to biological therapy for GIST [ 30 ], 
and this technique is also implemented in the 
European Federation of Societies for Ultrasound 
in Medicine and Biology (EFSUMB) guidelines 
for the monitoring of treatments with a high level 
strength-of-evidence rating (A. 1b) for this indi-
cation [ 31 ]. It was also included in the World 
Federation for Ultrasound in Medicine and 
Biology (WFUMB = international guidelines for 
contrast ultrasound in the liver) [ 32 ]. 

 In the near future, two improvements could 
become available: 3D acquisition to overcome 
the sampling errors that are inevitable with 
single- slice acquisition and the addition of the 
arterial input to account for variations in the way 
that contrast bolus is administered [ 33 ].     
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      Abbreviations 

  CLL    Chronic lymphatic leukaemia   
  DNP    Dynamic nuclear polarization   
  EIC    Extensive intraductal component   
  FLT     18 F-Fluorothymidine   
  GPC    Glycerophosphocholine   
  HR-MAS    High-resolution magic angle spinning   
  Lac    Lactate   
  MRS    Magnetic resonance spectroscopy   
  MRSI    MRS and spectroscopic imaging   
  NAA     N -acetyl aspartate   
  NACT    Neo-adjuvant chemotherapy   
  NMR    Nuclear magnetic resonance   
  PC    Phosphocholine   
  PK    Pharmacokinetics   

18.1          Introduction 

 Nuclear magnetic resonance (NMR) was initially 
described as a physical phenomenon and initially 
was developed and used exclusively for chemical 
and structural analyses [ 1 ,  2 ]. Nowadays, the 
most commonly used NMR methodologies in 
biomedicine are based on studying the physical 
properties of hydrogen nuclei (protons) in tissue 
water (which is commonly known as magnetic 
resonance imaging, MRI) followed by proton 
NMR spectroscopy (or MRS) on other endo-
genous metabolites and, less frequently, other 
“magnetically active” nuclei such as  31 P,  13 C,  19 F, 
and  23 Na. The strong external magnetic 
fi eld aligns the magnetic moments of protons 
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(with spins −½ and ½) parallel and antiparallel to 
the magnetic fi eld. The population of spins in the 
parallel orientation (which are of a slightly lower 
energy level) is larger than in the antiparallel ori-
entation as described by the Boltzmann distribu-
tion. This results in a net “magnetization” in the 
sample aligned with the direction of the external 
magnetic fi eld. When a radiofrequency (rf) pulse 
is applied to the sample, the magnetization orien-
tation is changed, and after the pulse is gone, the 
system relaxes to its original status. Hydrogen 
nuclei in different tissues have different relax-
ation properties, which can be detected by rf MR 
receivers. MR tissue relaxation characteristics 
following an excitation rf pulse reveal informa-
tion about the concentration, mobility, and chem-
ical bonding of hydrogen and, less frequently, 
other tissue elements. The strongest NMR signals 
in a living system arise from hydrogens in water 
and fat protons due to their metabolic abundance 
(water compromises up to 66 % of the body 
weight). Other endogenous and exogenous 
metabolites also give signals on  1 H-NMR but 
with much weaker signal-to-noise ratios due to 
lower concentrations. A signifi cant number of 
endogenous metabolite signals are usually 
obscured by the water signal (both in vivo and in 
vitro), and their detection requires adequate tech-
niques for water suppression (and often lipid or 
macromolecule suppression). 

 In 1971, Raymond Damadian discovered that 
the proton relaxation times of a normal tissue and 
a tumor differed, which motivated physicians and 
scientists to consider MRI as a tool for oncologic 
imaging. Subsequently, in 1973, Paul Lauterbur 
demonstrated the MRI phenomenon on small test 
tubes (fi lled with liquids) using a gradient 
approach for spatial localization. In 1975, 
Richard Ernst proposed Fourier Transform, 
which became the basis for MR phase and fre-
quency encoding allowing for actual image and 
spectrum creation. The fi rst commercially avail-
able MR scanners were introduced to clinical 
practice in the 1970s, most of them operated at 
0.6 Tesla (T, external magnetic fi eld strength). 
During the following decade, stronger 1.5 T MR 
systems became available. In 2002, the US Food 
and Drug Administration approved the use of 3 T 

for the brain and the whole body. Nowadays, 
human 7 T brain and whole body scanners are 
available for human (nonclinical) MRI research. 
With all technological improvements, it became 
clear that MR has a great potential in visualizing 
biochemistry noninvasively (in a precise anatom-
ical location as defi ned by MRI). This dual ability 
to provide images as well as highly localized 
chemical “snapshots” of a lesion noninvasively 
and in the same experiment is the most unique 
feature of MR among all other imaging tech-
niques (see as examples Figs.  18.1  and  18.2  for 
anatomical localizations of MR spectra). The 
altered tumor metabolic phenotype with its high 
glucose utilization, high glycolytic activity, and 
increased membrane biosynthesis can be 
observed noninvasively by magnetic resonance 
spectroscopy (MRS), since the hydrogens of dif-
ferent endogenous metabolites (tissue-own small 
molecules) resonate at slightly different frequen-
cies [ 6 – 8 ]. In general, translational and clinical 
research intensively utilizes MR spectroscopic 
approach for biochemical characterization of the 
tissue of interest either in vivo (using MRS 
single- voxel or multi-voxel spectroscopic imag-
ing, MRSI) or ex vivo (so-called NMR-based 
metabolomics) [ 9 ,  10 ]. Other metabolic imaging 
techniques include positron emission tomogra-
phy (PET) and single-photon emission computed 
tomography (SPECT) [ 11 ,  12 ]; with the recent 
development of integrated PET/MR scanner, new 
horizons of metabolic and molecular imaging are 
being recently explored. This review is focused 
on noninvasive MRS and spectroscopic imaging 
(MRSI) and their roles in clinical decision- 
making for cancer diagnosis, staging, and treat-
ment response.

18.2        In Vivo MRS and MRSI 

 In vivo magnetic resonance spectroscopy (MRS) 
and spectroscopic imaging (MRSI) have been 
used for the noninvasive prognosis and diagnosis 
of tumors for over two decades. Overtime, MRS 
advanced with the rate of technological improve-
ments such as higher magnetic fi eld, coil design, 
and advanced pulse sequences. Nowadays, 
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  Fig. 18.1     1 H-MRS on brain cancer patients with 
 anatomical localization from gadolinium-enhanced 
T1-weighted MRI ( top panel ). ( a ) A responder with a 
mildly enhanced anaplastic oligodendroglioma showed a 
signifi cant decrease in [tCho/tCr] and a slight improve-
ment in [NAA/tCr] on posttreatment scans (4 months after 

chemotherapy); ( b ) A nonresponder with an anaplastic 
astrocytoma revealed unfavorably low NAA levels at the 
baseline and highly increased [Lac/tCr] levels 4 months 
after treatment (recurrent disease was confi rmed 2 months 
later by gadolinium-enhanced T1-weighted MRI) 
(Adapted from [ 3 ])       

  Fig. 18.2    Anatomical MRI and metabolic  1 H-MRS/
MRSI on patients with breast cancer. ( a ) A patient with 
infi ltrating ductal carcinoma of the breast with spatial co-
localization of malignant margins by contrast-enhanced 
T1-weighted MRI and tCho- 1 H-MRSI (Adapted from 

[ 4 ]). ( b ) Changes in the lesion size by T2-weighted MRI 
( top panel ) and in tCho peak by  1 H-MRS ( low panel ) prior 
and 3 cycles after NACT in a responding and nonrespond-
ing patients (Adapted from [ 5 ])         
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 clinical MRS data are still most commonly 
acquired at the fi eld strength of 1.5 T, but the 
trend is increasing toward the use of clinical 3 T 
machines (allowing for higher spatial and spec-
tral resolution, doubling of the signal-to-noise, 
and  reducing acquisition times). In order to 
acquire MR spectra, clinically available MR 
scanners usually need to be equipped with a set 
of specifi cally designed surface coils for precise 
voxel localization. In some cases, even more 
sophisticated coil design is required such as 
endorectal coils for prostate gland MRS or multi-
nuclear resonance channels for  31 P- or  13 C-MR 
detection. In clinical applications of MRS, the  1 H 
nuclei have played a dominant role, mainly 
because proton hydrogens ( 1 H, the most “mag-
netic sensitive” nucleus) are present in most tis-
sue metabolites and therefore can be detected 
with high sensitivity. In addition,  proton MRS 
protocols can be employed relatively easily on 
common clinical MR scanners, which are dedi-
cated to observe the protons of  tissue water and 
fat for conventional MRI. The waste majority of 
clinically available  1 H-MRS protocols has been 
developed for  noninvasive metabolic assessments 
of brain, breast, and prostate cancers. Modern 
MRS techniques – such as the point resolved 

spectroscopy, PRESS – allow for  volume local-
ization of 1 μL of tissue (1 × 1 × 1 mm 3 ) at the 3 T 
for, for  example, brain MRS scans. 

18.2.1    Brain Metabolic  1 H-MRS 
Imaging 

 Due to its intrinsic soft tissue contrast, MRI is the 
method of choice for brain imaging. Brain MRI, 
including gadolinium contrast-enhanced MRI, is 
the “gold standard” in diagnostic management 
and treatment planning for brain cancer patients. 
Historically,  1 H-MRS research has been focused 
mainly on neurological disorders, in part because 
use of the technique in the brain imposes fewer 
technical challenges than in other organs. Brain 
MRS has also pioneered clinical metabolic imag-
ing in oncology by providing unique metabolic 
information of the lesion to help the diagnosis of 
tumor type and grade or detection of recurrence 
[ 13 ,  14 ]. A dedicated brain phased-array coils are 
used for single-voxel  1 H-MRS or multi-voxel 
 1 H-MRSI in the brain. To measure a viable tumor 
lesion, the voxel is placed by MRI guidance 
using the well-enhanced part of the tumor (see 
Fig.  18.1  as an example). 

Responder Non-responderb

Fig. 18.2 (continued)
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 In brain tumors, a relatively high signal is 
observed at 3.2 ppm on the MRS chemical shift 
scale, which has been identifi ed (back in the 
1990s) as the methyl group of choline-containing 
compounds (often referred as total choline, tCho, 
in  1 H-MRS). The choline compounds are 
involved in the biosynthesis and degradation of 
phospholipids such as phosphatidylcholine, 
which is required for the buildup and mainte-
nance of cell membranes. A working hypothesis 
is that elevated tCho is a refl ection of increased 
cellular proliferation and fast membrane turnover 
in replicating cells. In addition to tCho (increased 
in most brain tumors), two other brain metabo-
lites –  N -acetyl aspartate (NAA, a neuronal 
marker) and total creatine (tCr, energy metabo-
lism) – are usually easily seen in water- and fat- 
suppressed  1 H-MRS of the brain. Changes in 
tCho, tCr, and NAA can be seen in gliomas, 
astrocytomas, meningiomas, as well as neuro-
blastomas. As mentioned above, the most charac-
teristic metabolic feature of brain and CNS 
tumors is the increase level of tCho as compared 
to unaffected tissues [ 14 – 16 ]. A reduction in the 
tCr signal also occurs in gliomas but less consis-
tently than increased tCho. A reduction in NAA is 
a general observation in adult gliomas. An 
appearance of lactate (Lac) signals (together with 
lipids) is often seen in glioblastomas. Recent 
implementation of high-fi eld magnets (3 T) into a 
clinical setting allows for expanded metabolic 
imaging in the brain: Lac [ 17 ] and glycine MRSI 
[ 18 ] can easily be performed in glioblastoma 
patients at a reasonable acquisition time, where 
signifi cantly increased Lac and glycine might be 
of a diagnostic value. 

 Beside diagnostic features with increased 
tCho/decreased NAA levels, another useful 
application of  1 H-MRS is in stereotactic proce-
dures to obtain biopsies from proper (most malig-
nant) tumor location and to delineate the tumor 
lesion for surgery planning or radiation treatment 
[ 19 ]. Indeed,  1 H-MRS markers have proven of 
being highly sensitive in assessing the treatment 
response. An earlier study by UCSF group [ 15 ] 
reported on the treatment response to radiation in 
glioma patients. Before radiation, there was 

 elevated tCho and decreased tCr and NAA, with 
a small peak corresponding to Lac + lipids. This 
characteristic MRS signature was seen for most 
cases of adult glioma with some level of necrosis. 
Immediately after radiation, the levels of tCho, 
tCr, and NAA decreased and the Lac + lipids 
increased – a typical signature for tumor reduc-
tion and radiation-induced necrosis 4 months 
after radiation. Six months after radiation, all 
recurrent gliomas were presented with a typical 
metabolic profi le characterized by the high tCho 
and Lac + lipid levels and the low levels of NAA 
and tCr [ 15 ]. Another  1 H-MRSI study was per-
formed on 14 patients with low-grade brain 
tumors in order to assess the response to chemo-
therapy [ 3 ]. Longitudinal changes of regional 
levels of tCho, NAA, and Lac relative to tCr were 
assessed before and after chemotherapy treat-
ment. At baseline, a low [NAA/tCr] was associ-
ated with decreased progression-free survival 
time, as was an increase in [tCho/tCr] during che-
motherapy. In responders, a dramatic decrease of 
tCho and a slight decrease in NAA were seen 4 
months after treatment (Fig.  18.1 ). In nonre-
sponders, an increase in [tCho/tCr] and [Lac/tCr] 
was noted as a predictor for recurrent disease (2 
months before MRI confi rmed progressive dis-
ease) (Fig.  18.1 ).  1 H-MRS was also applied in 
animal models for brain tumors, mostly nude rat 
orthotopic xenograft models of human neuro-
blastoma and glioblastoma. Animal brain showed 
a similar metabolic pattern of brain malignancy 
including increased tCho and decreased NAA 
and tCr levels [ 16 ]. When treated with irinotecan 
or cisplatin (two commonly used chemothera-
peutic drugs),  1 H-MRS displayed an abnormal 
accumulation of mobile neutral lipids and Lac 
with a simultaneous decrease in tCho in drug- 
sensitive xenografts [ 20 ,  21 ]. 

 Recent technological advances allow for a mul-
timodality approach for better staging and treat-
ment response assessment. The combination of 
quantitative MRS/MRSI and highly sensitive PET 
biomarkers has a lot to offer for brain imaging. 
Indeed, recent studies showed the correlation 
between high uptake of  18 F-fl uoroethyl-tyrosine 
(FET)-PET (a marker for tumor infi ltration) and 
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neuronal loss by NAA in patients with cerebral 
gliomas grades II–IV [ 22 ]. Conventional FDG- 
PET and NAA  1 H-MRSI detected similar regions 
in pediatric brain tumors as metabolically active, 
but (because of high background in glucose uptake 
in the brain) MRSI proved to be more sensitive 
[ 23 ]. In summary,  1 H-MRS remains the most sen-
sitive noninvasive method that can provide the 
metabolic profi le and metabolite levels of a partic-
ular brain tumor region. In addition,  1 H-MRSI can 
also be used to establish the spatial distribution of 
a particular metabolite (with tCho and NAA being 
the most useful metabolic markers) in the meta-
bolically heterogeneous brain and brain lesions.  

18.2.2    Choline  1 H-MRS in Breast 
Cancer 

 The waste majority of breast  1 H-MRS studies so 
far have been performed at 1.5 T clinical scan-
ners using dedicated multichannel phased-array 
breast coils (with a patient being in the prone 
position). Most groups have used single-voxel 
 1 H-MRS to localize metabolite signals, and some 
groups have explored the use of  1 H-MRSI for the 
spatial distribution of breast metabolites. In both 
cases, the MRS studies are usually performed 
immediately after gadolinium-based dynamic 
contrast-enhanced (DCE)-MRI with fat suppres-
sion [ 24 ].  1 H-MR spectra from normal breast tis-
sue and breast cancer lesions reveal fewer 
resonances than generally detected in the brain. 
Large fat and water resonances are present in the 
breast tissue and vary in amplitude depending on 
the amount of fi broglandular and adipose tissues 
in the voxel. But – as for the brain – one of the 
metabolic hallmarks of breast cancer is an 
appearance of choline-containing compounds 
(tCho) at 3.2 ppm, indicating that this is a general 
neoplastic phenomenon [ 24 ]. Several groups 
have successfully shown that increased tCho was 
co-localized with malignant margins on anatomi-
cal T1- and T2-weighted MRI (Fig.  18.2a ) and 
the tCho levels that statistically differed between 
malignant and benign patients ( p  < 0.0008) [ 4 ]. 
Choline-based discrimination of malignant from 
benign lesions has been reported in various 

 clinical studies with ranges of sensitivity 
70–100 % and specifi city 67–100 % [ 24 ,  25 ]. 
A recent 1.5 T clinical  1 H-MRS study on 184 
breast cancer patients has reported characteristic 
changes in tCho characterized by different 
molecular cancer subtypes [ 26 ]. The tCho 
 integrals were signifi cantly higher for invasive 
ductal carcinomas, high-grade cancers, and 
extensive intraductal component (EIC)-negative 
cancers than for in situ invasive carcinomas, low-
grade cancers, and EIC-positive cancers. Another 
recent study by Sah et al. [ 27 ] has showed that 
nontriple negative breast cancer patients as well 
as triple positive have signifi cantly higher tCho 
levels by  1 H-MRS when compared to triple 
 negative cancers, such indicating a potential 
diagnostic use of tCho- MRS for molecular 
classifi cation. 

 Several groups have also shown that the disap-
pearance of tCho is a sensitive indicator for the 
response success to neoadjuvant chemotherapy 
(NACT) [ 5 ,  28 ]. In one of these studies, 30 
patients with locally advanced breast cancers 
undergoing three cycles of NACT were monitored 
by  1 H-MRS. The MR response was compared 
with the clinical response. A strong correlation 
between the decrease in the lesion size on 
T2-weighted MRI (average 84 % in responders) 
and decline in tCho signal (from baseline level of 
7.8 to 3.6) was observed for responders at cycle 
III of NACT (Fig.  18.2b ) [ 5 ]. The sensitivity and 
specifi city for tCho 1 H-MRS to detect responders 
from nonresponders were 86 and 91 %, respec-
tively, while 100 % sensitivity but reduced 73 % 
specifi city were seen for tumor volumes by MRI 
[ 5 ,  28 ]. Preclinical  1 H-MRS studies on cells and 
animal models of breast cancers have further 
explored the treatment response to a variety of 
anticancer drugs in regard to choline metabolism. 
A signifi cant decrease in tCho was seen for 
 cytotoxic chemotherapeutic drugs (docetaxel), 
signal transduction inhibitors (MAPK inhibitor), 
as well as for nonsteroidal antiinfl ammatory drugs 
(NSAID, indomethacin) [ 29 – 31 ]. Choline metab-
olism has also received attention as a therapeutic 
target – animal studies with choline kinase inhibi-
tors have been performed revealing a moderate 
inhibition of tumor growth and a signifi cant 
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decrease in tCho and phosphocholine peaks by 
 1 H- and  31 P-MRS, respectively, in treated tumor-
bearing animals [ 32 ]. 

 In summary, the evidence for abnormal  choline 
metabolism, especially in breast cancer, is so 
overwhelming that tCho is believed to be a poten-
tial biomarker in cancer diagnosis  (detection, 
grading, and staging) and for  treatment response 
[ 8 ,  24 ]. This attracted much attention to develop 
yet another choline-based imaging platform using 
a highly sensitive positron emission tomography 
(PET) approach with  11 C- and  18 F-choline tracers 
(such as with  18 F-fl uoromethyl-choline) [ 33 ]. 
Although still being developed, existing studies 
of breast tCho 1 H-MRS/MRSI have shown prom-
ising results with the growing number of clinical 
research groups incorporating these metabolic 
techniques along with their breast MRI protocols. 
As for the brain, high fi elds (3 and 4 T) can poten-
tially improve the quality of breast cancer MRS 
and provide ability for precise metabolite quanti-
fi cation [ 34 ].  

18.2.3    Prostate Cancer by  1 H-MRS 

 Since the prostate gland is of a relatively small 
size and, similarly to the breast, is embedded in 
adipose tissue, advanced pulse sequences and 
special endorectal coils need to be used for pros-
tatic  1 H-MRS. Multidimensional MRSI and 
three-dimensional MRS acquisitions can be per-
formed at 1.5 T in about 10–15 min at a spatial 
resolution down to 0.4 mL. Using these protocols, 
several groups have demonstrated that  1  H- MR 
spectra of the prostate gland contain tCho and 
tissue-specifi c metabolite citrate. As for breast 
and brain cancers, the increased levels of tCho 
are indicators of malignancy and disease recur-
rence in the prostatic gland [ 35 ]. Because the 
prostate gland has physiologic and metabolic 
functions unique from the rest of the body, the 
normal prostate gland accumulates remarkably 
high levels of the metabolite citrate relative to 
other tissues. This is achieved by the ability to 
accumulate high cellular levels of zinc in secre-
tory epithelial cells that inhibit citrate oxidation. 
Citrate can be seen by MRSI [ 36 ] and its 

decreased levels correlate with the Gleason score. 
The ratios of [citrate/tCho] were also predictive 
for recurrent prostate cancers after external beam 
radiation therapy with sensitivity of 89 % and 
specifi city of 82 % [ 37 ]. 

 Nowadays, the rapid implementation of 
3 T scanners allows for improved multipa-
rametric MRS prostate imaging with faster 
scans, increased signal-to-noise, and better 
 quantifi cation [ 38 – 40 ]. While the use of an 
endorectal coil is indispensable at 1.5 T, exter-
nal phased-array coils might provide adequate 
signal-to-noise and suffi cient spatial and spec-
tral resolution at 3 T [ 41 ].  

18.2.4    Other Cancers by  1 H-MRS 

 As mention above, increased tCho levels is rather 
a general neoplastic phenomenon for a variety 
of cancers. Indeed, extracranial head-and-neck 
tumors and metastatic lymph nodes have demon-
strated increased [Cho:Cr]-ratios at 1.5 T [ 42 ]. 
Patients with head-and-neck squamous cell carci-
noma showed not only changes in choline and 
lipid peaks but also in lactate [ 43 ,  44 ]. In vivo  1 H-
MRS is still in its infancy for detection of abdom-
inal and pelvic lesions in gynecological cancers. 
However, a recent study by Italian colleagues has 
provided an encouraging evidence that three-
dimensional  1 H-MRS is clinically feasible in 
ovarian cancer patients even at 1.5 T [ 45 ]. A tCho 
peak was detected in 17 out of 19 malignant 
tumors (sensitivity 89 %) and absent in 20 out of 
21 apparently healthy pelvic tissues. In addition, 
3 out of 4 benign lesions revealed a tCho peak 
resulting in overall specifi city of 84 % (21 out of 
25 for nonmalignant and benign together) [ 45 ].  

18.2.5    Introduction of 
Hyperpolarized  13 C 
Carbon MRS 

 Unlike hydrogens (100 %), the natural abun-
dance of  13 C nuclei is low (1.1 %) which provides 
this technique with low intrinsic sensitivity. 
However, it also allows for the use of isotopically 
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enriched tracers. The use of [1- 13 C]glucose 
allowed for  13 C-NMR observation of glucose 
fl uxes in perfused cells and organs [ 46 ]; however, 
the low sensitivity of  13 C results in very long 
acquisition times in humans and constitutes a 
problem for clinical application of  13 C-MRS. Yet 
another technique, called dynamic nuclear polar-
ization (DNP), came to rescue. The technique 
increases signal-to-noise of the  13 C-signal 
by 50,000-fold by producing hyperpolarized 
 13 C-labeled substrates [ 47 ]. Hyperpolarized 
 13 C-tracers have short lifetime, meaning that 
hyperpolarized  13 C-MRS must be completed 
within a few minutes after preparation of an 
injectable hyperpolarized  13 C-tracer. This tech-
nique is still in its infancy and has been almost 
exclusively used in animals; only selected MR 
groups have all necessary hyperpolarizer equip-
ment for on-site tracer production. Nevertheless, 
the approach has its promising features. 

 The fi rst and, as of today, the major substrate 
to be proved useful for in vivo  13 C-MRS of can-
cer was [1- 13 C]pyruvate[ 48 ,  49 ]. Pyruvate is rap-
idly taken up in the body and its metabolic fate 
depends on the nature of the organ. In the tissue 
with high mitochondrial activity (where pyruvate 
is primarily feeding into the TCA cycle), pyru-
vate is decarboxylated and produces acetyl-CoA. 
In tissue with high glycolytic rates (such as the 
muscle and, of course, in cancerous tissues), 
[1- 13 C]pyruvate is metabolized to [1- 13 C]alanine 
and, subsequently, to [1- 13 C]lactate, the end 
product of glycolysis. Increased aerobic glycoly-
sis and lactate accumulation is the main meta-
bolic hallmark of oncogenesis. As such, using 
 13 C- MRS , the conversion rate of [1- 13 C]pyruvate to 
[1- 13 C]lactate has been shown associated with 
tumor grade [ 48 ]. [1- 13 C]pyruvate studies have 
been conducted in prostate, liver, and brain can-
cer and carcinoma animal models. An elegant 
study from an established UCSF group [ 50 ] has 
recently reported on metabolic glycolytic 
changes in cMyc-induced liver cancer in the 
mouse. Metabolic switch to a highly glycolytic 
profi le happened early in tumorigenesis and pre-
ceded tumor formation in the liver as seen in 
increased lactate and alanine formation from 

pyruvate even during the pre-tumor stage 
(Fig.  18.3 , top panel). Moreover, a metabolic 
response with decreased pyruvate-to-lactate con-
version was detectable as early as 3 days of doxy-
cycline  treatment in cMyc-tumor- bearing animals 
(Fig.  18.3 , low panel) [ 50 ]. The similar fi ndings 
have been reported for temozolomide and radio-
therapy treatment in glioma brain tumor models 
with [1- 13 C]pyruvate [ 51 ,  52 ]. Decreased lactate-
to-pyruvate ratios were seen in temozolomide-
treated brain tumors at day 1 of treatment, while 
no reduction in tumor volume was present until 
day 5–7 of treatment [ 51 ]. In a rat C6 glioma 
tumor model, the ratio of hyperpolarized lactate 
to pyruvate was decreased from 0.38 to 0.23 
( p  < 0.05) by 72 h following whole brain irradia-
tion with 15 Gy [ 52 ].  13 C-MRSI measurements of 
the conversation of hyperpolarized [1- 13 C]pyru-
vate into lactate have been used to image tumor 
LDH activity and its inhibition upon chemother-
apy and AKT/PI3K/mTOR pathway inhibition 
[ 53 – 55 ].

   Other  13 C hyperpolarized tracers have been 
recently used. Anti-VEGF therapy in mouse 
HT29 and LoVo colorectal carcinoma xenografts 
led to signifi cantly decreased  13 C fl uxes between 
hyperpolarized pyruvate and lactate as well as 
increased production of [1,4- 13 C]malate from 
hyperpolarized [1,4- 13 C]fumarate in parallel with 
tumor necrosis [ 56 ]. The use of hyperpolarized 
[1- 13 C]glutamate allowed in vivo detection of 
α-ketoglutarate, an intermediate in the Krebs 
cycle, with controls HIF1 stability in a variety of 
tumors [ 57 ,  58 ]. In addition, intravenous injec-
tion of hyperpolarized  13 C-bicarbonate can be 
potentially used for noninvasive pH imaging 
[ 59 ]. There is strong resemblance between two 
metabolic imaging techniques,  13 C-MRS and 
  11  C- PET , and the experience gained during 
 development of PET protocols may be useful in 
accelerating clinical translation of hyperpolar-
ized  13 C-MRS [ 60 ]. In summary, hyperpolarized 
 13 C-tracers allow for in vivo  13 C-MRS assessment 
of metabolic transformations. The approach has 
been successfully applied in several  preclinical 
animal models, and fi rst clinical trials have 
recently been initiated.  
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18.2.6    Application of  19 F 
Fluorine MRS 

  19 F-MRS has historically been used for in vivo 
pharmacokinetics (PK) studies since numerous 
xenobiotics contain fl uorine in their structure. 
  19 F-MR has its advantages such as has high 
gyromagnetic ratio compared to other non- 
proton nuclei, no background signal (our organs 
contain no abundant fl uorine-based compounds), 
and 100 % abundance. The disadvantages of  19 F-
MR for in vivo PK include low-intensity signals, 
complex peak shapes that result in further signal 
loss, long T1 spin–lattice relaxation times, as 
well as long retention times due to low hydro-
philicity or water solubility of most fl uorinated 
compounds. Nevertheless, in vivo  19 F-MRS has 

been  successfully applied in the brain to assess 
delivery of trifl uorinated neuroleptics (fl uphen-
azine and trifl uoperazine) and trifl uorinated anti-
depressants (fl uoxetine and fl uvoxamine) 
[ 61 ,  62 ], in the liver to assess drug metabolism 
offl uorinated compounds [ 63 – 65 ], and in the 
eye to assess the clearance of corticosteroid 
drug  (triamcinolone acetonide phosphate) [ 66 ]. 
A variety of  19 F-MRS PK studies have been per-
formed in animal models and in colorectal can-
cer patients treated with anticancer compounds 
such as 5-fl uorouracil (5-FU), capecitabine, 
3-aminobenzamide, and 4-borono-2- fl uoro-
phenylalanine (F-BPA) to assess tumor delivery, 
biodistribution, and metabolism [ 63 ,  67 – 71 ]. In 
addition, tumor metabolism and microenviron-
ment can be investigated by  19 F-MRS using 

Normal liver
D

ox
yc

yc
lin

e
B

as
el

in
e

Pre-tumor Tumor

  Fig. 18.3    Hyperpolarized in vivo  13 C-MRS on mouse 
xenografts with cMyc-liver cancers. Conversion of hyper-
polarized [1- 13 C]pyruvate to alanine and lactate is 
increased even in the pre-tumor stage ( top panel ). 

Doxycycline treatment reverses this glycolytic transfor-
mation already 3 days after treatment ( low panel ) 
(Adapted from [ 50 ])       
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 19 F-labeled biological reporters [ 72 – 74 ]. How-
ever, the recent advances in radiochemistry and 
PET provide more sensitive approached for in 
vivo PK when compared to  19  F- MRS. Indeed, a 
single injection of  18 F-fl uoro-BPA has recently 
been successfully used in a mouse model of 
human oral carcinoma in order to assess its bio-
distribution by micro- 18 F-PET [ 75 ]. The changes 
in tumor uptake of  18 F-labeled 5-FU before and 
after treatment with bevacizumab were observed 
in patients with newly diagnosed and untreated 
metastatic colorectal adenocarcinoma [ 76 ]. 
Novel  11 C-labeled drug candidates (such as 
 11 C-erlotinib) are under development for nonin-
vasive PET PK studies [ 77 ,  78 ]. Due to its superb 
sensitivity and specifi city to the target, PET has 
also multiple advantages (compared to  19 F-
MRS) while using biological reporters in cancer 
cells in vivo.  18 F-Fluorothymidine (FLT) has 
become a reliable proliferation marker for PET 
imaging both in  animal models as well as in 
humans [ 79 ,  80 ].   

18.3    High-Resolution Ex Vivo 
NMR Spectroscopy 

 In vivo MR spectra of cancer patients (as 
described above) are performed at “moderate” 
magnetic fi eld strength (usually from 1.5 to 3 T). 
These relatively low fi eld strengths and the fi xed 
positions of molecules in the living tissues put 
limitation on the spectral resolution and low 
limit of detection. As such, only a small number 
of high-abundant metabolites can be observed. 
Ex vivo NMR spectral analyses of tissue speci-
mens can be performed at much higher fi led using 
high-resolution vertical bore NMR spectrometers 
(from 7 to 21 T) resulting in simultaneous 
 detection and quantifi cation of dozens endoge-
nous metabolites in cells, body fl uids, and tis-
sues. As such, high-resolution ex vivo  1 H-NMR 
spectroscopy (often referred as “metabolomics” 
or “metabonomics”) can be seen as a preclinical 
validation tool and a proof-of-the-principle tech-
nique for novel metabolic markers in cancer. 
Historically, the fi rst pioneering NMR studies on 
cancer metabolism were performed in cell and 

tissue extracts. They have confi rmed that choline 
metabolism is signifi cantly altered in a large 
variety of human [ 31 ,  81 – 86 ]. Moreover, the 
well- resolved  1 H-NMR spectra of breast cell and 
tissue extracts have revealed three primary peaks 
with a trimethylamine moiety [R-(CH 2 ) 2 -N + -
(CH 3 ) 3 ] – namely, phosphocholine (PC), glycero-
phosphocholine (GPC), and free Cho – as major 
constituents of the total choline (tCho) signal in 
in vivo  1 H-MRS [ 83 ] (Fig.  18.4a–c ). These 
metabolites play a dual role of precursors and 
products of biosynthesis and catabolism of phos-
phatidylcholine in the Kennedy cycle (reviewed 
in [ 86 ]). These three resonances PC, GPC, and 
free Cho can be separated in ex vivo NMR spec-
tra (Fig.  18.4c ), but in vivo, these peaks are sub-
stantially broadened, and at fi elds below 4 T, 
these resonances are generally indistinguishable 
and termed tCho (Figs.  18.1 ,  18.2 , and  18.4a ). Ex 
vivo  1 H- and  31 P-NMR spectroscopic studies 
from several groups [ 21 ,  30 ,  32 ,  86 ,  88 – 90 ] have 
reported on reduced phosphocholine levels after 
treatment with targeted therapies and cytotoxic 
drugs in leukemia, neuroblastoma, breast cancer, 
and prostate cancer cell lines. Not only choline 
metabolism but also decreased in glucose uptake 
and glycolysis rate by various signal transduc-
tion inhibitors have been studied by conventional 
 13  C- NMR in cell cultures [ 91 ,  92 ] and lung tissue 
extracts [ 93 ,  94 ]. Decreased levels of citrate in 
patients with prostate cancer (as seen by in vivo 
 1 H-MRS/MRSI) have also been confi rmed by 
high-resolution  1 H-NMR on prostatic tissue 
extracts [ 95 ,  96 ] and prostatic fl uids [ 85 ,  96 – 98 ]. 
Using recent advances in probe design and pulse 
sequences, two emerging high-resolution 
 techniques have been introduced into transla-
tional biomedicine, namely, unbiased  1 H-NMR 
metabolomics on body fl uids and solid-state 
magic angle spinning  1 H-NMR on tissue speci-
mens. The main advantages of both  1 H-NMR 
approaches are their simple and nondestructive 
sample preparation, fast acquisition times, a 
large variety of detected and quantifi able metab-
olite, as well as their reproducibility. Since these 
ex vivo spectroscopic techniques are highly rel-
evant for clinical cancer research and, poten-
tially, for clinical use, but cannot be seen as 
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  Fig. 18.4    Representative in vivo  1 H-MRS ( a ), in vivo 
 1 H-MRSI ( b ), high-resolution ex vivo  1 H-NMR spectros-
copy on human MDA-MB-231 breast cancer xenografts 

( c ) (Adapted from [ 83 ]). ( d ) ex vivo HR-MAS  1 H-NMR 
on surgical specimens from breast cancer patients 
(Adapted from [ 87 ])         
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“imaging technique”, only a brief summary on 
the existing data is provided in this article.

18.3.1      Quantitative  1 H-NMR 
Metabolomics 

 Quantitative  1 H-NMR metabolomics on serum 
and urine of cancer patients has been recently 
applied as a cancer biomarker discovery tool 
[ 99 – 101 ]. Usually 0.1–0.5 mL of a (heparin-
ized) blood product or urine sample is required 
for quantitative  1 H-NMR analysis. One hun-
dred and sixteen serial serum samples from 20 
patients with recurrent breast cancer were ana-
lyzed by  1 H-NMR [ 102 ]. Eleven metabolite 
markers were reported as putative early mark-
ers for recurrent breast cancers by using logistic 
regression and 50-fold cross-validation on NMR 
data sets. A sensitivity of 86 % and a specifi c-
ity of 84 % have been reported in this study 
[ 102 ]. Another study has reported on serum 
metabolic markers for chronic lymphatic leuke-
mia (CLL) in regard to mutational status of dis-
ease [ 103 ]. Metabolic profi les of CLL patients 
exhibited higher  concentrations of pyruvate and 
glutamate and decreased concentrations of iso-
leucine when compared to healthy volunteers. 
Circulating  levels of cholesterol, lactate, glycerol, 
 hydroxybutyrate, and methionine were higher in 
patients with IGHV- mutated status [ 103 ]. The 
pattern  recognition approach on NMR-derived 
 spectroscopic data sets of patients’ serum was 
applied in early stage oral cancer [ 104 – 106 ] and 
in epithelial ovarian cancer [ 107 ]. Plasma and 
urine of lung cancer patients revealed abnor-
malities in cholesterol levels and a wide range of 
other blood and urinary metabolites [ 108 ,  109 ]. 
Interestingly, urinary metabolome of hepatocel-
lular carcinoma (HCC) appeared to be slightly 
different in an Egyptian population compared to 
a Nigerian population. It was not clear if genetic, 
nutritional, and life style-related factors heavily 
contributed in metabolic variations [ 110 ,  111 ]. As 
of today, an enormous amount of metabolic data 
has been produced, but not a single biomarker is 
currently being explored for clinical validation. 
The future translation into the clinic is the high-
est priority for the fi eld of metabolomics.  

18.3.2    Magic Angle Spinning  1 H-NMR 

 NMR is a liquid-based technique, and high- 
resolution NMR spectra of tissue extracts (dis-
solved in deuterated solvents) provide detailed 
information on metabolic fi ngerprints [ 99 ] but at 
the cost of tissue destruction. The technique 
called high-resolution magic angle spinning 
(HR-MAS) NMR decreases the restrictions 
caused by the fi xed position of molecules. 
HR-MAS NMR has been applied in studies of 
intact tissue specimens since 1996, but there are 
some exciting developments in its application. 
Molecules in tissue have very limited mobility 
compared to molecules in solutions. The lack of 
molecular mobility leads to anisotropic interac-
tions, resulting in enormous line broadening in 
solid-state NMR. In the 1950s, the narrowing of 
MR lines has been described when a solid sam-
ple was spun at a high spinning rate (several 
kHz) at the “magic angle” of 54.7º to the external 
 magnetic fi eld B 0 . Using a HR-MAS probe, non-
destructive metabolic analyses on small-volume 
tissue samples can be performed (at lower tem-
peratures to avoid biochemical degradation of 
the tissue); subsequently, the tissue can undergo 
a histopathological examination. The sample 
size for HR-MAS NMR is in the range of 
10–50 mg (for conventional NMR extracts, at 
least 100 mg tissue is required), allowing for 
direct metabolic characterization of a needle 
biopsy [ 112 ] or a fi ne-needle aspirate [ 113 ]. But 
most studies are still performed with surgical 
clinical specimens. 

 As with in vivo MRS, some of the very fi rst 
HR-MAS NMR studies were dedicated to brain 
tumors [ 114 ]. Classifi cation of breast cancer was 
performed using quantitative HR-MAS [ 115 ]. 
The same group (Dr. Gribbestad’s team from 
Trondheim, Norway) has performed excellent 
studies to determine treatment response in breast 
cancer patients receiving neoadjuvant chemo-
therapy [ 87 ,  116 ] (Fig.  18.4d ). Also in animal 
models, decrease in choline by ex vivo HR-MAS 
in MCF-7 tumor xenograft treated with docetaxel 
and in mutant MTLn3E breast cells infected with 
human CXCR4 cytokine receptor was seen 
simultaneously with decreased Ki-67 IHC stain-
ing for proliferation [ 29 ,  117 ]. Also prostate 
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 cancer biopsies have been intensively used for 
expanded metabolic profi ling by HR-MAS 
NMR. Not only choline and citrate but also other 
metabolites such as lactate, alanine, and poly-
amines (which cannot be detected by in vivo 
MRS) were discussed as putative biomarkers for 
prostatic cancers [ 118 – 120 ]. It would be interest-
ing to see characteristic metabolic markers/sig-
natures from other solid tumors; changes in 
human colorectal cancer metabolome have 
recently been assessed [ 121 ].   

18.4    Summary and Future 
Directions 

 Magnetic resonance (MR) is often the modality 
of choice to image cancer patients. In standard-
of- care clinical practice, magnetic resonance 
imaging (MRI) is commonly used to obtain ana-
tomical information based on physical properties 
of tissue water, but MR techniques are very 
 versatile and can also be applied for functional 
and metabolic assessment. Metabolic aberrations 
are common in cancers either as a direct response 
to altered signal transduction or as a consequence 
of increased cell proliferation, alterations in 
blood and substrate supply, tumor necrosis, and 
hypoxia. Throughout the past years, magnetic 
resonance spectroscopy (MRS) has been utilized 
for the noninvasive radiological assessment of 
the chemical content of a distinct lesion within 
the body. Next to positron emission tomography 
(PET), MRS is defi ned as a metabolic imaging 
technique. Clinically, proton ( 1 H-) MRS plays a 
dominant role because of its high sensitivity, high 
abundance of the  1 H nucleus in tissue metabo-
lites, and readily available clinical MR scanners, 
which are dedicated to observe  1 H in water and 
fat for MRI. A typical feature in  1 H-MR spectra 
of cancer patients is increased concentrations of 
total choline (tCho) which serve as a diagnostic 
and prognostic marker for staging and therapy 
response in brain, breast, prostate, and ovarian 
cancers. Next to universally increased tCho 
(membrane phospholipid metabolism), abnormal 
levels of tissue-specifi c metabolites have been 
reported for brain (decreased  N -acetyl aspartate) 
and prostate (decreased citrate). Presently, 

 high- fi eld MR magnets (3 T and above) allow for 
faster acquisition and better resolution of in vivo 
 1 H-MRS in oncology. High-resolution magic 
angle spinning (HR-MAS) MRS has been suc-
cessfully applied to small-volume tumor biop-
sies, needle biopsies, and fi ne-needle aspirates for 
fast and nondestructive ex vivo metabolic analy-
sis. Preclinical development of  13 C-hyperoplarized 
MRS in animal models (mostly with [1- 13 C]pyru-
vate as a tracer) will soon be translated into clini-
cal  13 C-MRS protocols for the assessment of 
glucose metabolism. This might facilitate the 
integration of PET and MR into a comprehensive 
multimodality platform for metabolic imaging in 
the foreseeable future. 

 MR technology is a fast developing area in 
biomedicine, and as it evolves, 3 T MRI stud-
ies (as opposed to the conventional 1.5 T fi eld) 
are increasingly common in the clinical set-
ting. Research 7 T scanners have also been 
recently installed in various state-of-the-art 
MR facilities across the US. The higher fi eld 
strength results in an increase signal-to-noise 
ratio, increased spatial resolution for MRI and 
increased spectral resolution for MRS, a smaller 
voxel size for MRS, and, most importantly 
for clinical applications of MR, substantially 
reduced acquisition times. There are still some 
concerns, while switching to the higher 3 and 7 
T magnets, regarding greater amount of noise, 
changing T1 relaxation properties, and safety 
concerns (especially at 7 T). Improved acquisi-
tion times and standardized data analysis pro-
tocols will also be required for in vivo MRS 
in order to become a standard-of-care imaging 
technique. High- resolution magic angle spin-
ning (HR-MAS) MRS has been successfully 
applied to small- volume tumor biopsies, nee-
dle biopsies, and fi ne- needle aspirates for fast 
and nondestructive ex vivo metabolic analysis 
of clinical specimens. Preclinical development 
of  13 C-hyperoplarized MRS in animal models 
(mostly with [1- 13 C]pyruvate as a tracer) will 
soon be translated into clinical  13 C-MRS proto-
cols for the assessment of glucose metabolism. 
This might facilitate the integration of PET and 
MR into a comprehensive multimodality plat-
form for metabolic imaging in the foreseeable 
future [ 122 ] (Fig.  18.5 ).
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  Fig. 18.5    Future multimodality imaging platform will 
require both an integrated scanner design (mouse 18FDG-
PET/CT images from a hybrid microPET/CT scanner, ( a ) 
mouse 18FES-PET/CT images for estrogen receptor in 

ovarian cancer model ( b )) as well as advanced imaging 
analysis software (fused PET/MRI images of a mouse 
obtained on a Bruker MRI and a Siemens PET animal 
scanners ( c ))           

a 
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Fig. 18.5 (continued)
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  PET-CT    Positron emission tomography – 
computed tomography   

  PET-MRI    Positron emission tomography – 
magnetic resonance imaging   

  PM    Photomultiplier tubes   
  ps    Picoseconds   
  PSF    Point spread function   
  RECIST    Response evaluation criteria in 

solid tumors   
  RF    Radio frequency   
  SiPMs    Silicon photomultipliers   
  SNR    Signal-to-noise   
  SUV    Standardized uptake value   
  T    Tesla   
  TOF    Time-of-fl ight   
  γPET    Gamma camera PET   
  μ-map    Attenuation map   

19.1           Introduction 

 Positron emission tomography with computer 
tomography (PET-CT) and the clinical use of this 
imaging technology has developed rapidly dur-
ing the last decade. However, the development of 
PET possibly confi rms rather than disproves the 
claim that the majority of our recent technologi-
cal progress is based on old technologies, 
“barely” adding increased computer power or 
new combinations of well-known technologies 
[ 1 ]. The increase in computer power and not least 
the development of a hybrid PET-CT scanner 
have changed the role of PET from a specialized 
research tool to a widely available clinical 
workhorse. 

 The PET technology is based on the use of 
proton-rich isotope (e.g.,  18 F) decaying by posi-
tron emission followed by annihilation under 
emission of two 511 keV photons. Scatter of the 
positron before annihilation and a slight devia-
tion from 180° of the angle between the two 
 photons are limiting the ultimate spatial resolu-
tion of PET to a minimum of 2 mm for whole-
body PET systems [ 2 ]. Until recently three types 
of PET scanners have been in use: gamma  camera 
PET (γPET), dedicated stand-alone PET, and 
integrated PET-CT. The dedicated PET scanner 
consists of a full ring system with several 

 thousands of scintillation detectors. In γPET, two 
or three circulating gamma-heads detect the 
511 keV photons. γPET was introduced in the 
mid-1990s and initially gained widespread use 
due to the lower price and higher availability [ 3 ]. 
However images from γPET have lower resolu-
tion and are based on signifi cantly fewer impulses 
than images from dedicated PET making the 
examination time consuming and compromising 
sensitivity; thus, the use of γPET has been aban-
doned in most places. 

 The PET technique provides information on 
tissue function but lacks accurate anatomical 
information. In order to solve this problem, the 
integrated PET-CT system was developed. 
PET-CT makes image fusion more accurate and 
reduces the examination time, mainly because 
attenuation correction of the PET scan can be 
based on the CT data [ 4 ,  5 ]. Moreover, the fusion 
of PET imaging and modern CT scanners has 
introduced PET-CT as a valuable technique not 
only in diagnosing, staging, and therapy evalua-
tion, but also in cancer treatment, e.g., in the 
planning of radiotherapy. The fi rst PET-CT scan-
ner prototype was introduced in 1998 in the 
United States. In Europe, the fi rst PET-CT scan-
ner was installed in Zurich followed by a scanner 
installed in Copenhagen in 2001. Today, summer 
2013, there are more than 5,000 PET-CT systems 
installed worldwide. 

 Ten years after the introduction of PET-CT, 
the youngest member of the PET family, PET- 
MRI, has just entered the scene. Whether PET- 
MRI will add signifi cant improvement in the 
diagnosis and staging of cancer patients is uncer-
tain, but it could turn out to be a valuable tool in 
early evaluation of cancer therapy. Early evalua-
tion of effect by FDG-PET-CT after chemo- or 
radiotherapy as well as targeted therapy is ham-
pered by the low specifi city of FDG, especially 
with regard to infl ammation versus malignancy, 
and the fact that anatomical shrinkage of the 
tumor is often a late phenomenon or not a criteria 
for response as can be seen with some targeted 
drugs. Using combined PET-MRI could make it 
possible, by means of, e.g., diffusion-weighted 
MRI or MRI spectroscopy, to image more spe-
cifi c changes in the tissue together with retention 
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of FDG or other cancer-specifi c PET tracers 
making early therapy evaluation a safer endeavor 
[ 6 ,  7 ].  

19.2     PET-CT 

19.2.1     The Technical Evolution 
from PET to PET-CT 

19.2.1.1     PET 
 The birth of PET for medical imaging took place 
in the beginning of the 1950s at Massachusetts 
General Hospital by the work of Gordon 
Brownell and co-workers [ 8 ]. They constructed 
the fi rst clinical positron-imaging device, a sin-
gle pair coincidence system. In the late 1960s, 
PC-I, the fi rst tomographic imaging device, was 
built [ 9 ,  10 ], but it was in 1975 with the work of 
Michael E. Phelps, Michel Ter-Pogossian, and 
co-workers at Washington University School of 
Medicine the modern PET scanner was fi rst 
introduced. The design was a ring system sur-
rounding the patient. At the same time, a techni-
cal revolution took place within the fi eld of 
radiology: the introduction of the fi rst CT scan-
ner in 1972 by Sir Godfrey Hounsfi eld, at EMI 
Central Research Laboratories. Within 3 years 
more than 12 companies were marketing, or 
intending to market, CT scanners. While there 
was an explosive growth of the CT-market dur-
ing the 1970s, PET was still in the beginning of 
its evolution phase, and the fi rst commercial PET 
scanner dates from around 1980. A prerequisite 
for the future success of PET was the concurrent 
development of labeled 2-deoxy-2-( 18 F)fl uoro-
D-glucose (FDG) led by Al Wolf and Joanna 
Fowler [ 11 ]. 

 During the 1970s and onwards, there was a 
continuous refi nement of the PET technology. 
In 1977 bismuth germanate (BGO) was intro-
duced, superseding thallium-doped sodium 
iodide (NaI(Tl)) as a better scintillator material. 
Concurrently, improved reconstruction algo-
rithms were developed, and in 1982 Shepp and 
Vardi [ 12 ] introduced an iterative reconstruction 
technique based on the theory of expectation 
maximization, which signifi cantly improved 

image quality compared to the previously used 
fi ltered back projection. However, the restricted 
amount of computer power available at that time 
made iterative reconstruction immensely time-
consuming. Further refi nement and optimiza-
tions of the reconstruction algorithms together 
with faster computers speeded up the recon-
struction of the PET images [ 13 ,  14 ]. Contrasting 
the rapid and enormous clinical spread of CT in 
the 1970s and MRI in the 1980s, the use of PET 
for diagnosing and staging malignant disease 
did not gather pace until the US Center for 
Medicare and Medicaid Services (CMS) 
approved reimbursement for a number of can-
cers in 1998 [ 15 ].  

19.2.1.2     PET-CT 
 Concurrent reading of PET and CT has been pos-
sible for years using adjacent viewing stations or 
with the help of software registration. By the 
beginning of the 1990s, a rising interest in the 
construction of a combined PET-CT scanner 
emerged, and in 1998 the fi rst combined PET-CT 
prototype scanner was presented [ 4 ], a single- 
slice spiral CT scanner rotating together with an 
ECAT ART PET system. This new true image 
fusion modality, the PET-CT scanner, attributed 
to David Townsend and Ronald Nutt was named 
by TIME Magazine as the medical invention of 
the year in 2000. One of the biggest advantages 
of hybrid PET-CT, besides the possibility to get 
the exact anatomical correlate of a focal uptake 
on PET, is the CT-based attenuation correction. 
CT-data for attenuation correction was, com-
pared to traditional  68 Ge/ 68 Ga positron source or 
 137 Cs gamma-ray source, faster, unaffected by the 
injected activity, and with signifi cant lower image 
noise [ 15 ]. 

 The fi rst commercial PET-CT system, 
Discovery LS, was released by GE Healthcare in 
2001, a single-slice spiral CT integrated with a 
PET scanner with BGO detectors. Since then 
many improvements have been done, and newer 
generations of PET-CT have emerged, making it 
possible to shorten the acquisition time and/or to 
reduce administered activity to the patient. The 
following provides an overview of selected 
examples of these advancements:
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    1.    The fi rst PET-CT system had retractable 
septa making acquisition of data in either 2D 
or 3D possible. The 3D mode gives higher 
count rates (higher sensitivity) but requires 
better computer capacities and a new recon-
struction algorithm. The 3D acquisition and 
reconstruction will result in improved image 
quality, and all commercial PET-CT systems 
of today operate in 3D mode only.   

   2.    Increasing the axial fi eld of view results in 
coverage of a larger area of the body by each 
scan position, improving sensitivity and 
decreasing scan time, on the other hand 
resulting in increased costs.   

   3.    Spiral CT technology has progressed from 
single to dual-slice, to 4, 8, 16, 64, and, most 
recently, 128 slices with a transaxial cover-
age suffi cient and optimized for cardiac stud-
ies. At the same time CT rotation speed has 
increased, and these factors have resulted in 
more rapid CT scans.   

   4.    Radiation dose from CT exams is a matter of 
increasing concern. However, new CT soft-
ware technology and reconstruction algo-
rithms (iterative), the possibility to 
automatically adjust the kilo voltage (kV) 
and milliampere (mA) related to the body 
type and region examined, together with 
increasing awareness on radiation safety, 
have the potential to signifi cantly reduce the 
required radiation dose to patients during CT 
and PET-CT scans, without compromising 
image quality.   

   5.    The evolution of new and faster scintillator 
material with higher light output such as 
gadolinium oxyorthosilicate (GSO), lute-
tium oxyorthosilicate (LSO), and LYSO 
(variant of LSO in which some of the lute-
tium is replaced by yttrium), together with 
faster acquisition electronics, results in less 
dead time, improved energy resolution, and 
therefore better scatter correction and 
reduced random coincidences, resulting in 
enhanced whole-body scanning properties.   

   6.    Smaller scintillator crystals have resulted in 
improved spatial resolution.   

   7.    Faster scintillators with a high stopping 
power have made it possible to implement 

time-of-fl ight (TOF); By means of TOF it is 
possible to measure the time difference 
between the two coincidence photons arriv-
ing in the detectors, enabling better localiza-
tion of the annihilation event. This 
information is incorporated into the recon-
struction algorithm leading to improved 
signal- to-noise (SNR) and improved image 
quality especially for bigger-sized patients. 
The fi rst commercial PET-CT system with 
TOF, Philips Gemini TF (TrueFlight) was 
released in 2006.   

   8.    Point spread function (PSF) renders it possi-
ble to take into account the oblique penetra-
tion of photons thru the detectors. The 
occurrence of oblique penetration varies 
throughout the fi eld-of-view. By measuring 
this variability and implementing PSF in the 
reconstruction algorithm, it is possible to 
achieve a more consistent spatial resolution 
throughout the 3D volume.   

   9.    Different approaches have been taken to 
reduce image blurring due to motion by gat-
ing the PET data acquisition (see the section 
below).   

   10.    Bigger bore size has made the PET-CT sys-
tems more patient-friendly and made it pos-
sible to scan patients positioned in fi xation 
equipment for radiation therapy, a prerequi-
site to the now widespread use of PET-CT 
for radiotherapy planning.   

   11.    In 2013 continuous motion of the patient 
table was introduced by Siemens, instead of 
the traditional stop-and-go imaging. 
Continuous motion of the patient table makes 
the planning of the PET more fl exible in the 
sense of being able to defi ne exactly where to 
start and stop the scanning and to more pre-
cise differentiate how to scan different 
regions of the body.     

 The technical evolution of PET-CT systems 
will continue despite the introduction of the com-
bined PET-MRI system. The development of 
PET-MRI has boosted the work with digital 
semiconductor photo sensors like the Silicon 
photomultipliers (SiPMs) [ 16 ,  17 ]. This type of 
photo multipliers offers excellent timing proper-
ties and high gain and depth-of-interaction (DOI) 
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capability making them suitable for time-of- 
fl ight (TOF), improving sensitivity and resolu-
tion. These features, in combination with the 
insensitivity of SiPMs to even high magnetic 
fi elds, make them attractive for use in future PET 
systems, both PET-MRI and PET-CT. 

 Reconstruction algorithms and reconstruction 
computers will continue to improve. Continuous 
motion of the patient table will probably become 
the standard of new PET-CT scanners. 
Scintillation material will also continue to evolve 
but probably at a relatively slow pace. The most 
promising scintillator material with regard to 
TOF is lanthanum bromide (LaBr 3 ) with the 
potential of a time resolution down to 375 ps 
(compared to approximately 550 ps for the cur-
rent LSO/LYSO) [ 18 ]. Even though LaBr 3  is 
expensive and must be hermetically sealed, it is 
likely that its advantageous properties will result 
in its introduction in clinical PET systems in the 
near future.   

19.2.2     When and Why Is PET-CT 
Superior to PET in Oncologic 
Patients? 

 FDG-PET provides information on tissue metab-
olism, but lacks accurate anatomical information. 
The integrated PET-CT system makes image 
fusion more smooth and accurate. PET-CT 
reduces the examination time by approximately 
30 % compared to PET alone, mainly because 
attenuation correction of the PET scan can be 
based on the CT data [ 4 ]. Since the installation of 
the fi rst clinical PET-CT in 2001, the technology 
has gained widespread use. The drawbacks con-
cerning PET-CT are costs and radiation dose; 
adding a diagnostic CT to a whole-body PET 
scan increases the radiation dose from approxi-
mately 8 to 20 mSv. If a nondiagnostic low-dose 
CT is applied, the radiation dose is only increased 
from approximately 8 to 10 mSv. Adding this 
increased amount of radiation dose will, in many 
oncologic patients, not be a matter of concern; 
however, using PET-CT (instead of stand-alone 
PET) in pediatric patients or as a follow-up tool 
in patients with a favorable prognosis should be a 

matter of concern and have a clinical impact 
besides “nicer” images. The published experi-
ences on stand-alone PET compared to integrated 
PET-CT unequivocally favor PET-CT, of which 
examples will be given below. 

 The possibility to accurately correlate ana-
tomical and functional imaging often reduces the 
false-positive rate, i.e., by pointing out more 
obvious infl ammatory, iatrogenic, or physiologic 
etiologies. For example, calcifi cations in tubercu-
losis [ 19 ], structural changes due to iatrogenic 
procedures, e.g., placement of chest tubes, percu-
taneous needle biopsy, and radiation pneumonitis 
or lack of corresponding structural changes as is 
the case in physiological FDG excretion in the 
bowel (Fig.  19.1 ). Detailed knowledge of patient 
history and the use of integrated PET-CT help 
distinguish malignant FDG retention from uptake 
due to benign causes [ 20 ,  21 ]. One of the fi rst 
results of PET-CT was the description of physio-
logical FDG uptake in brown fat, initially named 
“USA-fat” [ 22 ]. Among the fi rst 359 consecutive 
patients performing PET-CT at John Hopkins 
Hospital, Cohade and colleagues found abnormal 
uptake in the supraclavicular region in 49 
patients. Localization to lymph nodes, tumor, or 
muscles was confi rmed in two-thirds of the 
patients, but in the remaining cases PET-CT 
revealed that this was caused by previously unde-
scribed uptake in tissue with very low Hounsfi eld 
value, namely, brown fat – now well known, but 
still a potential source of confusion (Fig.  19.2 ).

    Two of the fi rst larger studies comparing the 
performance of stand-alone PET and integrated 
PET-CT were published in 2003 by Bar-Shalom 
and in 2004 by Antoch and colleagues [ 20 ,  21 ]. In 
a retrospective, blinded analysis of 260 patients 
with a variety of oncologic diseases, Antoch 
et al. found that staging by PET-CT was signifi -
cantly more accurate than staging by PET alone 
or visually correlated PET and CT [ 20 ]. Bar-
Shalom et al. evaluated a mixed population of 
204 oncologic patients with a total of 586 suspi-
cious lesions [ 21 ] fi nding that PET-CT provided 
additional information beyond that provided by 
the separate interpretations of PET and CT in 
49 % of the cases and had an impact on patient 
management in 14 %. The impact of PET-CT 
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on diagnostic interpretation was signifi cantly 
greater for patients with abdominal fi ndings com-
pared to patients with fi ndings in other regions, 
especially by enabling localization of physiologic 
FDG uptake, avoiding false-positive interpreta-
tion (Fig.  19.1 ). This has been confi rmed by later 
studies focusing on gastrointestinal cancer: 
PET-CT optimizes localization and characteriza-
tion of focal FDG uptake improving accuracy 
and especially specifi city [ 23 – 26 ]. Similar fi nd-
ings have been reported in studies on patients 
with gynecologic malignancy; in a study includ-
ing 103 consecutive patients with recurrent 
 cervical or endometrial cancer, Kitajima and col-
leagues found PET-CT to be signifi cantly more 

accurate compared to PET alone, based on 
improved sensitivity as well as specifi city. This 
improved diagnostic accuracy had an additional 
impact on patient management in 16 % of the 
patients as compared to PET alone [ 27 ]. 

 In the early study by Bar-Shalom et al., the 
impact of PET-CT was substantial not only in 
patients with abdominal foci, but also in char-
acterizing thoracic lesions; almost half (12/28) 
of the cases in which PET-CT changed patient 
management had lung cancer or solitary pulmo-
nary nodules, again avoiding false-positive 
interpretations by characterizing focal FDG 
uptake as nonmalignant, i.e., vascular struc-
tures or FDG embolus (Fig.  19.3 ). The superi-
ority of combined PET-CT has also been 
confi rmed for the staging of lung cancer, pri-
marily with regard to assigning correct T and N 
stage, but not for the detection of distant metas-
tases [ 28 ,  29 ]. Whereas no signifi cant differ-
ence for the detection of distant metastases 
could be found in lung cancer, PET-CT was 
found to be signifi cantly more accurate than 
PET alone in restaging patients with malignant 
melanoma primarily as a result of improved 
sensitivity with regard to M stage (0.99, respec-
tively, 0.89), especially for the detection of vis-
ceral metastases, including metastases to the 
lungs [ 30 ]. However, for follow-up of patients 
previously treated for malignant melanoma, no 
signifi cant difference between PET and PET-CT 
could be found.

19.3         PET-MRI 

19.3.1     Introduction to PET-MRI 

 For several decades PET has demonstrated its 
value in providing noninvasive information of tis-
sue at the molecular level. Although the value of 
PET lies in its high sensitivity of biomarkers in 
vivo, it lacks precise anatomical information. As 
described above this problem was fi rst addressed 
with the introduction of the PET-CT scanners in 
2001. Introducing PET-MRI can, perhaps, 
approach some of the limitations applying to 
PET-CT as well as providing a new tool for 
molecular imaging [ 6 ]. 

a

b

c

  Fig. 19.1    PET-CT showing irregular physiological 
 FDG-uptake commonly seen in the bowels: ( a ) PET 
shows focal FDG-uptake in the abdomen ( arrow ). ( b ) CT 
shows high resolution anatomical images of the abdomen. 
( c ) Fused PET-CT shows that the focal FDG-uptake cor-
relates to normal confi gured intestines and therefore inter-
preted as physiologic FDG-uptake ( arrow )       
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 An important limitation on the use of PET-CT 
is the amount of radiation exposed to the 
patients during diagnostic workup and follow-
up schemes in patients with good prognosis, 
especially pediatric patients; the amount of ion-
izing radiation from repeated PET-CT scans is a 
matter of concern [ 31 ,  32 ] (Fig.  19.4 ). As CT 
generally accounts for approximately half of the 
dose associated with a PET-CT scan, substitut-
ing CT with MRI (which is performed without 

the use of ionizing radiation) will reduce the 
dose associated with the examination substan-
tially. Thus, the availability of PET-MRI and an 
increased number of salvage therapies might 
render the clinicians more amenable, to more 
frequent follow-up with imaging also in younger 
patients [ 6 ].

   CT is a fast and reliable provider of structural 
information in most scenarios, but with some 
limitations, especially with regard to soft tissue 

  Fig. 19.2    PET-CT showing physiological FDG-uptake in 
brown fat: ( a ) PET shows intense FDG-uptake especially 
in the supraclavicular region ( arrows ). ( b ) CT shows high 
resolution anatomical images of the same region. ( c ) Fused 

PET-CT shows that the intense FDG-uptake correlates to 
adipose tissue ( arrows ). ( d ) PET MIP (maximum intensity 
projection) shows the symmetrical distribution of this 
metabolic active adipose tissue, aka brown fat       
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and in areas with complex anatomy, i.e., the head 
and neck area and in the pelvis. MRI on the other 
hand is often time consuming but provides excel-
lent soft tissue differentiation and in this aspect is 
considered superior to CT. Using MRI in cancer 
imaging could allow for more precise radio-
graphic measurements of tumor location, size, 
and invasion (Fig.  19.5 ). In addition to routine 
anatomical MR imaging, a variety of MRI acqui-
sition sequences are available which can yield 
images of more specifi c biological or functional 
properties of the tissue [ 6 ].

   In PET-CT the duration of the CT scan is 
 typically less than 1–2 min, whereas the PET scan 
lasts approximately 10–20 min from skull base to 
thighs. Thus, PET acquisition governs the total 
scan time. With simultaneously PET-MRI both 
modalities acquire data, and total scanning time is 
governed by MR imaging, so that a longer PET 
acquisition time could be without time loss [ 33 ]. 
This could make it possible to reduce the dose 
from the PET tracer without hampering sensitivity. 
Another limitation of PET-CT, not often addressed 
before the event of PET-MRI, is the sequential 
acquisition of CT and PET data. Sequential data 
acquisition and subsequent image fusion can ham-
per the possibility for accurate quantifi cation and 
image interpretation due to misalignment. This is 
especially relevant in abdominal or thoracic stud-
ies, due to respiratory movements, bladder fi lling, 
and bowel motion [ 34 ]. Simultaneous imaging 
will make it possible to examine the patient in 
exactly identical metabolic state and condition and 
allows for essentially perfect temporal correlation 
of acquired data sets from both modalities. 

 Thus, combining PET with MRI provides 
many advantages, which go far beyond simply 
combining functional PET information with 
structural MRI information. Some of the chal-
lenges will be to adapt the MRI protocols to the 
PET acquisition time for each bed position and 
choose the right combination of PET tracer and 
MR imaging protocols [ 6 ]. In the following we 
will introduce the reader to the technical develop-
ment of the PET-MRI scanner, together with 
faults and benefi ts and the current clinical evi-
dence on the use of PET-MRI in oncology. For a 
more thorough introduction to specifi c MRI pro-
tocols, the reader should consult one of the chap-
ters dedicated to MR imaging.  

19.3.2     The Technical Evolution 
of PET-MRI 

 The success of combining PET and CT stimu-
lated the work and interest in trying to combine 
PET and MRI. MRI with its excellent soft tissue 
contrast and its possibilities within functional 
imaging such as diffusion-weighted imaging 

a

b

c

  Fig. 19.3    Transaxial PET-CT of a FDG-embolus: ( a ) 
FDG-PET shows a focal accumulation of isotope ( arrow ) 
in the anterior part of the right lung. ( b ) CT shows high- 
resolution anatomical images of the lung parenchyma. ( c ) 
Fused PET-CT shows that there is no anatomical correlate 
to the isotope accumulation – this was therefore inter-
preted as being a FDG-embolus. FDG-embolus is an 
aggregation of FDG which follows the bloodstream after 
the injection to the lungs where it is trapped in the capil-
lary bed       
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(DWI), dynamic contrast enhancement (DCE), 
spectroscopy (MRS), functional MRI (fMRI), 
and arterial spin labeling (ASL), in combination 
with the molecular information from PET, would 

result in unparalleled structural, metabolic, and 
functional information. However, it should take 
almost a decade to reach the goal of a combined 
PET-MRI scanner. 

a b dc

  Fig. 19.4    A 13-year-old girl with neurological symp-
toms and pain in the right knee. FDG-PET for suspected 
infectious disease: ( a ) PET MIP demonstrates widespread 
foci of FDG-accumulation suspected for disseminated 

malignancy. ( b – d ) Sagittal MRI T2 STIR, FDG-PET, and 
fused PET-MR show soft tissue and bone marrow lesions. 
Biopsy from lesion in the right thigh ( arrow  on  a - d ) 
revealed the diagnosis: rhabdomyosarcoma       

a b d e fc

  Fig. 19.5    A 50-year-old M with clear cell sarcoma sur-
rounding the Achilles tendon: ( a, b ) CT and fused FDG-
PET/CT shows a metabolic active tumor surrounding the 
Achilles tendon but cannot exclude invasion of the calca-

neus bone ( arrow ). ( c – f ) Subsequent FDG-PET/MR could 
accurately distinguish the tumor from the adjacent bone 
and showed no infi ltration which was confi rmed by histol-
ogy after surgery ( arrow )       
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 Software fusion of PET data and MRI has 
been used for many years in neurology where 
MRI is preferred over CT and the registration 
between the two exams is pretty straightforward. 
To fuse whole-body PET and MRI exams is more 
troublesome due to the nonrigid patient motion 
between the scans and lack of stable landmarks 
(like the skull for image fusion in neurology 
imaging). Thus, there was a need for a develop-
ment of combined acquisition of PET and MRI, 
preferably simultaneously. Combining MRI and 
PET in the same gantry for simultaneous imaging 
has some prerequisites:
    1.    The PET detectors and electronics must not 

interfere with the fi eld gradients or the RF 
signals.   

   2.    The PET detectors should be insensitive to the 
magnetic fi eld and the RF signals.   

   3.    The coils must be constructed so there is a 
minimum of interference with RF signals and 
a minimum of attenuation of the coincidence 
photons.   

   4.    New strategies for PET attenuation correction 
have to be developed.     
 The challenge of combined PET and MR 

imaging has been approached by three major 
vendors of hybrid scanners in three different 
ways (Fig.  19.6 ):

   GE Healthcare has developed a kind of pseudo 
PET-MRI system – a tri-modality PET-CT+MRI 
system. This is composed of a 3 T MRI system, a 
state-of-the art time-of-fl ight PET-CT system, 

+

a b

c d

  Fig. 19.6    The three commercially available combined 
PET and MR imaging devices as of today (summer 2013). 
( a ) GE Discovery 690 PET-CT with air hovered board 
mounted onto a mobile shuttle system combined with ( b ) 

GE Discovery 750w 3 T MR (Courtesy of Patrick Veit-
Haibach, MD), ( c ) Philips Ingenuity TF PET-MR 
(Courtesy of Prof. Otto S. Hoekstra) and ( d ) Siemens 
Biograph mMR       
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and a transferable board mounted onto a mobile 
shuttle system [ 35 ]. The shuttle system makes it 
possible to move the patient without reposition-
ing between the PET-CT and the MRI, placed in 
separate rooms. This solution has some advan-
tages, for example, the possibility to use the two 
systems together or as separate stand-alone scan-
ners to optimize the usage. But it still is two 
sequential scans, and for the patient it is a long 
acquisition time. 

 In launching the world’s fi rst really integrated 
PET-MRI system in 2009, Philips Healthcare 
used another approach [ 36 ]: This system is based 
on an existing 3 T MRI, combined with a PET 
scanner similar to the one in GEMINI TF 
PET-CT. The PET scanner was redesigned to be 
operational inside a standard MRI scanner room 
by applying magnetic shielding and moving all 
electronics from the PET gantry to the equipment 
room. Further, the PET and MRI scanner is 
placed 3 meter apart. This system acquires PET 
and MRI sequentially, similar to the workfl ow in 
current PET-CT systems. The system suffers 
some of the same drawbacks as the tri-modality 
PET- CT+MRI system, but possibly providing 
better alignment owed to less risk for patient 
motion between the scans. 

 The fi rst example of simultaneous PET-MRI 
system was developed by Marsden and Cherry 
in 1997 [ 37 ]. A single-slice PET was placed in 
the receiver coil connected to PM tubes outside 
the magnetic fi eld via long optical fi bers. 
Mainly due to the signal loss in the optical 
fi bers, this approach has never gained commer-
cial success. Instead the work with magnetic 
insensitive avalanche photodiodes (APDs) 
prospered. APDs could replace the very mag-
netic sensitive photomultiplier tubes used in 
PET detectors, and in 2007 Pichler and col-
leagues presented a PET insert based on APDs. 
This insert fi ts inside a 3 T whole-body MRI 
scanner with the remaining space in the gantry 
suitable for scanning brains and extremities 
[ 38 ]. This same approach led to the fi rst clinical 
and commercially available simultaneous 
whole-body PET-MRI scanner, the Siemens 
Biograph mMR. In the Siemens Biograph 
mMR, optimization of the factors mentioned 
initially in this section has been attempted, but 

further development will improve the perfor-
mance of future generations of simultaneous 
PET-MRI systems.  

19.3.3     Current PET-MRI Systems: 
Strengths and Weaknesses 

 Today, summer 2013, there are three commercial 
available whole-body PET-MRI systems on the 
market: Discovery PET-CT+MRI (GE 
Healthcare), Ingenuity TF (Philips Healthcare), 
and Biograph mMR (Siemens). The performance 
of these systems is roughly similar (Table  19.1 ), 
but as mentioned in the previous section the 
design is completely different (Fig.  19.6 ).

   Presently, Siemens mMR is the only truly 
integrated PET-MRI scanner enabling simulta-
neous imaging possible. However, a PET- 
CT+MRI system has some obvious advantages, 
especially regarding the possibility to obtain a 
CT-based attenuation correction and thereby a 
reliable PET quantifi cation. Although improve-
ment of the MRI-based attenuation correction 
has been done, it is still work in progress and 
with plenty of room for future improvement. 
Especially the problem of correctly identifying 
bone in the head and neck region is a serious 
challenge, together with correct segmentation of 
tissue in close proximity to metal containing 
implants and devices. Until this problem is 
solved, clinical users should routinely review 
non-corrected and attenuation-corrected emis-
sion images together with the diagnostic MR 
images and the MRI-based attenuation maps 
(μ-maps) (Fig.  19.7 ) in order to elucidate and 
interpret possible image artifacts arising from 
MRI-based AC [ 39 ] (Fig.  19.8 ). Unfortunately, 
we do not expect a completely reliable MRI- 
based attenuation correction method for quanti-
tative whole-body imaging to be developed 
within the next 2–3 years.

    Another advantage of the PET-CT+MRI sys-
tem is the broader gantry. In the simultaneous 
system the PET scanner is inserted into the gan-
try of the MRI scanner, resulting in a narrow and 
relative long tunnel. This can be a challenge 
regarding patient comfort, especially for patients 
with a tendency of claustrophobia and obese 
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patients. A bigger gantry will be less claustro-
phobic and render it possible to scan patients in 
fi xation devices for radiotherapy planning. 

 The advantages of the truly integrated PET- 
MRI scanner enabling simultaneous acquisition 
are however also quite obvious: This method will 
reduce misalignment, shorten the total acquisition 
time, potentially reduce radiation burden, make it 
possible to do synchronized image gating, and to 
acquire PET and MRI data simultaneously for 
functional studies under identical physiological 
conditions. Thus it is our conviction that the 
development of future PET-MRI scanners will 
focus on optimization of the truly integrated PET-
MRI and gradually abandon the in-line system.  

19.3.4     Clinical and Research 
Application in Oncology 

 Reported evidence on the use of PET-MRI in 
oncology is steadily increasing. However the 
bulk of evidence comes from mixed populations 

or smaller case series reporting the experience 
with PET-MRI compared to PET-CT, performing 
clinical PET-CT in a mixed population followed 
by PET-MRI on the same injection of FDG [ 40 –
 45 ]. As PET-MRI was developed and launched 
ahead of detailed considerations for practical 
issues like clinical application, work fl ow, opti-
mized scan protocols, and attenuation correction 
[ 6 ,  46 ], this seems to be the logical way to go. 
But, apart from the small number of patients, this 
approach causes a number of problems: The 
sequential acquisition of PET-CT and PET-MRI, 
often more than an hour apart, makes interpreta-
tion and comparison of sensitivity and quantifi ca-
tion very diffi cult – is the difference in focal 
fi ndings and/or SUV values between the modali-
ties due to different FDG kinetics (dual-time 
point imaging), technical quality, or different 
methods for attenuation correction? [ 40 ,  43 – 45 , 
 47 ]. The sequential acquisition also results in 
constraints on the duration of the PET-MRI scan 
as the patient has just undergone a PET-CT scan, 
making time for evaluation of more functional 

   Table 19.1    Design and performance characteristics for today’s commercial whole-body PET-MRI systems   

 GE Discovery 
PET-CT+MRI a  

 Philips 
Ingenuity TF 

 Siemens Biograph 
mMR 

 PET 
  Crystal type  LBS  LYSO  LSO 
  Crystal size (mm 3 )  4.2 × 6.3 × 25  4 × 4 × 22  4 × 4 × 20 
  Axial fi eld of view (cm)  15.7  18.0  25.8 
  Transaxial fi eld of view (cm)  70  67.6  59.4 
  Sensitivity (cps/kBq)  7.0  7.0  13.2 
  Axial resolution 1 cm (mm)  5.6  4.9  4.5 
  Axial resolution 10 cm (mm)  6.3  5.5  6.7 
  Transverse resolution 1 cm (mm)  4.9  4.9  4.4 
  Transverse resolution 10 cm (mm)  6.3  5.5  5.2 
  Time-of-fl ight  Yes  Yes  No 
 MR 
  MR fi eld strength  3 T (or 1.5 T)  3 T  3 T 
  MR fi eld of view (cm 3 )  50 × 50 × 50  50 × 50 × 45  50 × 50 × 45 
 PET-MRI 
  Max patient weight (kg)  180  200  200 
  Min gantry diameter (cm)  70  60  60 
  Acquisition  Sequential 

(two separate rooms) 
 Sequential 
(same room) 

 Simultaneous 

  Attenuation correction  CT based  MRI based  MRI based 

  Abbreviations:  LBS  Lutetium-based scintillator,  LSO  lutetium oxyorthosilicate,  LYSO  variant of LSO 
  a Possible combinations: Discovery PET-CT 610 or 710 combined with Discovery MR750w (3 T) or Optima MR450w 
(1.5 T). Data presented are for Discovery PET-CT 710 + Discovery MR750w  
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MRI sequences together with PET scarce. 
Finally, PET-MRI should probably not be evalu-
ated as a potential replacement of PET-CT: PET- 
MRI is, at present, too slow, too expensive, and 
the workfl ow too complicated [ 43 ]. PET-MRI 
should instead be seen as a supplement with a 
huge potential for multiparametric imaging. 

Whereas PET-CT has been evaluated in numer-
ous studies, including randomized clinical trials 
and cost-effectiveness studies, PET-MRI is still 
just “the new kid on the block” with only smaller 
studies focusing mainly on feasibility and techni-
cal evaluation. 

19.3.4.1     Diagnosis and Staging 
 Diagnosing and staging, assessing the anatomical 
spread and invasion of a malignant tumor, is piv-
otal in guiding the choice of treatment and esti-
mating patient prognosis. The area where 
PET-MRI has been most rapidly adopted is in the 
assessment of brain tumors. MRI has for years 
been the routine imaging approach of brain 
tumors, recently supplemented with PET imag-
ing with amino acid tracers such as FET or MET 
(please refer to Chaps.   24    ,   25    ,   26    , and   27     for 
more details). Thus simultaneous PET-MRI com-
bining structural and functional imaging at the 
same time and under exactly the same physiolog-
ical conditions is expected to improve manage-
ment of this group of patients [ 48 ]. 

 By combining anatomical MRI, functional 
MRI, and PET imaging, to obtain concerted 
information about anatomy and biological activ-
ity of the tumor, the sensitivity and specifi city in 
oncology staging, also outside the brain, is likely 
to be improved. The assessment of tumor inva-
sion into adjacent structures can probably be 
improved by the combination of MRI anatomy, 
DW-MRI, and PET, for example, in rectal, blad-
der, prostate, and gynecological cancers [ 49 – 51 ]. 
Our experience so far points in that direction 
(Fig.  19.9 ), especially regarding gynecologic 
cancers [ 41 ], but clinical studies on PET-MRI in 
gynecologic and colorectal cancers are still lack-
ing [ 46 ]. Whereas DW-MRI has shown some 
promise for the evaluation of invasion (T stage, 
as described above), a recent study by Buchbender 
and colleagues could not demonstrate that adding 
DWI to FDG-PET-MRI lesion detection (metas-
tases) provided any additional benefi t [ 52 ].

   Secondly, PET-MRI might improve accuracy 
in the assessment of spread to regional lymph 
nodes, especially in the pelvic region [ 53 ,  54 ], but 
also in the mediastinum and head and neck region 
[ 55 ]. Platzek et al. have evaluated the feasibility 
of PET-MRI (adjacent PET-MRI by Philips) in 

  Fig. 19.7    MR-based attenuation map (μmap) from 
Dixon Water Fat segmentation. In- and opposed-phase 
MR imaging is used for delineation of the four classes of 
attenuation coeffi cients: soft tissue, fat, air, and lung 
(identifi ed by post-processing algorithm) but not bone       
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patients with head and neck cancer [ 43 ]: They 
found a signifi cantly higher lesion SUVmax in the 
PET-MRI examinations compared to dedicated 
stand-alone PET, and more importantly with 
regard to staging, the number of lymph nodes 
with increased FDG uptake detected, using the 
PET data from PET-MRI was signifi cantly higher 
than the number detected by the stand-alone PET 
system. These results are hampered however by 
the delayed imaging on PET-MRI compared to 
PET (mean of 177 min, respectively, 64 min post-
injection) and the lack of comparison with in-line 
PET-CT.  

19.3.4.2     Planning of Radiotherapy 
 A fundamental challenge in modern radiotherapy 
is to balance the prescribed radiation dose 
between the wish for tumor control and the fear 
of tissue toxicity. A possible way to increase 
tumor control, without increasing toxicity, is the 
dose painting principle [ 56 ]. Dose painting relies, 
in short, on three assumptions: (1) Local recur-
rences after radiotherapy arise from small areas 
of the tumor, which are relatively resistant to 
radiotherapy. (2) This inhomogeneous distribu-
tion of radiosensitivity can be mapped by molec-
ular imaging. (3) It is possible to plan and deliver 
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  Fig. 19.8    MRI-based attenuation map (μmap) from a 
 64 Cu-Dotatate-PET/MRI scan illustrating an artifact in the 
liver ( arrow ). ( a – g ) PET/MRI, ( h – l ) PET-CT. ( a  and  e ) 
MRI-based attenuation map (μmap) where the algorithm 
has falsely segmented a substantial part of the liver as air, 

( b  and  g ) attenuation corrected PET fused with MRI erro-
neous revealing an area in the liver without FDG-uptake, 
( c  and  f ) attenuation corrected PET, ( d ) MRI, ( h – l ) corre-
sponding images from a subsequent PET-CT with correct 
attenuation correction       
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a dose distribution to the tumor, which results in 
higher doses to the more resistant areas. 

 Tumor hypoxia is a key mechanism leading to 
radiotherapy resistance, and a technique for 
hypoxia mapping to be integrated with radiother-
apy planning systems is warranted [ 57 ]. PET- 
based techniques using  64 Cu-ATSM,  18 F-MISO, or 
 18 F-FAZA can image hypoxia by binding to intra-
cellular macromolecules when pO 2  < 10 mmHg. 
Accumulation of  18 F-MISO is less fl ow depen-
dent, and local oxygen tension is the major deter-
minant of its accumulation [ 56 ,  58 ], enabling 
imaging of both perfusion, diffusion, and anemic 
hypoxia. In contrast BOLD- MRI is thought to be 
most sensitive to perfusion-related hypoxia and 
thus often correlated with DCE-MRI in order to 
assess vascularity and perfusion [ 6 ]. 

 By simultaneous PET-MRI it will be possible 
to describe tissue hypoxia by PET hypoxia tracer 
together with BOLD and/or DCE-MRI to distin-
guish between perfusion and diffusion as the 
most dominant cause of tumor hypoxia [ 6 ]. This 
again might be correlated to prognosis and infl u-
ence treatment planning; Poor perfusion to the 
tumor area will hamper reoxygenation and thus 

the effect of radiotherapy. Simultaneous imaging 
of hypoxia by PET and MRI might also help to 
address one of the serious drawbacks of hypoxia 
imaging, namely, the only moderate reproduc-
ibility of intratumoral distribution of PET 
hypoxia tracer [ 56 ]. Alternatively, simultaneous 
FDG or FLT-PET and BOLD or DCE-MRI may 
result in new knowledge on the relationship 
between hypoxia, metabolism, proliferation, and 
radiotherapy resistance [ 56 ,  58 ], paving the way 
for molecular imaging-based dose painting. 

 The PET-MRI technology also carries the 
promise of describing and imaging new tumor 
characteristics that might be associated with resis-
tance to radiotherapy: Schmidt and colleagues 
examined the correlation between SUV and ADC 
(from DWI) on a voxel by voxel analysis in 15 
patients with lung tumors, enabling identifi cation 
of areas within the same tumor with different 
combinations of metabolism and cellularity [ 47 ].  

19.3.4.3     Therapy Evaluation 
 Accurate assessment of tumor response is a cor-
nerstone in clinical patient management as well as 
in drug development. Currently response is mainly 

a b

c d

  Fig. 19.9    A 73-year-old female with endometrial cancer 
of the uterus and metastatic spread. FDG-PET for restag-
ing: ( a ) FDG-PET-CT shows focal accumulation of FDG 
in the labial region ( arrow ) which could represent either 
metastatic spread or contamination (activity in the urine). 

( b – d ) PET-MRI (T1 and DW-MRI) identifi es a solid 
lesion, with low diffusion (high cellularity) representing a 
metastasis in the labia ( arrow ). In this case PET/MRI 
increased the reader’s confi dence in a routine setting       
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evaluated by anatomical measures based on a sin-
gle linear summation of selected target lesions, 
known as the RECIST criteria (Response 
Evaluation Criteria In Solid Tumors) [ 59 ]. The 
standardized RECIST criteria take into account 
differences in slice thickness, minimum tumor 
sizes, and frequency of evaluations. However, 
there is a growing concern that response measure-
ments may not be adequately addressed by 
RECIST, neither when the patient is treated with 
conventional cytotoxic therapy [ 60 ] nor when 
treated with more recently developed molecularly 
targeted agents, which can provide therapeutically 
benefi ce without signifi cantly reducing the tumor 
volume [ 61 ]. The use of PET-CT, combining meta-
bolic and anatomical information for therapy eval-
uation, has a huge potential impact on the quality 
of patient treatment as well as on the evaluation of 
new therapy regimes [ 62 ]. Standardized criteria for 
response evaluation in solid tumors by PET-CT – 
PERCIST – were suggested in 2009 [ 63 ], and the 
impact of PET in response evaluation in, e.g., lym-
phoma is well established, but other tumor types 
are lacking behind [ 64 ]. In parallel with the 
increasing amount of evidence on FDG-PET as a 
surrogate marker for response, similar results have 
emerged for DW-MRI from a broad range of can-
cer types, suggesting that early changes in tumor 
diffusion values correlate with response to therapy 
[ 65 – 68 ]. However, both FDG-PET and DW-MRI 
suffer some of the very same drawbacks, i.e., lack 
of specifi city in separating malignancy from 
infl ammation. Early comparative studies suggest 
that the cause for false-positive fi ndings might dif-
fer slightly between the two methods, opening a 
window of opportunity for simultaneous PET- MRI 
to explore more specifi c changes in the tissue [ 7 , 
 65 ,  66 ,  69 – 71 ]. In this setting, PET-MRI could 
make early therapy evaluation a safer endeavor [ 6 , 
 42 ] and increase our knowledge on the importance 
of tumor heterogeneity as exemplifi ed on the study 
by Schmidt and colleagues [ 47 ].  

19.3.4.4     Motion Compensation and 
Correction Techniques 

 Patient motion produces artifacts, due to tissue dis-
placement during and between excitation and data 
acquisition, leading to blurred images on both PET 

and MRI. It is crucially important to minimize 
the negative effects from motion in order to get 
more precise information, especially when acquir-
ing simultaneous dual modality imaging [ 6 ]. In 
PET-CT the difference in acquisition time between 
PET and CT can result in misalignment and mislo-
calization. In PET imaging, as well as in MRI, the 
acquisition time is relatively long, and the patient 
respiratory movements will inevitable cause blur-
ring of lesions in the lung and upper abdomen. In 
PET imaging this blurring may result in an over-
estimation of the size of the lesion, as well as an 
underestimation of the lesion SUV (standardized 
uptake value) [ 72 ]. Several methods have been 
explored in order to minimize these problems by 
respiratory gating of PET (and CT). These meth-
ods mostly depend on external markers or sensors, 
and longer acquisition time, making it diffi cult 
to implement in daily clinical routine [ 73 ,  74 ]. 
Recently, a markerless structured light 3D surface 
tracking system has been developed for motion 
correction in brain studies [ 75 ]. The system is 
independent of external markers on the patient, 
and designed to fi t into narrow spaces, making it 
highly promising for PET-MRI [ 6 ]. 

 With regard to MRI, there are several variants 
to reduce motion artifacts, some of them inde-
pendent of external markers. Simultaneous PET- 
MRI with motion correction has the potential to 
improve PET quantifi cation in especially tumors 
of the lung and liver [ 76 ], which again will impact 
both diagnosing, radiotherapy planning, and 
evaluation. A few recent studies (preclinical) 
have explored the possibility of MRI-based 
motion correction of the PET data, fi nding it to be 
feasible and resulting in improved image quality 
[ 77 ,  78 ].    

19.4     Conclusion and Future 
Perspectives 

 With two different, and likely complementally, 
hybrid imaging systems, the future of functional 
oncological imaging seems brighter than ever: 
PET-CT a relatively well-established modality 
for diagnosing, staging, restaging, and monitor-
ing response to therapy and the novel PET-MRI 
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of unexplored potential in management of onco-
logical patient. Based on the few studies avail-
able addressing the clinical value of PET-MRI, 
we conclude that PET-MRI should be seen as a 
complement and not a replacement of PET-CT. 
When MRI was initially introduced, it was 
thought that MRI would replace CT, but instead 
CT imaging has prospered. In PET it will proba-
bly be the same story – both techniques PET-CT 
and PET-MRI will continue to evolve, and the 
mission of the research society of functional 
imaging is to explore, evolve, and validate the 
role of both PET-CT and PET-MRI in oncology. 

 There are, however, a number of reasons that 
PET-MRI will probably never reach the same 
broad use as PET-CT, and not all patients with an 
indication for PET will benefi t from a PET-MRI 
rather than a PET-CT.
•    There are absolute contraindications to MRI 

compromising the broader use of this modality.  
•   CT outperforms MRI in certain areas, e.g., 

diagnosing small lung lesions.  
•   Whole-body PET-MRI where MRI governs 

the total examination time is more time con-
suming than standard PET-CT.  

•   Whole-body MRI generates a lot of images 
and is more time consuming to read than a 
whole-body CT.  

•   A PET-MRI scanner will induce patient dis-
comfort more likely than PET-CT beyond 
claustrophobia.  

•   Standardization of PET-CT for diagnosis and 
especially therapy evaluation are not perfect 
but improving. Standardization of PET-MRI 
protocols is non-existing and will be a contin-
uous challenge, due to the uncountable possi-
ble variations within MRI-protocols.    
 Based on these considerations we could spec-

ulate in three future potential clinical scenarios 
for PET-MRI (apart from an important and grow-
ing role in oncology research):
•    A regional PET-MRI scan, e.g., the brain for 

diagnosing, staging, therapy evaluation, and 
radiotherapy planning of primary brain tumors 
where the evident benefi t of “one stop shop” 
and the possibility to do true multiparametric 
imaging by combining molecular imaging and 
functional MRI.  

•   A regional PET-MRI for tumor characteriza-
tion, tumor delineation, assessment of infi ltra-
tion, and lymph node staging combined with a 
whole-body PET-MRI overview for assess-
ment of distant metastases. This approach 
would be suitable for tumors in regions where 
CT is suboptimal (e.g., tumors in the pelvic 
region, musculoskeletal tumors, liver, and 
head and neck tumors) but also for tumors 
where response evaluation is expected to be 
markedly improved by combining PET and 
functional MRI compared to standard PET-CT. 
This scenario could consider a supplemental 
CT of the lung for assessment of small lung 
lesions.  

•   A whole-body PET-MRI where PET-CT is 
suboptimal for other reasons, e.g., all children 
and young adults in order to reduce radiation 
dose patients with iodine contrast allergy and 
patients with thyroid cancer whom should not 
have iodine contrast.    
 Introducing PET-MRI in the clinical oncologi-

cal arena is a challenge, and the biggest challenge 
will improve MRI-based attenuation, correction, 
and harmonization of imaging protocols, espe-
cially with regard to MRI part. The CT acquisi-
tion in a PET-CT exam could basically be 
performed as a low-dose CT, a diagnostic CT 
with or without oral and intravenous contrast 
media and always in the same transaxial plane. 
The number of possible combinations of MRI 
sequences, image orientations, and different con-
trast media is infi nite. For a successful imple-
mentation the PET-MRI society needs to agree 
on standardized imaging protocols and evaluate 
them in well-designed clinical multicenter stud-
ies; otherwise, we will fail releasing the full 
potential of this new and fascinating modality.     
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   ASIR    Adaptive statistical iterative 
reconstruction   

  CT    Computed tomography   
  DECT    Dual-energy computed tomography   
  dsDECT    Dual-source dual-energy computed 

tomography   
  FDG-PET    18-fl uoro-deoxyglucose positron 

emission tomography   
  GIST    Gastrointestinal stromal tumor   
  HU    Hounsfi eld units   
  IV    Intravenous   
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  MR    Magnetic resonance   
  NSCLC    Non-small-cell lung cancer   
  PET SUV     Positron emission tomography stan-

dardized uptake value   
  RECIST    Response evaluation criteria in solid 

tumors   
  SAFIRE    Sinogram-affi rmed iterative 

reconstruction   
  SECT    Single-energy computed tomography   
  ssDECT    Single-source dual-energy com-

puted tomography   
  SUV max     Maximum standardized uptake value   
  VNC    Virtual noncontrast   
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20.1           Introduction to DECT 

    DECT has been investigated since the 1970s 
because of its potential to improve tissue charac-
terization; however, early defi ciencies impeded 
its implementation in daily clinical practice 
[ 1 – 9 ]. Recent hardware and software advance-
ments have improved effi ciency in CT gantry 
rotation, x-ray source, and detector arrays. Thus, 
current multidetector CTs have eliminated earlier 
misregistration artifact with simultaneous or 
nearly simultaneous dual-energy  acquisition [ 10 ]. 
In addition, excessively noisy images acquired at 
lower energy (e.g., 80 peak kilovoltage [kVp]) 
have been overcome by modern detectors [ 1 ,  11 –
 13 ] and iterative reconstruction algorithms [ 14 ], 
whereas improved processors have reduced com-
putational time for analyzing DECT data [ 12 ]. 
DECT’s data acquisition and processing have 
therefore made it competitive with conventional 
CT [ 11 ,  12 ,  15 ]. 

 Conventional single-energy CT (SECT) and 
DECT radiation doses depend on several param-
eters, including kVp, dual- or single-energy 
acquisition, number of phases acquired, and 
manufacturer variations [ 15 ]. Although two 
acquisition energies are needed with DECT, this 
does not result in twice the dose of conventional 
SECT. Acquisition at a lower energy, such as 
80 kVp, has inherently decreased radiation dose 
compared to higher energy acquisitions, e.g., 
140 kVp [ 16 ]. In cases where answering a clini-
cal question would require  multiple  phases on 
SECT, DECT can simply reduce radiation expo-
sure by acquiring comparable data in only  one  
phase [ 17 ]. Furthermore, its improved lesion 
characterization can obviate recommendations 
for a follow-up examination with additional 
radiation exposure [ 18 ]. Further reductions in 
effective radiation dose have also been made 
possible by advancements in newer-generation 
DECT scanners, such as protocol optimization, 
tin fi lter use, and improved post-processing 
techniques with sinogram-affi rmed iterative 
reconstruction (SAFIRE) and adaptive statisti-
cal iterative reconstruction (ASIR) algorithms 
[ 19 ,  20 ]. Thus, the effective radiation dose is 
generally dose neutral between DECT and 

SECT when state-of-the-art technology is used 
[ 14 ,  21 ,  22 ]. 

 Commercially available DECT products 
include single-source dual-energy CT (ssDECT) 
(GE Healthcare, Piscataway, NJ) that utilizes 
rapid kVp switching (<250 μs) between two 
energies from a single x-ray tube and dual-source 
dual-energy CT (dsDECT) (Siemens Medical 
Solutions, Erlangen, Germany) that utilizes two 
independent x-ray tubes to perform an equivalent 
task [ 10 ]. By exploiting attenuation differences at 
 two  acquisition energies, DECT can more accu-
rately separate different material types than is 
possible in a  one  acquisition from conventional 
SECT. 

 From a DECT acquisition, both the projection- 
based (ssDECT) and image-based (dsDECT) raw 
data are used to generate various image displays: 
material density, computed monochromatic, and 
effective-z. Material density images, the result of 
elemental decomposition derived from energy- 
related attenuation characteristics, are composed 
as material basis pairs, with the most common 
pair being water (virtual noncontrast [VNC]) and 
iodine (an image map of iodine-containing pix-
els) (Fig.  20.1 ). The computed monochromatic 
display represents reconstructed images as if pro-
duced by a single monochromatic energy beam, 
reported in kiloelectron volts (keV). In compari-
son, conventional SECT images are produced by 
a polychromatic energy beam and reported in 
kVp. The virtual monochromatic images are gen-
erated from ssDECT source data through a math-
ematic model [ 23 ] (Fig.  20.1 ), whereas dsDECT 
uses a nonlinear blending algorithm or a variable 
weighted average to create images emphasizing 
benefi ts at each energy setting [ 24 ]. In either 
case, these DECT images maximize contrast 
from lower kVp and maintain optimal anatomic 
resolution with less noise from higher kVp [ 11 , 
 25 ], with the use of ssDECT allowing real-time 
adjustment of monochromatic data from low to 
high keV [ 12 ]. The effective-z display is gener-
ated from projection data and differentiates 
image components on the basis of their atomic 
numbers (Fig.  20.1 ).

   With the use of an advanced workstation 
application, ssDECT data can be post-processed 
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to generate spectral Hounsfi eld units (HU) 
curves, scatterplots, and histograms (Fig.  20.2 ). 
Spectral HU curves are created by plotting atten-
uation values (HU) for a single material over 
monochromatic energies spanning from 40 to 
140 keV, whereas scatterplots and histograms 
show pixel-by-pixel information for specifi c 
materials. The potential application of these 
 post- processed data sets, as well as those of other 
specifi c DECT displays, can vary by organ 
 system, as outlined below.

20.2        Chest 

 A solitary pulmonary nodule can be imaged to 
exclude malignancy by proving the presence of a 
characteristic benign pattern of calcifi cation 
indicative of prior granulomatous disease expo-

sure. When chest CTs are performed with iodin-
ated intravenous (IV) contrast, a conundrum with 
SECT arises as to whether a hyperdense solitary 
pulmonary nodule is calcifi ed or is the result of an 
enhancing mass. However, with DECT, 
 calcifi cations have been detected on water basis 
pair (VNC) images 85–97 % of the time in lung 
nodules and lymph nodes [ 26 ]. In addition, the CT 
number (HU) on iodine basis pair images from 
dsDECT has been found to correlate with the 
degree of enhancement in a solitary pulmonary 
nodule [ 26 ]. Since malignant nodules enhance 
considerably more than benign nodules, a prelimi-
nary study showed that a threshold value of 
<20 HU on iodine basis pair images can differen-
tiate nodules with an accuracy rate of 82.2 % [ 26 –
 33 ]. DECT can detect calcifi cation and measure 
degree of enhancement in lung nodules, masses, 
or lymph nodes, allowing accurate classifi cation 

a b

c d

  Fig. 20.1    DECT: various image displays. ( a ) 70 keV 
monochromatic image; ( b ) water material density image; 
( c ) iodine material density image with color overlay; and 
( d ) effective-Z image with color overlay of regions of 

interest (ROI) highlighting various materials in the body. 
The ROI information can be plotted onto different spec-
tral graphs as in Fig.  20.2        
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a

b

  Fig. 20.2    DECT: advanced post-processing displays. ( a ) 
Spectral HU curves are generated by plotting the attenua-
tion values of a material for every monochromatic energy 
from 40 to 140 keV. These attenuation curves can help 
characterize specifi c materials (e.g., aorta and bone have 
sharply upward-sloping curves at lower energies due to 
their specifi c k-edge, whereas fl uid has a relatively fl atter 
curve; and fat has a downward-sloping curve at lower 
energies). ( b ) DECT scatterplots are generated by plotting 

material components in a pixel-by-pixel display using 
various parameters (e.g., concentration of iodine (100 μg/
mL) vs. water (mg/mL). The area encompassed by the pix-
els helps to classify tissue composition within the ROIs. 
( c ) Histograms are generated by plotting the percentage of 
pixels within an ROI rather than by specifi c DECT param-
eters, which in this case are HU values as in the 70 keV 
monochromatic image. Greater separation along the  x -axis 
indicates greater differences in composition       
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on a single enhanced examination, negating the 
need for a follow-up examination, and decreasing 
radiation exposure to patients, as well as giving a 
more streamlined answer to the patient and the 
referring clinician. 

 The imaging technique  18-fl uoro- deoxyglucose 
positron emission tomography ( 18  FDG- PET) 
CT has a proven track record in characterizing 
pulmonary nodules and in staging lung cancer 
before and after therapy. Since the maximum 
standardized uptake value (SUV max ) may cor-
relate with tumor aggressiveness [ 34 – 41 ], this 
imaging study can be an important component 
of a treatment plan. Unfortunately,  18 FDG-PET 
CT requires more preparation, patient time, and 
cooperation than DECT, as well as greater radia-
tion exposure. Thus, DECT is being investigated 
as an alternative. For example, non-small-cell 
lung cancer (NSCLC) treatment response can 
be monitored on  18 FDG-PET CT by SUV max . 
However, the degree of viable primary tumor or 
lymph node enhancement with iodinated contrast 
(i.e., vascularity) can be measured with maxi-
mum iodine- related attenuation, which has been 

shown to correlate with SUV max , thus indicating 
that DECT has the potential to replace or become 
an adjunct imaging study for monitoring NSCLC 
[ 42 ]. Nonetheless, further evaluation is needed to 
confi rm these preliminary results, as well as to 
investigate the role of DECT for other primary 
lung cancers.  

20.3     Liver 

 Hypervascular liver lesions, including metastases 
and hepatocellular carcinomas, are more con-
spicuous on contrast-enhanced images acquired 
at lower energy (e.g., 80 kVp) than at higher 
energy (e.g., kVp) [ 11 ,  43 – 47 ], but imaging at 
lower energy with conventional SECT necessi-
tates a specifi c additional acquisition. However, a 
range of 101 monochromatic keV displays can be 
generated from dual-energy data, which com-
bines superior contrast resolution with increased 
conspicuity of solid organ parenchymal masses 
from a single DECT acquisition [ 11 ,  44 ] 
(Fig.  20.3 ).

c

Fig. 20.2 (continued)
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   Lv et al. determined that lower energy mono-
chromatic images (40–70 keV) provided the most 
evident contrast between enhancing liver back-
ground and lesions, thus improving detection of 
hypervascular lesions ≤3 cm [ 48 ]. However, the 
contrast to noise ratio changes with the imaging 
phase, as well as with energy level. For example, 
hepatocellular carcinoma is best seen on arterial 
phase at 50 keV or at portal venous phases at 
70 keV, whereas focal nodular hyperplasia is most 
conspicuous on either arterial or portal venous 
phase at 50 keV [ 49 ]. Furthermore, in addition to 
the monochromatic images, iodine basis pair 
images can also improve detection of HCC on 
portovenous phase on ssDECT [ 49 ]. Iodine 
 concentration may also be a differentiating factor 

in identifying malignancy, because iodine con-
centration has been found to be statistically higher 
in focal nodular hyperplasia vs. hepatocellular 
carcinoma on arterial phase images [ 49 ]. 

 The use of spectral HU attenuation curves 
may be helpful in improving the characterization 
of indeterminate hepatic lesions (i.e., the 
 differentiation between pseudoenhancement 
artifact and actual contrast enhancement) [ 12 ]. 
For example, iodine has markedly increased 
attenuation at lower energy (i.e., near its k-edge 
of 33.3 keV) and much lower attenuation at 
higher keV, producing a nonlinear exponential 
curve with a steeper slope at lower keV. Recent 
research suggests that enhancing structures dem-
onstrate sharply upward-sloping curves at lower 

a

c

b

  Fig. 20.3    Hepatocellular cancer (HCC). DECT-
computed monochromatic images show increasing con-
spicuity of histologically verifi ed left lobe HCC ( a – c , 
 white arrows ) as the beam energy ([ a ] 120 keV, [ b ] 

70 keV, [ c ] 55 keV) is shifted toward the k-edge of iodine 
(33.2 keV). Note that each image is depicted using the 
same window/level settings ( a – c ,  white arrows )       
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keV, that mimic iodine’s curve, whereas nonen-
hancing structures have a fl atter curve at lower 
keV, similar to the expected slope of water’s 
curve [ 12 ,  50 ,  51 ]. 

 With respect to hypovascular liver lesions, 
the application of DECT for evaluation is evolv-
ing. A preliminary study that examined hypovas-
cular liver lesion conspicuity by comparing 
blended 80/140 kVp data with pure 80 kVp 
lower energy acquisition failed to illustrate 
improved  detection [ 52 ]. However, when hypo-
vascular lesions are detected, DECT may be 
more helpful than SECT for characterization, 
particularly of incidental subcentimeter hypoat-
tenuating liver lesions  generally deemed too 
small to characterize. These lesions are presum-
ably benign in asymptomatic patients; however, 
in patients undergoing oncological evaluation, 
even such small lesions may be of concern. 
Additional MR or multiphasic CT imaging 
increases cost and radiation dose (i.e., in the case 
of CT), as well as patient and physician unrest 
until a diagnosis is achieved. In a preliminary 
study, DECT showed increased sensitivity and 
specifi city compared with conventional CT for 
differentiating small enhancing masses from 
cysts with the use of water (virtual unenhanced) 
and iodine (iodine map) basis pair displays, with 
spectral HU curve analysis adding further confi -
dence in the characterization of lesions deemed 
indeterminate on basis pair displays [ 12 ,  53 ] 
(Fig.  20.4 ).

   Another potential use for the iodine density 
display is for evaluation of macroscopic portal 
vein thrombus. Utilizing a threshold iodine den-
sity of 11.4  100 μg / mL , Qian et al. achieved 
nearly 92 % specifi city in differentiating bland 
from neoplastic thrombus on portal venous phase 
DECT [ 54 ].  

20.4     Urinary 

 Clinicians are often burdened with follow-up 
examination(s) to exclude malignant neoplasms 
when renal lesions are incidentally detected [ 55 , 
 56 ]. Although results usually reveal benign cystic 
lesions, up to 5.5 % are cancerous [ 57 ] and 61 % 

of these cancerous lesions are detected inciden-
tally [ 55 ]. 

 Several well-established SECT criteria clas-
sify incidentally encountered renal lesions as 
benign, including attenuation on true unenhanced 
scan equivalent to water (<20) and lack of 
enhancement (difference <20 HUs from true 
unenhanced to enhanced venous phase) [ 15 ,  58 –
 61 ]; however, artifacts such as quantum mottle, 
beam hardening, and volume averaging have 
resulted in pseudoenhancement that makes accu-
rate attenuation measurement (HU) less reliable 
on SECT [ 62 ,  63 ]. In addition, even with multiple 
phases on SECT (i.e., unenhanced, venous, 
excretory), accurate evaluation of true enhance-
ment within smaller lesions can be problematic. 

 HU attenuation on SECT is calibrated with 
reference to water and depicted in pixels assigned 
shades of gray. This scheme makes it possible for 
different materials (e.g., iodinated contrast mate-
rial, calcium, hemorrhage) to have overlapping 
HU values on SECT. On the other hand, DECT 
allocates shades of gray to each pixel by the spe-
cifi c material density (e.g., mg/mL), which may 
more accurately discriminate different materials 
[ 4 ,  6 ,  7 ,  11 ,  12 ]. 

 With DECT, material density images are typi-
cally reconstructed in pairs, such as water and 
iodine. The identifi cation and exclusion of 
iodine-containing pixels from DECT raw data 
allow construction of the water basis pair (VNC) 
display, which has the potential to be substituted 
for the true unenhanced SECT series [ 64 ,  65 ]. 
Like true unenhanced images, water basis pair 
images can facilitate diagnosis. For example, the 
fl uid attenuation of benign simple cysts appears 
hypodense on both true and virtual unenhanced 
displays. In addition, both displays can be used 
in the evaluation for solid mass enhancement, as 
preliminary studies have shown no statistically 
signifi cant difference in attenuation values 
between true unenhanced SECT and water basis 
pair DECT images [ 15 ,  66 ,  67 ]. For the iodine 
basis pair, vendor-specifi c post-processing algo-
rithms facilitates the use of extracted iodine-con-
taining pixels from DECT raw data to generate 
this display, which looks and functions similar to 
a subtraction image for MRI [ 10 ,  12 ]. For exam-
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ple, a nonenhancing renal lesion (e.g., a simple 
cyst) does not contain iodine and appears dark on 
iodine basis pair images, whereas iodine-enhanc-
ing structures (e.g., renal parenchyma) are 
depicted with various shades of gray, depending 
on the amount of iodine. Yet a material with a 
similar attenuation curve (e.g., calcium) will also 
be depicted on the iodine display, thus compari-

son with the water basis pair image is necessary 
for accurate characterization [ 12 ]. 

 DECT can thus improve characterization 
of smaller renal lesions previously considered 
indeterminate. For example, improved material 
specifi city along with advanced post-processing 
displays can identify diverse tissue elements 
within a renal angiomyolipoma (Fig.  20.5 ). 

a

b

  Fig. 20.4    Hepatic cyst and metastasis. ( a ) DECT 70 keV 
monochromatic image shows multiple hypodense hepatic 
masses, including two outlined as ROI ( red  and  green 
circles ).  Yellow circle  indicates aorta. ( b ) DECT spectral 
HU plot of the two lesions ( red  and  green curves ), the 
aorta ( yellow curve ) and fl uid from gallbladder ( blue 

curve ; ROI not shown on  a ). Note that the more posterior 
hepatic lesion, a cyst, has curve attenuation morphology 
similar to that of nonenhancing fl uid, whereas the more 
anterior lesion, a metastasis (Met), has curve attenuation 
morphology more in line with that of contrast-enhanced 
fl uid in the aorta       
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Other various renal masses (simple cyst, hyper-
dense nonenhancing cyst, and solid enhancing 
mass) have a characteristic pattern on water 
and iodine material density basis pair displays 
[ 12 ,  58 ,  66 ]. A simple cyst will appear dark 
on both displays, whereas a hemorrhagic cyst 
will appear bright on the fi rst (water) display 
and dark on the second (iodine). On water basis 

pair images, a solid mass will appear isodense 
to hyperdense compared with adjacent solid 
renal parenchyma, but enhancement with IV 
iodine contrast will make it brighter than either 
a  simple or a hyperdense cyst on iodine material 
density basis pair images. Furthermore, supple-
mentary post-processing, such as the addition 
of color overlay on iodine basis pair display, 

  Fig. 20.5    Angiomyolipoma. ( a ) DECT 70 keV mono-
chromatic sagittal image shows a complex right lower 
pole renal mass with enhancing smooth muscle/vessel 
( red circle  and  arrow ) and fat attenuation ( yellow circle  
and  arrow ). Additional ROIs performed as internal refer-
ence for enhancement ( blue circle  and  arrow ; renal paren-
chyma) and fat ( pink circle  and  arrow ; adjacent soft tissue 

fat). ( b ) DECT spectral HU plot also shows that the lesion 
has enhancing components ( red curve ) that mirror enhanc-
ing renal parenchyma ( blue curve ), as well as fat compo-
nents ( yellow curve ) that closely mimic retroperitoneal fat 
( rose curve ). ( c ) Histogram analysis verifi es that fat com-
ponents of the lesion ( yellow bars ) are in the range of ret-
roperitoneal fat ( pink bars ) (i.e., negative HU values)       

a

b
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can improve visual differentiation of enhanc-
ing from nonenhancing structures by assigning 
color hues. For example, an enhancing, iodine-
containing lesion could be displayed with a color 
ranging from brown to gold, which would help 
facilitate differentiation from nonenhancing, 
non-iodine-containing masses such as simple or 
hemorrhagic cysts, or even pseudoenhancement 
artifact (Fig.  20.6 ). In a study comparing SECT 
with DECT for differentiating enhancing from 
nonenhancing renal masses, DECT had higher 
composite sensitivity and specifi city than SECT 
(95 and 93 % vs. 67 and 46 %, respectively), 
with individual reader confi dence rated higher 
for DECT than SECT image displays [ 50 ]. In 
addition, spectral HU curves can be processed 
using a workstation to visually illustrate the dif-
ferent attenuation characteristics of iodine (i.e., 
enhancing masses) vs. non-iodine- containing 
lesions (i.e., avascular masses), facilitating 
diagnosis [ 12 ,  68 ] (Fig.  20.4 ). Iodine can also 
be used quantitatively as an image biomarker 

for enhancement in renal lesions [ 68 ]. It can be 
detected and its density obtained from iodine 
basis pair DECT images, which have had excel-
lent congruence with true iodine amount in a 
phantom evaluation [ 69 ]. In an in vivo study 
comparing SECT HU vs. DECT  100 μg / mL , 
a threshold discrimination of 20 showed an 
improvement in sensitivity for differentiating 
cyst from enhancing renal masses from 27 to 
95 %, respectively [ 70 ].

    DECT may also be useful in evaluating uro-
thelial tumors in single-phase examinations. 
Twelve of fourteen pathologically proven tumors 
were detected with a CT urography protocol 
that included an all-in-one approach [ 71 ]. The 
single- phase examination provided synchronous 
nephrographic and excretory-phase images with 
administration of 600 mL water orally, 2 boluses 
(split bolus) of IV contrast material separated by a 
7-min delay and scanning at 110 s after the second 
bolus. Although the superiority of the split bolus 
protocol has been previously demonstrated [ 72 ], 

c

Fig. 20.5 (continued)
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Avanti et al. were the fi rst to combine this tech-
nique with single-phase DECT urography, which 
provided a radiation dose savings of up to 45 % 
by performing the examination in a single acquisi-
tion. This approach was quite sensitive, but failed 
to detect small lesions (<5 mm) in the urinary 
bladder. Overall, Ascenti et al. showed sensitivity, 
specifi city, positive predictive value, and negative 
predictive value in detecting urothelial tumors of 
85.7, 98.6, 92.3, and 97.1 %, respectively [ 71 ].  

20.5     Adrenal Glands 

 An adrenal nodule is incidentally encountered on 
4 % of SECT examinations [ 73 ]. Regrettably, 
when an initial SECT study reveals an indetermi-
nate adrenal lesion, characterization often necessi-
tates another examination, such as adrenal protocol 
CT or MR imaging. In many cases, nonenhanced 
or single enhanced-phase DECT could answer the 
clinical query: adenoma or nonadenoma. 

 Parameters to differentiate adenoma (or 
other benign lesion) from metastasis are well 
 documented for SECT [ 15 ,  74 ,  75 ]. When a 
lesion has HU ≤10 on conventional unenhanced 
SECT images, it is consistent with a benign 
lipid rich adenoma (71 % sensitivity; 98 % 
specifi city [ 76 ]. Analogously, with the same 

HU ≤10 threshold value used with dsDECT 
VNC images constructed from a single portal 
venous phase, adrenal lesions of any size can be 
characterized with 79 % sensitivity, 95 % speci-
fi city, and 86 % accuracy) [ 73 ]. Furthermore, 
for adrenal lesions ≥1 cm diameter, single 
enhanced-phase dsDECT facilitates correct 
classifi cation 91–95 % of the time compared 
with true unenhanced images as the reference 
standard [ 73 ]. In a study by Ho et al. [ 77 ], no 
malignant adrenal nodule was misclassifi ed on 
VNC images. 

 Investigations have also been performed to 
evaluate differential low vs. high-energy attenua-
tion to distinguish adrenal lesions, but DECT 
results have been mixed [ 15 ,  78 ]. Although some 
adenomas have lower attenuation values at 80 
kVp than at 140 kVp, this pattern is not uniformly 
observed; therefore, the technique is specifi c but 
not sensitive. It has been postulated that the vari-
ability in attenuation may relate to different 
quantities of intracellular lipid. 

 Furthermore, Gupta et al. [ 78 ] described novel 
ways to identify lipid-containing adrenal adeno-
mas. One method evaluated the mean change in 
attenuation of an adrenal lesion between acquisi-
tion energies at 140 and 80 kVp. Despite overlap in 
the attenuation change for adenomas and metastatic 
lesions, the change for adenomas at 0.4 ± 7.1 HU 

a b

  Fig. 20.6    Renal cyst and cancer. ( a ) DECT 70 keV mono-
chromatic image shows two right renal lesions with 24 HU 
( green arrow ) and 97 HU ( red arrow ) values. ( b ) Iodine 
material density image, with color overlay depicting iodine-
containing pixels in brown to gold hues, shows that the pos-

terior lesion ( red arrow ) contains iodine and is therefore an 
enhancing mass (i.e., histologically proven renal cell can-
cer). The more anterior lesion ( green arrow ) does not con-
tain iodine (i.e., avascular), and thus its >20 HU value in 
part ( a ) is related to pseudoenhancement artifact       
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was smaller than that for metastatic lesions, at 
9.2 ± 4.3 HU. Another method involved identifying 
a decrease in the density of an adrenal lesion from 
140 to 80 kVp as an indicator of lipid, because it 
mimicked subcutaneous fat behavior at these two 
energies. This method obtained 100 % sensitivity 
and 100 % positive predictive value but only 50 % 
sensitivity, which indicates that it should be applied 
as an adjunct to noncontrast evaluation at 140 kVp. 
Specifi cally, if a nodule had attenuation >10 HU at 
140 kVp, then the attenuation of the nodule should 
also be assessed at 80 kVp to try to characterize it 
with the data in hand. Again, no malignant nodule 
was misclassifi ed, with all such lesions increasing 
in CT number from lower to higher energy.  

20.6     Pancreas 

 Pancreatic adenocarcinoma is the fourth leading 
cause of cancer-related mortality in the United 
States [ 79 ], with dismal 5-year survival rates of 
1.8–23 %, depending on the extent of disease 
[ 80 ]. Newer chemotherapy regimens are improv-
ing these statistics and increasing the necessity for 
follow-up imaging to monitor treatment response. 

 Pancreatic adenocarcinoma can appear 
extremely subtle on CT, but it is typically hypodense 
at contrast-emhanced pancreatic parenchymal 
phase images due to fi brosis and desmoplasia [ 66 ]. 
For optimal detection of this subtle neoplasm, 
2-phase enhanced SECT (e.g., pancreatic about 
40 s; portal venous about 70 s) is generally per-
formed. However, up to 10 % of these neoplasms 
remain isoattenuating to normal surrounding 
parenchyma, even during the pancreatic phase 
when the parenchyma has the greatest enhance-
ment [ 15 ,  66 ,  81 – 84 ,  86 ]. Thus, to facilitate diagno-
sis, current investigations focus on making 
pancreatic neoplasms more noticeable on imaging. 

 In a recent pilot study, dsDECT was used to 
investigate whether it increased the conspicuity 
of pancreatic adenocarcinoma [ 84 ]. Signifi cant 
attenuation differences improved the distinction 
between tumor and normal parenchyma at 
80 kVp than at blended 80/120 kVp images, 
because inherent contrast between tissues is more 
evident at lower acquisition energies due to dif-
ferences in the presence of iodine [ 85 ]. Using 

ssDECT to exploit greater iodine contrast resolu-
tion on images at low keV provides superior 
divergence in attenuation of pancreatic lesions 
than normal parenchymal tissue [ 12 ]. These so- 
called computed monochromatic display images 
can increase conspicuity of solid organ parenchy-
mal masses (Fig.  20.3 ), including hypodense 
pancreatic masses, despite the attendant increase 
in noise at lower energy. 

 Enhancing pancreatic parenchyma can be dis-
criminated from acute hemorrhage on DECT 
water basis pair (virtual unenhanced) display 
because only the hemorrhage remains hyperdense 
[ 10 ], obviating the need for an additional unen-
hanced acquisition. Furthermore, this technique is 
useful for evaluating the extent of hypervascular 
tumors, such as neuroendocrine or renal cell car-
cinoma metastases. Iodine basis pair (iodine map) 
images from ssDECT can help accentuate hypo-
vascular (adenocarcinoma) and hypervascular 
(islet cell) masses, whereas effective- z images 
can better delineate their heterogeneity (Fig.  20.7 ).

   On SECT, tumor viability (i.e., vascularity) can 
be inferred by measuring the attenuation of the 
mass. Yet, these attenuation measurements can be 
inaccurate due to pseudoenhancement artifact, and 
they can be confounded by various materials such 
as high-density blood products, protein, or calcifi -
cation [ 87 ]. With accurate assessment of tumor 
viability essential for  guiding therapy, particularly 
with newer targeted chemotherapeutic agents, 
 18 FDG-PET CT is increasingly being used to assess 
the metabolic activity of pancreatic cancer [ 88 ,  89 ]. 

 However,  18 FDG-PET CT is an expensive 
imaging study, complicated by longer acquisition 
times, misregistration issues, and relatively less 
spatial resolution. DECT is therefore an attractive 
alternative imaging option, because it is fast and 
relatively inexpensive. DECT acquisition time is 
<1 min, whereas  18 FDG-PET CT can require up to 
120 min, with the cost differential between the 
two examinations up to two to fi ve times greater 
for  18 FDG-PET CT. A preliminary study retro-
spectively correlating PET standardized uptake 
value (SUV) with SECT and DECT imaging bio-
markers for pancreatic cancer showed by multi-
variate analysis that DECT had up to 99.9 % 
correlation ( R  2 ) [ 90 ]. In addition, the DECT 
model appeared to be preferable because of its 
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applicability for predicting future correlation with 
PET SUV (96 % vs. 64 %) [ R  2  predicted], respec-
tively). Thus, it may be feasible for DECT to sup-
plant or become an adjuvant to  18 FDG-PET CT. 

 A not-infrequent pitfall for CT imaging of 
pancreatic pathology is fatty change, which can 
be diffuse or focal. Focal cases may be misin-
terpreted as ductal adenocarcinoma at SECT, 
compelling follow-up imaging for further charac-
terization, such as chemical shift MR [ 10 ]. Hence, 
ssDECT water basis pair (virtual unenhanced) 
display may resolve the issue. The area in ques-
tion would not be isodense to solid pancreatic 

parenchyma as expected with solid malignancy 
but would have similar density to adjacent fat.  

20.7     Bowel 

 CT enterography is progressively replacing tradi-
tional small-bowel follow-through fl uoroscopic 
examinations because of its robust image quality 
and performance. When optimally performed using 
neutral oral contrast to distend the small bowel 
along with rapid IV contrast bolus, CT enterog-
raphy has been shown to be more sensitive than 

a

c

b

  Fig. 20.7    Pancreas ductal adenocarcinoma. ( a ) DECT 
70 keV monochromatic axial image shows heterogeneous 
enlargement of the pancreatic head ( white arrow ) due to 
an underlying carcinoma. ( b ) DECT iodine basis pair 
image with color overlay allows for evaluation of tumor 
perfusion, better differentiating more vascular areas 

( orange arrow ) from necrotic areas ( blue arrow ) than 
would conventional CT. ( c ) DECT effective-z image with 
color overlay, based on the underlying material’s atomic 
number, gives new insight into the considerable heteroge-
neity of these tumors ( blue arrow ,  orange arrow , and  red 
arrows )       
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capsule endoscopy for detection of small-bowel 
masses [ 85 ,  91 – 93 ]. However, a potential limita-
tion of CTE is the detection of hypoenhancing and 
nonenhancing masses, which can be better visual-
ized as a fi lling defect with positive intraluminal 
oral contrast. Disappointingly, positive luminal 
contrast can obscure hyperenhancing polyps and 
bowel mucosa. In this regard, IV contrast- enhanced 
DECT enterography with oral bismuth contrast 
may have promise for concurrent detection of 
hyperenhancing, hypoenhancing, and nonenhanc-
ing small-bowel polyps [ 91 ] (Fig.  20.8 ).

   CT colonography is a noninvasive, effective 
option for colorectal cancer screening [ 94 ]. A stan-
dard protocol requires complete bowel cleansing 
and fecal/fl uid tagging (oral iodinated contrast) 
before the examination, which is acquired with the 
patient in supine and prone positions. In a prelimi-
nary study with IV  contrast enhancement, water 
(VNC) and iodine basis pair images were obtained 
to differentiate enhancing polyps from stool [ 95 , 
 96 ]. The results suggested that DECT colonography 
may be technically feasible in a single acquisition, 
obviating the need for prone images [ 96 ], with resul-
tant decreased radiation dose. Furthermore, nonca-
thartic or reduced-catharsis DECT colonoscopy 
may be possible. Following fecal tagging,  electronic 
“spectral cleansing” is performed by post- processing 
software to remove iodine-containing material, 
including tagged residual fecal  material [ 97 ].  

20.8     Tumor Treatment Response 

 In this new era of targeted therapeutic agents, 
accurate response assessment remains challeng-
ing with conventional imaging and current 
response evaluation criteria in solid tumors 
(RECIST) (Fig.  20.9 ) [ 98 ]. For gastrointestinal 
stromal tumor (GIST) treatment follow-up, a new 
imaging criteria [ 99 ] to evaluate tumor response 
on SECT was needed because, paradoxically, 
treated GISTs could increase in size, undermin-
ing RECIST criteria and complicating manage-
ment [ 99 ,  100 ]. Also, a tumor responding 
positively to treatment can develop foci of necro-
sis and/or myxoid degeneration [ 100 ], resulting 
in an increase instead of the expected decrease in 

lesion attenuation [ 99 ]. Although an improve-
ment over standard RECIST, Choi’s criteria can 
inaccurately assess response when increased 
attenuation (HU) is the result of intratumoral 
hemorrhage [ 101 ,  102 ]. In these cases, DECT can 
provide a more reliable follow-up examination, 
since the iodine basis pair display permits selec-
tive quantifi cation of iodine and is not affected by 
hemorrhage [ 100 ,  103 ]. This was validated in 
another study showing that progressive lesions 
had signifi cantly higher iodine- related attenua-
tion on dsDECT iodine basis pair images, com-
pared with that of stable or regressive metastatic 
liver lesions, indicating a poor response to ther-
apy [ 100 ]. Thus, compared to SECT, DECT can 
more robustly assess treatment response in GIST 
[ 100 ] and can better predict overall survival [ 103 ].

   For nonsurgical patients, or those awaiting liver 
transplantation, various strategies exist to treat a 
discovered hepatocellular carcinoma. These 
include surgical wedge resection, thermal ablation 
(microwave and radiofrequency), and intra-arteri-
ally directed therapies (transcatheter arterial che-
moembolization and drug-eluting bead); all of 
which require follow-up imaging to ensure that no 
residual or recurrent viable tumor is present. The 
ability of DECT to produce material- specifi c 
images, along with additional post-processing 
tools to aid visual evaluation, offers a potentially 
more accurate response assessment than conven-
tional SECT (Fig.  20.10 ). Furthermore, since the 
amount of IV-administered iodine contrast 
depends on vascularity, the iodine content within a 
tumor, as measured from the DECT iodine basis 
display, is a potential surrogate for estimation of 
perfusion and viability (Fig.  20.11 ) [ 10 ,  104 ]. The 
use of DECT to quantify iodine as a corollary to 
vascularity also improves assessment of recurrent 
or residual tumor after ablation of renal [ 69 ,  104 , 
 105 ] and hepatic [ 106 ] masses.

20.9         Pitfalls and Limitations 
of DECT 

 Standardized window/level settings for iodine basis 
pair images with color overlay have not been 
established. These values can be  manipulated to 
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erroneously make a cyst appear to contain iodine 
(i.e., enhanced) or to make an enhancing mass 
appear avascular (Fig.  20.12 ). Because of the sub-
jectivity of window/level settings, the use of spec-
tral HU curve morphology (Fig.  20.4 ) or direct 
iodine quantifi cation (Fig.  20.11 ) may be a more 
objective means of distinguishing enhancing from 
nonenhancing masses.

   Additional potential limitations to the qualita-
tive interpretation of the iodine basis pair image 
include calcium and iodine-containing therapy 
[ 12 ]. Because the mean attenuation curve of cal-
cium falls between those of water and iodine, it is 
depicted on both types of density images. Thus, 
when only iodine material density images are 
reviewed, calcifi cation may be misinterpreted as 

a

c d

b

  Fig. 20.8    Four different display techniques. ( a ) Bismuth- 
only image with iodine subtraction showing bowel lumen; 
( b ) iodine-only image with bismuth subtraction showing 
bowel wall; ( c ) iodine-overlay image with color overlay 
of iodine signal superimposed on iodine image; and ( d ) 
mixed-kilovoltage image with a 0.5-linear blend of low-
kilovoltage and high-kilovoltage images showing routine 

CT appearance, with both positive enteric contrast and 
iodine-containing bowel wall and polyps. The “polyps” 
are latex balloons fi lled with 6-mg/mL iodine ( upper left ), 
3-mg/mL iodine ( upper right ), water ( bottom right ), and 
tissue equivalent material ball ( bottom left ) (Reprinted 
with permission from Qu et al. [ 91 ])       
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a

b

  Fig. 20.9    Pancreatic adenocarcinoma with negative 
response to chemotherapy incorrectly assessed by 
RECIST. ( a ) Pretreatment DECT iodine material density 
image shows hypoenhancing pancreatic tail carcinoma 
( red arrow ).  Green  and  yellow arrows  indicate placement 
of additional ROIs to generate scatterplot and spectral HU 
curves. ( b ) DECT scatterplot shows pixels for hypovascu-
lar carcinoma ( red dots ) with predominantly lower iodine 
concentration than those for normal pancreatic paren-
chyma ( green dots ). ( c ) DECT spectral HU plot shows 
pancreatic cancer curve ( red ) below and with a fl atter 
upslope at lower keV than that of normal pancreas curve 
( green ). ( d ) Posttreatment DECT iodine material density 
image shows a decrease in tumor size, which erroneously 
suggests a positive response to therapy per RECIST. ( e ) 

However, posttreatment DECT scatterplot shows pan-
creas cancer pixels ( red dots ) with relatively increased 
iodine concentration compared to that obtained pretreat-
ment ( b ) and with greater overlap with normal pancreas 
pixels ( green dots ). ( f ) Posttreatment DECT spectral HU 
plot likewise shows relatively increased upslope at lower 
keV of the pancreas cancer curve ( red ) compared to that 
obtained pretreatment ( c ), now more closely mirroring the 
normal pancreas parenchyma curve ( green ). These fi nd-
ings are compatible with increased tumor perfusion and 
viability despite the tumor’s decreased size. The patient 
had contemporaneous PET-CT scans (not shown), which 
also showed an increase from baseline SUV (4.3) to post-
treatment follow-up SUV (6.7)       
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Fig. 20.9 (continued)
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Fig. 20.9 (continued)
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a

b

  Fig. 20.10    HCC: positive response to drug-eluting bead 
therapy. ( a ) Pretreatment DECT iodine material density 
image shows a hypervascular HCC ( red arrow ) that was 
validated on explant histologic analysis.  Green  and  yellow 
arrows  indicate additional ROIs placed to generate DECT 
histograms and spectral HU plot. ( b ) DECT histogram 
shows overlap of HCC pixels ( red bars ) with normal liver 
pixels ( green bars ), but the mean for HCC is higher (i.e., 
farther to right) than that for the liver at baseline ( green 
bars ). ( c ) DECT spectral HU plot shows HCC curve ( red ) 
above normal liver curve ( green ) and with steeper upslope 
at lower keV, which indicates greater iodine concentra-

tion/perfusion than the adjacent liver. ( d ) Posttreatment 
DECT iodine material density image shows tumor ( red 
arrow ) has not changed in size but appears more heteroge-
neous. ( e ) Posttreatment DECT histogram shows mean 
values for HCC pixels ( red bars ) lower (i.e., farther to 
left) than those for normal liver ( green bars ), which indi-
cates a positive response to therapy. ( f ) Posttreatment 
DECT spectral HU plot likewise shows that HCC curve 
( red ) now below normal liver curve ( green ) and with a 
relatively fl atter upslope at lower keV, which is again a 
positive response       
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Fig. 20.10 (continued)

A.C. Silva and W.Z. Stiles



451

e

f

Fig. 20.10 (continued)
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b

  Fig. 20.11    HCC evaluation with direct iodine quantifi -
cation. ( a ) Pretreatment DECT iodine material density 
image shows recurrent HCC along posterior margin of 
previously embolized large HCC. It has three lobulated 
components (“HCC,” “Bx,” and “control”), with mean 
iodine concentrations of 25, 28, and 27  100 μg /mL, 
respectively ( white circle ). ( b ) DECT spectral HU plot 
shows that all three regions have similar attenuation curve 
morphology at baseline imaging. ( c ) Posttreatment DECT 
iodine material density image after direct injection of an 
investigational therapeutic agent to the most lateral lesion 

(HCC) shows overall similar size compared to baseline 
for all three regions, but has a conspicuous change in 
iodine concentration that is a postulated surrogate for 
tumor viability. Both the directly treated (HCC) and 
immediately adjacent regions (Bx) show considerably 
decreased mean iodine concentration, whereas the fur-
thest region (control), presumably too far to be affected by 
therapy, conversely has an increased mean iodine concen-
tration ( white circle ). ( d ) Posttreatment DECT spectral 
HU plot ( b ) confi rms the variable response of the three 
individual regions       
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Fig. 20.11 (continued)
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a b

  Fig. 20.12    Pitfall. Lack of standardized window/level 
settings can be problematic for DECT iodine material 
density images with color overlay. When adjusted toward 
more extreme settings, the image for this right lobe hepatic 
cyst ( a ,  red arrow ) can be made artifi cially to appear to 

enhance ( b ,  red arrow ). The subjectivity of window and 
leveling may result in the spectral attenuation curve and 
direct iodine quantifi cation being more objective means of 
distinguishing enhancing hepatic masses from cysts       

enhancement. The radiologist should therefore 
interpret water and iodine material density dis-
plays concurrently. Iodine is also present in the 
ethiodized oil/chemotherapeutic agent admixture 
used in transarterial chemoembolization (TACE) 
for treatment of hepatic cancer. Thus, apparent 
fi ndings of focal hepatic enhancement on iodine 
material density images in treated patients may 
not indicate a recurrent tumor. 

 With respect to the water basis pair (virtual 
unenhanced) series, further validation is required 
before its routine clinical implementation for 
quantitative evaluation. For example, inconsis-
tent adrenal adenoma characterization during 
water basis pair (virtual unenhanced) imaging 
compared with a true nonenhanced acquisition 
emphasizes that defi nitive studies have not yet 
shown reproducibility [ 11 ,  14 ]. 

 As DECT technology evolves, its technical 
aspects should improve over time. Potential areas 

that might benefi t from such improvements 
include image noise reduction, separation of 
material spectra, partial volume effects, and auto-
mated quantitative analysis [ 12 ].  

    Conclusion 

 Although many applications are still under 
investigation, DECT shows great promise for 
augmenting the role of CT in clinical imaging. 
The added benefi t of dual energy exploits the 
differences in tissue behavior and materials at 
different energies to allow improved lesion 
detection and characterization and reduction 
in radiation dose. For oncological imaging in 
particular, DECT is at the cusp of a fundamen-
tal conceptual change in the evaluation of CT 
images, with great potential for more accurate 
tumor staging and assessment of treatment 
response.     
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     Abbreviations 

   BPH    Benign prostatic hypertrophy   
  CEUS    Contrast-enhanced ultrasound   
  DRE    Digital rectal exam   
  FOV    Field of view   
  kPa    Kilopascals   
  M/s    Meters per second   
  MRS    Magnetic resonance spectroscopy   
  PC    Prostate cancer   
  PSA    Prostate-specifi c antigen   
  SE    Strain elastography   
  SWE    Shear wave imaging   

21.1           Principals of Ultrasound 
Elastography 

21.1.1     Introduction 

 Elastography is a new technique in ultrasound 
which can provide new clinically useful informa-
tion which was previously not available. Elasticity 
imaging or elastography is an imaging modality 
based on tissue stiffness or hardness, rather than 
anatomy. Palpation has been used to evaluate for a 
malignancy for over a 1,000 years [ 1 ]. Ultrasound 
elastography can be considered as the imaging 
equivalent of palpation being able to quantify the 
stiffness of a lesion, which was previously judged 
only subjectively by physical exam. 

 There are two types of elastography: strain 
elastography (SE) and shear wave imaging    
(SWE) [ 2 – 4 ]. SE produces an image based on 
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how tissues respond to a displacement force 
from an external or patient source. This allows 
for a qualitative assessment of the lesion. SWE 
applies a special strong low-frequency “push 
pulse” that results in shear wave propagation that 
can be measured as a velocity. Because the speed 
of the shear wave through tissues is dependent 
on the stiffness of the tissue, a quantitative 
value of the stiffness can be obtained.  

21.1.2     Strain Elastography 

 SE determines the relative strain or elasticity of 
tissue within a fi eld of view (FOV) [ 2 – 4 ]. The 
more an object deforms when a force is applied, 
the higher the strain and the softer the lesion. To 
determine the strain of a tissue or lesion, one 
must evaluate how the lesion deforms when an 
external force is applied. For example, if we had 
an almond in a bowl of gelatin (Fig.  21.1 ) and 
pushed down on the gelatin, the gelatin would 
deform indicating it has high strain and is there-
fore soft. However, the almond would not deform 
having low strain and is therefore hard.

   SE is performed on standard ultrasound equip-
ment with software that evaluates the frame-to- 
frame differences in deformation in tissue when a 
force (stress) is applied. The force can be from 
patient movement, such as breathing, heartbeat, 

or external compression with rhythmic motion of 
the ultrasound transducer as the source of the 
movement [ 2 – 4 ]. In SE the absolute strain modu-
lus value cannot be calculated because the 
amount of the push (force) cannot be accurately 
measured. The real-time SE image is displayed 
with a scale based on the relative strain of the tis-
sues within the FOV. 

 The technique required to obtain the optimal 
images varies with the algorithm used by the 
manufacturer of the system [ 2 – 4 ]. For SE the 
amount of external displacement needed varies 
depending on the algorithm used. With some 
manufactures very little if any manual compres-
sion is needed; with others a rhythmic compres-
sion release cycle is required. With experience 
and practice the optimum compression technique 
to obtain optimal image quality can be learned. 

 The algorithm used in SE requires the strain 
changes remain within the imaging plane. The 
same slice of the lesion needs to remain in the 
imaging plane during the compression/release 
cycle. Monitoring of the B-mode image to con-
fi rm the lesion is only displaced in depth during 
scanning, and only moving in the fi eld of view 
will allow for optimal images. With the displace-
ment technique one cannot be surveying an organ, 
scanning must be done in one stationary position. 

 Results can be displayed in gray scale or 
with various color displays; preference is often 

  Fig. 21.1    Strain elastography can be explained simply by 
the following example. An almond is present within a 
bowl of gelatin. If we apply pressure with a spoon (strain), 
the gelatin changes shape because it has high strain (soft), 
while the almond remains unchanged because it has low 

strain (stiff). The algorithm used in strain elastography 
evaluates the frame-to-frame changes of tissue occurring 
when a compression/decompression force is applied. A 
gray-scale or color map is used to display the relative stiff-
ness of the tissues in the FOV       
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determined by the user’s exposure to elastogra-
phy and preference in interpretation. In the 
gray-scale map, soft is coded white, while hard 
is coded black. It is important to remember that 
in SE a relative scale is displayed and should 
not be confused with shear wave imaging where 
an absolute stiffness value is obtained and color 
coded on a per pixel basis. 

 Because SE is a relative technique, a lesion 
may appear a different shade of gray (or color) 
depending on the other tissues in the fi eld of 
view. For example, in a patient with normal dense 
breast tissue and fat, the fat will appear white 
(soft) as it is the softest tissue in the fi eld of view. 
However, if only fat is in the fi eld of view, some 
of the fat will appear black (hard) because it is the 
stiffest tissue in the fi eld of view (Fig.  21.2 ). This 

can cause diffi culty in interpretation. Therefore, a 
large FOV with multiple tissue types is helpful in 
image interpretation.

   A critical factor in generating a diagnostic 
elastogram is the amount of pressure you apply 
when scanning [ 5 ]. This is called pre- 
compression. This is different than the amount of 
displacement used in generating the elastogram. 
Scanning with a “heavy hand” compresses the 
tissues and changes their elastic properties. This 
pre-compression markedly changes the image 
quality and can signifi cantly affect results 
(Fig.  21.3 ). This is confi rmed with SWE where 
the speed of the shear wave can change by a fac-
tor of 10 based on pre-compression. As pre- 
compression increases the differences in shear 
wave speed between tissues decrease leading to 

a

b

  Fig. 21.2    Elastogram of a fat 
lobule ( red circle ) in 
fi broglandular breast tissue is 
presented in ( a ). The 
conventional B-mode image 
is on the left and the 
elastogram is on the right. 
The fat lobule is white (soft) 
on the elastogram, while the 
fi broglandular tissue is black 
(hard). The scale on the 
elastogram is based on the 
stiffness of the tissues in the 
FOV. In this case the fat is the 
softest tissue and therefore 
white, while the fi broglandu-
lar tissue is black since it is 
the stiffest tissue present. In 
( b ) almost the entire FOV is 
fat. Therefore, the algorithm 
codes the stiffest fat as black 
( red circle ) even though it is a 
very soft tissue. These two 
cases demonstrate the relative 
scale used in strain. A given 
tissue can appear a different 
shade of gray depending on 
the other tissues present in 
the FOV       
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less conspicuity between tissues. If enough pre- 
compression is applied, all tissues are similar and 
the elastogram changes are mostly noise.

   A technique to apply minimal amount of pre- 
compression reproducibly has been described 
[ 5 ]. Usually a mild amount of pre-compression is 
used to obtain B-mode images as it improves 
B-mode image quality. The “quality factor” or 
“compression bar” used in some manufactures 
equipment does not assess the amount of pre- 
compression being applied. It only evaluates the 
amount of displacement of tissues during the 
compression and release cycle. 

21.1.2.1     Strain Elastography Using an 
ARFI Pulse 

 The use of a low-frequency ultrasound pulse (a 
push pulse) can be used as the source of the dis-
placement. This technique is called acoustic 

radiation force impulse (ARFI) [ 6 – 8 ].    Using 
ARFI to create the displacement of tissue and 
analyzing the displacement changes with the 
same strain algorithm, an SE image is obtained. 
Note that this is different than SWE where the 
speed of the shear wave (Vs) generated from the 
ARFI pulse is measured. The ARFI pulse power 
is limited by guidelines of energy input into a 
body, thus can be limited by depth penetration. 

 If an ARFI push pulse is used to generate the 
tissue displacement, no manual displacement 
should be used. The probe should be held steady 
and the patient asked to hold their breath and 
remain motionless during the acquisition. The 
algorithm used to generate the elastogram is simi-
lar to SE on the same system. In general the ARFI 
push pulse is limited in producing displacement 
deeper than 4 cm with the breast imaging trans-
ducer and up to 9 cm in abdominal applications.   

Amount of Precompression

Significant

Noise

Mild

Occational Good
Images

Minimal

Consistent Good
Images

  Fig. 21.3    When pre-compression is applied to tissues 
they become stiffer. The increase in stiffness varies with 
different tissues. Therefore, the relative stiffness changes 
between tissues affect the strain elastogram. The increase 
stiffness is also detected as increased shear wave veloci-
ties in shear wave elastography. The effects on ES are 
demonstrated in this example of a epidermoid cyst. When 

signifi cant pre-compression is applied, all tissues ( upper 
frame ) have similar strain and the image is all    noise. 
When mild pre-compression is applied, there are frame-
to-frame differences in the appearance of the lesion ( mid-
dle frame ). When minimal pre-compression is applied 
( lower frame ), the lesion is similar in all frames of the 
elastogram       
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21.1.3     Shear Wave Elastography 

 A second technique to determine the elastic prop-
erties of a tissue is SWE. In this technique an ini-
tial ultrasound pulse (push pulse) or ARFI is 
applied to the tissue that induces a shear wave per-
pendicular to the ultrasound beam. This is similar 
to dropping a stone (the push pulse) into a pond of 
water. The ripples generated correspond to the 
shear waves. Conventional B-mode ultrasound 
sampling techniques are used to calculate the 
speed of the shear wave generated through the tis-
sues. This is diagramed in Fig.  21.4 . From the 
speed of sound through the tissues, the strain mod-
ulus can be estimated. The velocity of the shear 
wave is proportional to stiffness. The hardness of 
a lesion can be displayed as the speed of the shear 
wave (Vs, meters/second (m/s)) through the tissue 
or the strain modulus (kilopascals (kPa)). With 
SWE a quantitative measure of the lesion stiffness 
is obtained either in point of interest or in an FOV 
with pixel-by-pixel color coding of the Vs.

   Two shear wave systems are presently avail-
able. In the ACUSON S3000 TM  ultrasound system 
(Siemens, Mountain View, CA.), a measurement 
in a small ROI can be obtained (Virtual Touch 

 tissue quantifi cation, VTq) as well as a pixel-by-
pixel evaluation of a larger FOV using a color 
map (Virtual Touch IQ TM , VTiq). In VTiq after the 
initial push pulse, tracking signal vectors are used 
to detect the tissue displacement as the shear wave 
passes and thus reconstruct its velocity in a region 
of interest, which can be displayed as a qualitative 
image of elasticity or a quantitative image dis-
played as shear wave speed. A single image is 
obtained.    The tracking vectors with focused trans-
mit results in less noisy and more stable shear 
wave signal detection. In the Aixplorer 
(SuperSonic Imagine (SSI), Aix-en- Provence, 
France), the effect of the push pulses is amplifi ed 
by sending a series of pulses successively focused 
at increasing depths faster than the shear wave’s 
velocity, so that a Mach cone front is generated. A 
high imaging frame rate is achieved by transmit-
ting a plane wave that insonates the entire fi eld of 
view in a single burst. The result is that the shear 
wave velocity can be measured and displayed (in 
m/s or kPa) as a quantitative color overlay image 
at a frame rate of around 1 frame/s. The SSI tech-
nique has been shown to be highly qualitatively 
reproducible based on shape, homogeneity and 
color distribution with only 1.6 % of cases being 

  Fig. 21.4    Shear wave elastography is performed by 
applying a push pulse ( ARFI ). This high-energy pulse ( A ) 
generates shear waves which propagate perpendicular to 
the push pulse. Conventional ultrasound is used to moni-
tor the shear waves within the tissue ( B ). The shear waves 
have higher signal intensity closer to the push pulse and 

the amplitude of the peak decreases with distance from 
the push pulse ( C ). ( D    ) By plotting the time to peak and 
the distance from the push pulse, the velocity of the shear 
wave can be calculated. It can be expressed either as the 
velocity in m/s or with some assumptions the Young’s 
modulus in kPa       
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very dissimilar [ 9 ]. Lesion size measurements 
were highly reproducible (>0.9) and inter-
observer reliability for maximum and mean elas-
ticity values were also highly reproducible (>0.8). 
The E mean value is the most reproducible elas-
ticity measurement [ 9 ]. 

 The principles of scanning using SE also per-
tain to SWE. Pre-compression can change results 
and it is recommended the same technique dis-
cussed above be used to acquire shear wave 
images. On some systems SWE can be per-
formed in real time; however, to obtain optimal 
images, remaining in the same plane for several 
seconds is required for accurate measurements. 
Shear wave propagation by an ARFI pulse is 
depth limited. If a shear wave is not generated, a 
value will not be obtained in the point quantifi ca-

tion method and there is no color coding of the 
area in the FOV method. Repositioning the 
patient to make the lesion closer to the skin sur-
face can help in these cases. For small parts a 3D 
probe is now available which allows for a volu-
metric elastogram (Fig.  21.5 ).

21.2         Breast 

21.2.1     Overview 

 Although current modalities of breast imaging, 
including MRI, ultrasound, and mammography, 
have high sensitivities for detecting breast 
lesions, they do not have high specifi cities [ 10 , 
 11 ]. This has resulted in close monitoring or 

  Fig. 21.5    Shear wave imaging can be performed with a 
3D technique. The data can be displaced as a volume or 
selected slices. This example is an invasive ductal cancer. 

Note the high shear wave velocities surrounding and 
within the tumor (Courtesy of Dr. D. Amy, Aix-en-
Provence, FR)       
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unnecessary biopsies of many benign lesions. An 
imaging modality with a high specifi city for 
detecting malignant lesions would signifi cantly 
decrease the amount of unnecessary biopsies. 

 Ultrasound evaluation of the breast was 
 initially used to determine if a lesion was cys-
tic or solid [ 12 ,  13 ]. With the criteria set forth 
by Stavros et al. [ 14 ], ultrasound has had a more 
important role in breast lesion characterization. 
These criteria have been incorporated into the 
ultrasound BI-RADS lexicon [ 15 ] and can be 
used to distinguish between benign and malignant 
breast lesions. For thousands of years physicians 
have used palpation for diagnosis of breast cancer 
[ 16 ]. Ultrasound elastography has the potential 
to quantify the stiffness of a lesion, which was 
previously judged only subjectively by physical 
exam [ 17 – 19 ]. Krouskop et al. [ 20 ] determined 
that in vivo there is signifi cant elastographic con-
trast between cancerous and noncancerous breast 
lesions. This suggests that elastography should 

be an excellent technique for characterizing 
breast lesions as benign or malignant.  

21.2.2     Strain 

 Three methods of interpreting SE images have 
been proposed, evaluating the size change between 
the B-mode image and the elastogram, the relative 
stiffness based on a color scale, and the ratio of the 
lesion stiffness to fat, the strain ratio. 

21.2.2.1     Length Comparison 
 Using a real-time dual strain elastography sys-
tem, Hall et al. [ 21 ] demonstrated that there was 
potential to use this technique to characterize 
breast lesions as benign or malignant. It was 
noted on SE elastography that benign lesions 
measure smaller in size than the corresponding 
B-mode image, while malignant lesions mea-
sured larger (Fig.  21.6 ). They proposed utilizing 

a

b

  Fig. 21.6       On SE, a unique characteristic occurs in breast 
lesions. Malignant lesion are larger on the elastogram than 
on the corresponding B-mode image, while benign lesions 
are smaller. The EI/B-mode ratio can be used to character-
ize breast lesions as benign or malignant with high sensi-
tivity and specifi city. An example of an invasive ductal 

cancer in a 69-year-old woman is presented in ( a ). The 
lesion measures 0.9 mm on the B-mode image and 
15.4 mm on the elastogram, a EI/B-mode ratio of 1.7. A 
biopsy-proven benign fi broadenoma ( b ) had a B-mode 
length of 1.03 mm and an elastogram length of 0.797 mm 
giving an EI/B-mode ratio of 0.8       
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the ratio of the lesion size on elastography to the 
B-mode size (EI/B-mode ratio) as a diagnostic 
criteria for benign or malignant. They used an 
EI/B-mode ratio of >1.2 for a lesion to be malig-
nant. With these criteria they found a sensitivity 
of 100 % and a specifi city of 75.4 %. Barr [ 22 ] in 
a single-center unblinded trial of 123 biopsy- 
proven cases using an EI/B-mode ratio of <1.0 as 
benign and equal to or >1.0 as malignant had a 
sensitivity of 100 % and a specifi city of 95 % in 
distinguishing benign from malignant breast 
lesions. A large multicenter, unblinded trial eval-
uating 635 biopsy-proven cases using Barr’s cri-
teria had a sensitivity of 99 % and a specifi city of 
87 % [ 23 ].

   Either the lesion length ratio or a lesion area 
ratio can be used. The lesion is measured in the 
same position on both the elastogram and B-mode 
image. The use of a copy, shadow, or mirror func-
tion in the measurement technique is helpful. As 
cases of ductal carcinoma in situ (DCIS) and 
lobular cancer are often poorly visualized on 
B-mode imaging, this technique should not be 
used unless they are defi ned masses that can be 
measured with true distinguishable borders. 
Diffi culty can occur when measuring the lesion 
size on the elastogram when a fi broadenoma or 
fi brocystic lesion is present in dense breast tissue. 
The strain properties of the fi brocystic change or 
fi broadenoma are similar to the background 
dense breast tissue. Therefore, one may visualize 
the combination of the lesion and normal dense 
breast tissue as one lesion, creating a false posi-
tive [ 2 – 4 ]. This problem can be avoided by com-
paring the stiffness of the lesion to surrounding 
tissue; if it is similar to fi broglandular tissue, it is 
most likely benign. Using the color scale or 
lesion-to-fat ratio methods may help eliminate 
this problem. In the multicenter trial [ 23 ] this 
accounted for a large number of the false posi-
tives decreasing the specifi city. Strain images 
obtained using the ARFI technique can be inter-
preted using this technique. 

 Shadowing which can be seen with some can-
cers on B-mode is not seen on the accompanying 
elastogram. Therefore, the inferior border of the 
cancer can often be identifi ed on the elastogram 
[ 2 – 4 ].    As long as there is some B-mode signal 

identifi ed in the shadowing, the algorithm will be 
able to determine the strain in those pixels. 
However, if the shadowing is extreme and no 
returning signal is identifi ed, there is no correla-
tion identifi ed and the pixels will be coded as 
white [ 2 – 4 ]. 

 Another confounding factor is the presence of 
two lesions adjacent to each other. These may 
appear as one lesion on the B-mode image. Close 
inspection of the elastogram can distinguish the 
two lesions [ 2 – 4 ]. In these cases care must be 
taken in performing measurements. 

 In addition to using the interpretation method 
previously discussed to determine if a lesion is 
more likely benign or malignant, asking if the 
lesion is soft or stiff or visible on SE is clinically 
helpful in some situations. It is sometimes diffi -
cult to determine if a lobular hypoechoic lesion is 
a fat lobule on conventional ultrasound. If the 
lesion is a fat lobule, it will appear very soft on 
the elastogram and similar to the other fat in the 
image (Fig.  21.2a ). Lesions can be isoechoic to 
background tissue on B-mode imaging and not 
recognized as a lesion. These lesions may have 
different strain properties to the background and 
can be clearly visualized on SE. This is very 
common with complicated cysts (Fig.  21.7 ). 
Evaluation of the EI pattern can also defi ne where 
to best biopsy a lesion (Fig.  21.8 ) selecting the 
hardest location to target the biopsy. The SE pat-
tern can help characterize a complex lesion 
(Fig.  21.9 ).

21.2.2.2          5-point Color Scale 
 A 5-point color scale has been proposed to clas-
sify lesions using SE (Fig.  21.10 ) [ 24 ,  25 ]. This 
scale combines the ratio changes and degree of 
stiffness of the lesion.    When a lesion is hard and 
has the same size on elastography as in the 
B-mode image, the lesion is given a score of 4. If 
the lesion is hard and larger on elastography, the 
lesion is classifi ed as 5. It is recommended that 
lesions that are hard and equal in size to B-mode 
or larger on the elastogram than B-mode are 
biopsied. If the lesion is soft, it is classifi ed as a 
score of 1. If the lesion has a mixed hard and soft 
pattern, it is classifi ed as a 2. If the lesion is hard 
but smaller on elastogram, it is given a score of 3. 
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  Fig. 21.7    Ultrasound images from a 39-year-old female 
with a palpable mass and a negative ultrasound examina-
tion and mammogram at a different institution. An elasto-
gram taking at the site of the palpable abnormality 

confi rms the presence of an isoechoic complicated cyst 
( red arrow ). The lesion has the bull’s-eye appearance 
identifi ed in simple and complicated cysts on certain ven-
dor equipment       

  Fig. 21.8    Close evaluation 
of the elasticity pattern of a 
lesion can be helpful in 
characterization and biopsy 
planning. In this example of 
an invasive ductal cancer 
which has a EI/B-mode ratio 
of >.1 an area ( red circle ) is 
“soft” on SE. On pathology 
from surgical resection, the 
soft area was a benign 
fi broadenoma which is not 
distinguishable from the IDC 
( yellow arrow ) diagnosed in a 
53-year-old woman on the 
B-mode image. A spicule 
( green arrow ) of tumor is 
better seen on SE       

  Fig. 21.9    Selected    image 
from an 85-year-old woman 
presenting with a bloody 
nipple discharge. On the 
B-mode image there is a large 
complex lesion. On SE a hard 
component ( yellow arrow ) 
and a soft component ( red 
arrow ) are identifi ed. On 
pathology the solid compo-
nent was a papillary lesion 
and the soft area was old 
blood       
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Scores of 1–3 are classifi ed as benign. This tech-
nique has been shown to have moderate to sub-
stantial interobserver agreement and substantial 
to perfect intra-observer agreement [ 26 ]. There 
was no signifi cant difference in inter- and intra- 
observer agreements according to lesion size.

   Using the color scale breast SE has been 
shown to objectively evaluate tumor or tissue 
stiffness in addition to morphology and vascu-
larity [ 24 ]. Itoh found a sensitivity of 86.5 % 
and a specifi city of 89.8 % using this technique 
with a cutoff point between 3 and 4. This tech-
nique has been shown to correlate well with the 
ultrasound BI-RADS score [ 27 – 29 ]. SE has 
also been shown to visualize non-mass lesions 
or peritumoral ductal lesions [ 24 ]. Multiple 
studies have found similar results [ 30 – 34 ]. This 
technique has also been used in the evaluation 

of suspicious microcalcifi cations on mammog-
raphy with 97 % sensitivity and 62 % specifi c-
ity in the differentiation of benign and malignant 
microcalcifi cations [ 30 ]. Several articles sug-
gest SE may be most helpful in BI-RADS 3 and 
BI-RADS 4 lesions by upgrading or downgrad-
ing them [ 27 ,  28 ,  32 ].  

21.2.2.3     Strain Ratio 
 In an attempt to semiquantify the measurements, 
the ratio of lesion stiffness to fat has been sug-
gested. Initial studies [ 35 ,  36 ] have found this 
technique valuable in determining if a lesion was 
benign or malignant (Fig.  21.11 ). This ratio is 
based on the knowledge that the properties of fat 
are fairly constant, whereas the properties of other 
surrounding tissues and lesions are variable. 
Lesions with densities similar to fat therefore 

1 2 3 4 5 BGR

  Fig. 21.10    Pictorial display of the Ueno scale for classifi -
cation of breast lesions when using a color map where  red  
is soft and  blue  is hard. For adequate color mapping images 
should be obtained containing fat, fi broglandular tissue, 

pectoralis muscle, and the lesion. In grade 1 the lesion is all 
soft. In grade 2 the lesion has mixed soft and hard compo-
nents. The lesion is hard and smaller on ES in grade 3, 
equal in size on SE in grade 4, and larger on SE in grade 5       

  Fig. 21.11    Selected elastogram from a 59-year-old 
woman with a biopsy-proven invasive ductal cancer. An 
oval FOV is placed in the lesion and adjacent fat ( yellow 
ovals ). The strain ratio is calculated by determining the 
ratio of the strain from the lesion compared to that of fat. 

In this case the strain ratio is 18.6; that is, the lesion is 
18.6 times stiffer than fat. This is highly suggestive of a 
malignant lesion. The EI/B-mode ratio in this case was 1.2 
also suggestive of a malignancy       
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have smaller ratios. Care must be taken with these 
measurements as pre-compression can signifi -
cantly change the strain value of fat [ 5 ]. As pre-
compression is applied, the stiffness of all tissues 
increased. However, the stiffness of fat changes 
more than that of normal breast tissue and lesions. 
Therefore, with pre-compression the strain ratio 
of lesion to fat will decrease. Care must also be 
taken that the FOV for the fat measurement con-
tains only fat. The measurements should be taken 
at the same depth in the image as the degree of 
tissue compression varies with depth.

   Thomas et al. [ 35 ] compared B-mode BI-RADS, 
the 5-point color scale, and the lesion-to- fat ratio in 
227 breast lesions. Based on the ROC curve, they 
selected a cutoff of 2.455 to distinguish benign 
from malignant lesions. The mean ratio for malig-
nant lesions was 5.1 ± 4.2 while for benign 1.6 ± 1.0 
( p  < 0.001). They found a sensitivity and specifi city 
of 96 and 56 % for B-mode imaging, 81 and 89 % 
for the 5-point color scale, and 90 and 89 % for the 
lesion-to-fat ratio, respectively. 

 Zhi et al. [ 37 ] in a similar study compared the 
strain ratio and the 5-point color scale in 559 breast 
lesions. They found the strain ratio of benign 
lesions was 1.83 ± 1.22, while malignant lesions 
were 8.38 ± 7.65. These were signifi cantly differ-
ent ( p  < 0.00001). Based on their ROC curves, they 
selected a cutoff point of 3.05. The area under the 
curve for the 5-point color system was 0.885, 
while that of the strain ratio was 0.944 ( p  < 0.05). 
In a different study of 408 lesions [ 38 ], a lesion-to-
fat strain ratio with a cutoff of 4.8 found a sensitiv-
ity of 76.6 % and a specifi city of 76.8 %.  

21.2.2.4     Artifacts 
 There are several artifacts that can be encoun-
tered with SE. Some occur when technique is 
suboptimal, while some contain diagnostic infor-
mation. A characteristic elastogram, the bull’s- 
eye artifact, is seen with benign simple and 
complicated cysts with some systems. This arti-
fact is characterized by a white central signal 
within a black outer signal and a bright spot pos-
terior to the lesion [ 39 ]. This artifact is caused 
because the fl uid is moving and there is de- 
correlation between images. This artifact has 
been described in detail [ 39 ] (Fig.  21.12 ). This 

artifact has a high predictive value for the lesion 
being a benign simple or complicated cyst. If 
there is a solid component in the cyst, it will 
appear as a solid lesion within the pattern 
(Fig.  21.13 ). Although limited cases have been 
reported, this artifact is not seen in mucinous or 
colloid cancers [ 39 ]. This artifact can be used to 
decrease the number of biopsies performed [ 39 ]. 
   In one series 10 % of complicated cysts that 
appeared solid on B-mode are complicated cysts 
that can be identifi ed with this technique [ 39 ].    If 
core biopsies are performed, notifying the pathol-
ogist that the lesion is a complicated cyst as 
opposed to a solid mass will lead to better pathol-
ogy/imaging correlation. If the pathologist is told 
the lesion is solid, the report may not document 
that a cyst wall is present and suggest the sus-
pected solid lesion is not in the specimen leading 
to an indeterminate report. This useful artifact is 
seen with Siemens (Mountain View, CA) and 
Philips (Bothell, WA) equipment and may not be 
seen in other manufacturers’ equipment.

    The Hitachi system has a different artifact that 
occurs in cysts (Fig.  21.14 ). There is a 3-color 
layered pattern of blue, green, and red identifi ed 
in cystic lesions [ 24 ]. A detailed study evaluating 
the sensitivity and specifi city of this artifact has 
not been performed.

   A white ring or group of waves around a lesion 
on the elastogram indicates the lesion is moving 
in and out of the imaging plane while obtaining 
the elastogram [ 2 – 4 ]. This is called the sliding 
artifact. This artifact suggests the lesion is freely 
moveable within the adjacent tissues and is most 
likely benign. This has been proposed as a 
method to determine if there is an invasive com-
ponent to a intraductal malignancy [ 40 ].   

21.2.3     Shear Wave Elastography 

 With SWE a quantitative measure of the lesion 
stiffness can be obtained either in a small fi xed 
ROI (single measurement) or pixel by pixel in an 
FOV using a color map. The results are color 
coded usually with red as hard and blue as soft. No 
studies with the use of 3D SWE have been pub-
lished. It is unknown if the volumetric data using 

21 US Elastography: Applications in Tumors



470

the 3D technique will provide additional informa-
tion or allow for breast screening. The principles 
of scanning technique using SE also pertain to 
SWE. Pre-compression can change results and the 
same technique previously  discussed above should 
be used to acquire images using SWE. 

21.2.3.1     Quantitative Measurements 
 Based on a recent large multicenter study, a cut-
off value of 80 kPa was determined to distinguish 

benign from malignant lesions [ 41 ]. Examples of 
a benign and malignant lesion are presented in 
Fig.  21.15 . Tissue measurements in an ROI can 
be displayed in velocities (m/s) or in pressure/
elasticity (kPa). The measurement of stiffness 
should be obtained from the area of highest stiff-
ness within the lesion or the surrounding tissue. 
   In this large multicenter trial, they demonstrated 
that when added to BI-RADS classifi cation 
in B-mode imaging, SWE increases diagnostic 

  Fig. 21.12    Elastogram of a simple cyst in a 39-year-old 
woman who presents with a palpable mass. The image on 
the left in the dual-screen display is the B-mode image, 
whereas the image on the right is the elastogram. The 
elastogram shows the characteristic bull’s-eye artifact 

identifi ed in benign simple and complex cysts in selected 
vendor SE. The artifact is characterized by three compo-
nents, a  black  area ( red arrow ) with a central bright spot 
( yellow arrow ) and posterior bright spot ( green arrow )       

  Fig. 21.13    If a solid component is present within a cystic 
lesion ( red arrow ), the solid component can be identifi ed 
as a hard area ( blue arrow ) within the bull’s-eye artifact. 

This elastogram is from a patient with a 2 mm benign pap-
illoma with a cystic area (Courtesy of Carmel Smith, 
Brisbane, Australia)       
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  Fig. 21.14    A 3-layered artifact is identifi ed with cysts on 
some vendor equipment. When using a color map where 
 red  is soft and  blue  is hard, the artifact has a BGR pattern 

characterized by a  blue  layer,  green  layer, and  red  layer as 
depicted in this image       

a

b

  Fig. 21.15    Shear wave 
image ( a ) of an invasive 
ductal cancer in a 59-year-
old woman demonstrating 
the elevated shear wave 
speed in the malignancy. The 
lesion has a maximum kPa 
value of 168. The normal 
background breast tissue has 
a maximum kPa value of 26. 
In a benign area of fi brocys-
tic change ( b ) in a 45-year-
old woman the maximum 
kPa value is 11. Different 
cutoff values between benign 
and malignant have been 
proposed ranging from 60 to 
80 kPa       
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accuracy [ 41 ]. They found that the evaluation of 
SWE signal homogeneity and lesion-to-fat ratios 
were the best differentiators of benign and malig-
nant. The addition of SWE increased the charac-
terization of lesion over BI-RADS alone, with a 
sensitivity and specifi city of 93.1 and 59.4 % in 
BI-RADS and 92.1 and 76.4 % with the addition 
of SWE. The authors comment that the major 
value of the addition of SWE is in BI-RADS 3 
and 4a lesions where the SWE results are used to 
upgrade or downgrade the lesion.

   Chang et al. [ 42 ] in a study of 158 consecu-
tive patients found the mean elasticity values 
were signifi cantly higher in malignant masses 
(153 kPa ± 58) than benign masses (46 kPa ± 43) 
( p  < 0.0001). They determined an optimal cutoff 
value of 80 kPa which resulted in a sensitivity and 
specifi city of 88.8 and 84.9 %. The area under the 
ROC curve was 0.898 for conventional US, 0.932 
for SWE, and 0.982 for the combined data. In a 
study of 48 breast lesions, Athanasiou et al. [ 43 ] 
found similar results with similar stiffness values 
for benign lesions (45 ± 41 kPa) and malignant 
lesions (147 kPa ± 40)( p  < 0.001). There results 
suggest the addition of SWE to conventional 
ultrasound could be used to decrease the num-
ber of biopsies performed in benign lesions. In a 
small series Evans et al. [ 44 ] found the sensitivity 
and specifi city for SWE (97 and 83 %) to be bet-
ter than B-mode alone (87–78 %). In their series 
they used a cutoff value of 50 kPa. They also con-
fi rmed that the technique is highly reproducible. 

 When using Virtual Touch Quantifi cation TM  
(VTq) (Siemens Ultrasound, Mountain View, 
CA), where a single measurement is obtained 
from a small ROI, it is not possible to determine 
where the area of highest stiffness is located on 
the B-mode image. Multiple measurements 
within the lesion and surrounding tissue need to 
be obtained to acquire optimal measurements. 
The measurement within the tumor often results 
in “x.xx” signifying that an adequate shear wave 
for evaluation was not obtained [ 2 – 4 ]. Bai et al. [ 45 ] 
reported that if a lesion is solid and x.xx is 
obtained, the lesion is most likely a malignancy. 
With this assumption they obtained a sensitivity 
and specifi city of 63.4 and 100 %. 

 Shear waves will not propagate through sim-
ple cysts and they too will not be color coded. 

The shear wave is detected by ultrasonic echo 
signal. Therefore, when areas in the B-mode 
image show extremely low signal, it indicates the 
echo signal is too low for successful detection. 
These areas are not color coded. This will occur 
with marked shadowing such as seen with ribs, 
tumors with signifi cant shadowing, and areas 
with macrocalcifi cation [ 2 – 4 ].  

21.2.3.2     Quality Factor 
 In very hard lesions such as invasive cancers, the 
shear wave may not propagate in an orderly fash-
ion. No results are therefore obtained and the 
area with no results is not color coded (Fig.  21.16 ). 
In these areas interpretation is not possible. 
However, in general the desmoplastic reaction of 
the tumor will be hard surrounding the tumor and 

  Fig. 21.16    In some cases the push pulse may not gener-
ate shear waves. This may be secondary to lesion depth, 
lesion with simple fl uid or very hard lesion. Simple cysts 
with minimal debris do not support shear wave genera-
tion. In this image from a deep invasive ductal cancer, 
shear waves are not generated and the lesion is not color 
coded on the elastogram       
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appear as hard (red) halo surrounding the lesion. 
Even if the entire mass is not coded as hard, het-
erogeneity of the SWE is part of the criteria for a 
suspicious lesion. Care must be taken with pre- 
compression as this can also create the same 
appearance in a benign lesion [ 5 ].

   In a large number of malignant lesions, the 
area identifi ed on B-mode as the hypoechoic 
mass often does not code on SWE because a 
shear wave is not identifi ed or may code with a 
low Vs. Bai found that 63 % of breast malignan-
cies have this fi nding [ 45 ]. Preliminary work in 
the evaluation of this phenomenon suggests that 
shear waves may not propagate as expected in 
some malignant lesions [ 2 – 4 ] (Fig.  21.17 ). 
Evaluation of the shear waves in these malignant 
lesions demonstrates signifi cant noise that may 
be incorrectly interpreted as a low shear wave 
speed by the algorithm. The addition of a quality 
measure that evaluates the shear waves generated 

and determines if they are adequate for an accu-
rate Vs (or kPa) measurement will help in elimi-
nating possible false-negative cases (Barr RG 
2012, personal communication) (Fig.  21.18 ).

21.2.4          Summary 

 Elasticity imaging of the breast can be performed 
utilizing several techniques. These techniques all 
have a high sensitivity and specifi city for charac-
terizing breast lesions as benign or malignant. 
Although the techniques are easy to perform, 
attention to details are required to obtain optimal 
images for interpretation. Each of the techniques 
has advantages and disadvantages. Further com-
parative studies are needed to determine which 
technique or combination of techniques is most 
appropriate for various clinical problems. The 
bull’s-eye artifact seen with SE has been shown 
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  Fig. 21.17    Results from a 57-year-old woman with a pal-
pable mass in her right breast. Mammographic and sono-
graphic workup confi rms a BI-RADS 4B lesion. The 
lesion is a biopsy-proven poorly differentiated invasive 
ductal cancer. The cancer is the hypoechoic mass in the 
deeper portion of the image. Two waveforms were 
obtained using the acoustic radiation force impulse tech-

nique. The one taken deeper is from the hypoechoic inva-
sive ductal cancer. The more superfi cial one is taken in the 
peritumoral area. The waveform obtained from the cancer 
is all noise and not interpretable. The waveform in the 
adjacent peritumoral tissue has more noise than in the fat 
signals in Fig.  21.2 , but the waveform is still able to be 
interpreted and provide a shear wave speed       
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to be extremely helpful in characterization of 
cystic lesions [ 39 ]. These techniques are now 
maturing but continued work on standardizing 
elastography techniques is required.   

21.3     Liver 

21.3.1     Focal Liver Lesions 

 Both SE and SWE can be used to evaluate focal 
liver lesions. Because SE is qualitative it can be 
compared to “normal” liver to determine if the 
lesion is harder or softer than the background 
liver. However, this technique is limited in that 

the background liver may have variable stiffness 
depending on the degree of steatosis or fi brosis. 
In addition both benign and malignant lesions 
can be soft or hard compared to normal liver. 
With SWE we obtain a stiffness measurement; 
however, because of the wide variability of a 
given lesions stiffness, characterization of a 
lesion as benign or malignant is problematic. For 
example, in a series by Yu and Wilson [ 46 ], hem-
angioma had a range of Vs of 0.87–4.01 m/s with 
an average of 0.71 m/s, while hepatocellular car-
cinoma had a range of 0.77–4.34 m/s with an 
average of 1.01 M/s. Overall, the difference in Vs 
of malignant 2.57 ± 1.01 m/s and benign lesions 
1.73 ± 0.8 was statistically signifi cant ( p  < 0.01); 

  Fig. 21.18    Shear wave 
elastogram from an invasive 
ductal cancer. A Velocity Map 
color codes the shear wave 
velocity on a pixel-by-pixel 
base. The Quality Map color 
codes the quality of the shear 
wave from that pixel. When 
the shear waves are not 
interpretable secondary to 
weak signal or a large amount 
of noise, the map codes that 
area as  red  or  yellow . In this 
case the mass has a maximum 
shear wave speed of 3.2 m/s 
suggestive of a benign lesion. 
However, the Quality Map 
demonstrates that the shear 
waves are not appropriate for 
interpretation and the data 
should not be used in 
characterizing the mass       

 

R.G. Barr



475

however, the large overlap between benign and 
malignant makes the technique unreliable for 
focal liver mass characterization in a given case. 
Figure  21.19  is a selected shear wave elastogram 
of a patient with multiple metastatic lesions from 
colorectal carcinoma. There is a wide range of 
shear wave velocities of the metastatic lesions 
with some soft and some hard.

21.3.2        Liver Fibrosis 

 Liver fi brosis is a signifi cant worldwide problem. 
As fi brosis progresses there is increasing loss of 
liver function and higher risk of liver cancer. This 
chronic liver disease is characterized by the depo-
sition of fi brous tissue within the liver. The stage 
of liver fi brosis is important to determine progno-
sis, surveillance, and treatment options. Early- 
stage fi brosis is reversible, while the disease that 
has progressed to cirrhosis is likely irreversible. 
Presently the only method of staging the fi brosis 
has been by liver biopsy [ 47 ]. 

 With increasing fi brosis the liver becomes 
stiffer which can be monitored using shear wave 
elastography [ 48 ,  49 ]. With this technique an ROI 

is placed in a region of the liver taking care not to 
include vasculature. An intercostal approach in 
segment eight of the liver has been shown to pro-
vide more accurate results. Serial measurements 
are taken while the patient suspends respiration. 
The average of these measurements is used to 
estimate degree of liver fi brosis (Table  21.1 ).

   Figure  21.20  shows the results of a 27-year- 
old with chronic hepatitis C. The stiffness aver-
age of 4.77 kPa is consistent with patient’s liver 
biopsy result of mild fi brosis. Figure  21.21  is the 
image from a patient with marked cirrhosis dem-
onstrating a markedly elevated stiffness of 66 kPa.

    How this new technology can be utilized in 
clinical practice is under extensive investigation 
[ 48 ]. The use of this technique may be able to 
decrease the number of liver biopsies performed 

  Fig. 21.19    Shear wave 
elastogram of the liver in a 
patient with diffuse meta-
static disease from colorectal 
carcinoma demonstrates the 
marked difference in the 
stiffness of two metastatic 
lesions ( white circles ), one 
with mean kPa value of 32 
and the other 81. The wide 
range of stiffness seen with 
both benign and malignant 
lesions overlaps signifi cantly 
limiting the use of shear wave 
imaging in characterization 
of focal liver lesions       

   Table 21.1    Correlation of Metavir score and liver 
stiffness   

 Liver fi brosis staging  Metavir score  kPa 

 Normal  F0  2.0–4.5 
 Normal–mild  F0–F1  4.5–5.7 
 Mild–moderate  F2–F3  5.7–12.0 
 Moderate–severe  F3–F4  12.0–21.0 
 Severe  F4  >21.0 
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  Fig. 21.20    Shear wave 
elastography of a 28-year-old 
with    chronic hepatitis C 
infection. The stiffness 
average of 4.77 kPa is 
consistent with the patient’s 
liver biopsy result of mild 
fi brosis.  White rectangle  
shows fi eld of view (FOV) 
where the measurement is 
taken       

  Fig. 21.21    The shear    wave 
elastogram of a 64-year-old 
male with advanced 
alcohol-induced cirrhosis 
confi rms a marked stiff liver 
with a kPa value of 55.9. 
 White circles  are the fi eld of 
view (FOV) where the 
measurement of stiffness is 
taken       

for evaluation of chronic liver disease.    Potential 
uses of this technique include liver cirrhosis sus-
pected but not obvious on B-mode ultrasound, 
evaluation of patients with chronic hepatitis C, 
and follow-up of patients to detect a progression 
of liver disease and initiate treatment.   

21.4     Prostate 

 Prostate cancer (PC), usually adenocarcinoma of 
the prostate, is the commonest malignancy in 
American men (excluding skin cancers) and is sec-
ond only to lung cancer as a cause of cancer- related 
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death [ 50 ]. However, among men diagnosed with 
the disease, 93 % will survive for at least 5 years 
and 72 % for at least 10 years [ 50 ]. 

 Prostate-specifi c antigen (PSA), measured in 
serum, has been used as a screening test for PC, 
with PSA levels above 4.0 ng/mL considered 
abnormal. In addition to adenocarcinoma, a vari-
ety of benign diseases of the prostate (e.g., acute 
prostatitis and benign prostatic hypertrophy) as 
well as prostatic instrumentation will elevate 
PSA levels, so false-positive PSA results are 
common. On the other hand, about 20 % of PC 
will present with PSA <4.0 ng/mL [ 51 ,  52 ]. A 
commonly used screening protocol for PC com-
bines serum PSA measurement with digital rectal 
examination (DRE). The positive predictive 
value (PPV) of this combination is quoted as 
60.6 %, an improvement over DRE alone (PPV 
31.4 %) or PSA alone (PPV 42.1 %) [ 51 ,  53 ]. 
Transrectal ultrasound (TRUS)-guided prostate 
biopsies are then used to evaluate those patients 
identifi ed as abnormal by this screening protocol. 
When sextant biopsies are employed, only 25 % 
of these patients will have at least one positive 
biopsy, while the biopsy technique will fail to 
detect tumor in at least 25 % of patients proven 
subsequently to have PC [ 54 ,  55 ]. 

 T2-weighted MRIs and MR spectroscopy 
(MRS) are also used to diagnose PC. The weak-
nesses of MRIs are their low sensitivities and 
their inability to accurately detect tumors smaller 
than 1 cm in diameter [ 56 ,  57 ]. MRS also has 
trouble detecting small tumors due to the rela-
tively small effect on metabolites [ 58 ]. 
Multiparametric MRI (MP-MRI) is increasingly 
being used for tumor detection and localization 
[ 59 – 63 ]. However, while its sensitivity is high, its 
specifi city is low, particularly for the detection of 
small lesions with Gleason scores below 6. 
Contrast-enhanced ultrasound (CEUS) is also 
being evaluated for detection and characteriza-
tion of prostate cancer [ 64 ]. The current set of 
imaging modalities are not suffi cient to properly 
diagnose PC. One possible solution to this 
 problem is arising in the form of elasticity imag-
ing or elastography. 

 The prostate gland is divided into four zones 
of anatomy, the peripheral zone, central zone, 
transitional zone, and periurethral zone. The 

peripheral zone is disk shaped, is located antero-
laterally, and occupies about 70 % of the prostate. 
In this zone 70–80 % of prostate cancer arises 
and is the prime target for prostatic surveillance. 
The central zone is wedge shaped and is located 
between the urethra and the peripheral zone. It 
occupies about 25 % of the prostate and is rarely 
the site of prostate cancer. The transitional zone 
is made up of two separate lobes adjacent to the 
anterior prostatic urethra. It comprises only 5 % 
of the prostate, but is signifi cant because this is 
the area in which benign prostatic hypertrophy 
arises in a majority of men later in life. The 
remaining 10–20 % of prostate cancer arises in 
the transition zone [ 65 ]. 

21.4.1     Strain Elastography 

 For SE of the prostate, the FOV should cover the 
entire gland and surrounding tissue. A strain ratio 
between normal and abnormal tissue can be used 
for semiquantitative analysis. Minimal amounts 
of pressure should be used in performing the 
exam. Studies using SE have demonstrated a sen-
sitivity and specifi city of 55–70 %, PPV of 
57–85 %, and a NPV of 72–87 % (11–13). There 
is controversy of the inability to differentiate PC 
from chronic prostatitis [ 66 ]. SE has been 
reported to improve biopsy guidance [ 67 ]; a well- 
designed study did not confi rm these results [ 68 ].  

21.4.2     Shear Wave Elastography 

    In a single-center prospective study [ 69 ] of 53 
patients using shear wave imaging with 26 foci of 
cancer detected in 11 of the 53 patients (20.7 %) 
Barr found excellent result in lesion detection 
and characterization in the peripheral zone. The 
kPa value of cancers ranged from 30 to 110 with 
mean value of 58.0 ± 20.7. Benign lesions had 
kPa values ranging from 9 to 107 with a mean 
value of 21.5 ± 11.5. The results are summarized 
in Table     21.2 . Similar results have been obtained 
by Correas et al. [ 70 ,  71 ]. Based on the ROC 
curve, a value of 37 kPa was used as the cutoff 
between benign and malignant. This produced a 
sensitivity of 96.2 % (25/26), specifi city of 
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96.2 % (281/292), positive predictive value 
(PPV) of 69.4 % (25/36), and negative predictive 
value (NPV) of 99.6 % (281/282). False positives 
(6/11, 55 %) were secondary to calcifi cations 
noted on B-mode in benign tissue.

   The kPa value of PC was statistically signifi -
cant than each of the benign categories: cancer 
vs. benign ( p  < 0.0001), cancer vs. atypia 
( p  < 0.0001), cancer vs. acute infl ammation 
( p  < 0.0001), and cancer vs. chronic infl ammation 
( p  < 0.0001). The kPa value between benign 
lesions were all statistically nonsignifi cant: 
benign vs. atypia ( p  = 0.818), benign vs. acute 
infl ammation ( p  = 0.606), benign vs. chronic 
infl ammation ( p  = 0.0509), and acute infl amma-
tion vs. chronic infl ammation ( p  = 0.096). 

 There were 51 nodules noted on B-mode. Of 
these 6/51 (11.8 %) were malignancies on pathol-
ogy. 43/45 (95.6 %) benign lesions were classi-
fi ed as benign on SWE and 6/6 (100 %) malignant 
lesions were classifi ed as malignant on SWE. 
There were two false positives, both benign 
lesions with calcifi cations. This corresponds to a 
sensitivity of 100 %, specifi city of 95.6 %, PPV 
of 75 %, and NPV of 100 % in SWE predicting 
malignancy in nodules detected in B-mode. 

 At the sextant level, to obtain 100 % sensitiv-
ity, a cutoff value of 30 kPa is required. At the 
patient level (patient with cancer of 30 kPa also 
had two other PC foci with kPa level of 40), if a 
cutoff of 40 kPa was used, all cancers would have 
been detected and the positive biopsy rate would 
be 11/22 (50 %) compared to 11/53 (20.8 %) 
without SWE, a 140 % increase in the positive 
biopsy rate. 

 In the study by Correas et al. [ 71 ], he found 
lesion to background prostate tissue was more 
discriminatory as it takes into account the 
increased stiffness of the peripheral zone from 

calcifi cation and chronic prostatitis. The ratio 
between the nodule and the adjacent peripheral 
gland for benign and malignant was 1.5 ± 0.9 and 
4.0 +/- 1.9, respectively ( p  < 0.002). 

 One limitation is that shear waves are not gen-
erated greater than 3–4 cm. In a large prostate this 
may not penetrate deep enough to measure the 
entire peripheral zone. Figure  21.22  is a benign 
prostate gland in a 74-year-old black male who 
presented with a PSA of 12.3. His PSA was 8.0 
fi ve years earlier. DRE was unremarkable and sex-
tant biopsy was negative. B-mode ultrasound was 
negative with a prostate volume of 26 cc. On SWE 
the peripheral zone is blue throughout correspond-
ing to a low (<20 kPa) shear wave velocity.

   Figure  21.23  is a selected image from a 
65-year-old white male patient who presents with 
a PSA of 4.6. Firmness on the left side of the 
gland was present on DRE. No abnormality is 
identifi ed on B-mode or color Doppler. On SWE 
there is a lesion with a high shear wave velocity 
of 119 kPa (red). Image-guided biopsy confi rms 
a Gleason’s grade 6 PC.

   Figure  21.24  is a selected image from a 
54-year-old white patient with a hypoechoic nod-
ule in the peripheral zone. The nodule has a low 
kPa value of <20 consistent with a benign etiol-
ogy. However, there is an area of high kPa value 
of 75 (red) suggestive of a malignancy. On image- 
guided biopsy, the hypoechoic nodule was 
benign, while the area of high stiffness was a 
Gleason’s grade 7 prostate cancer. This highlights 
the clinical strength of elastic imaging. Malignant 
lesions can be differentiated from BPH or prosta-
titis as their stiffness often differs by a factor of 3 
and can reach a factor of 10 in extreme cases. 
Elastography can also be used to guide a prostate 
biopsy. SWE can also be used to evaluate for 
extracapsular extension of tumor [ 69 ].

   Table 21.2    Summary of results   

 Number  Pathology  Min kPa  Max kPa  Mean kPa  ST. Dev 

 242  Benign  9  107  21.2  11.8 
 21  Atypia  14  38  20.6  5.3 
 26  Cancer  30  110  58.0  20.7 
 13  Acute infl ammation  9  28  19.5  5.5 
 16  Chronic infl ammation  13  63  27.3  15.5 
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  Fig. 21.22    A prostate gland 
of a patient who recently had 
an elevation of PSA from 8 to 
12.3. While increased PSA 
may be cause for concern, 
elastic imaging revealed a 
benign prostate gland. Note 
the homogenous blue 
reading, indicative of uniform 
low stiffness (<20 kPa) and 
likely ruling out carcinoma       

  Fig. 21.23    True positive for 
Gleason 6 carcinoma. This 
patient presented with a low 
PSA but fi rm left side on 
digital rectal exam. B-mode 
imaging and color Doppler 
produced no fi ndings. Shear 
wave elastography presented 
this image. Note the posterior 
high stiffness lesion on the 
left side. This lesion read at a 
high stiffness (119 kPa) and 
was confi rmed on biopsy to 
be a Gleason 6 carcinoma       

   SWE is a very promising technique for the 
detection and biopsy guidance of PC. Of particu-
lar interest is its high negative predictive value 
that may reduce the need for invasive procedures 
such as biopsies. At present only 25–30 % of 
patients have a positive biopsy. In the study by 
Barr et al. [ 69 ], the use of SWE could have 
decreased the biopsy rate by 53 %. By assuming 

lesions with calcifi cations noted on B-mode are 
benign, the biopsy rate could have been decreased 
by 68.8 %. 

 Transrectal SWE of the prostate has the poten-
tial to become the primary fi rst line imaging 
modality for detection of PC. US elastography 
has advantages over MRI having lower cost, 
increased availability, no need for contrast agent, 
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and none of the contraindications for MRI. The 
U. S. Preventive Services Task Force recently 
advised not to recommend PSA screening 
because of possible complications of the low pos-
itive biopsy rate (20). The concern is that the risk 
of complications negated any benefi t for detec-
tion of PC. The addition of SWE to PSA and 
DRE PC screening has the potential to improve 
the risk/benefi t ratio favoring screening.   

21.5     Thyroid 

 Thyroid nodules are common occurring in up to 
68 % of the general population [ 72 ]. The major-
ity of thyroid nodules are benign (colloid nodule, 
follicular adenoma, cyst, thyroiditis), but 5–15 % 
are malignant (papillary, follicular, medullary, or 
anaplastic carcinoma). There are four types of 
malignancies: papillary (86 %), follicular (9 %), 
medullary (2 %), and anaplastic (1 %). 

 Conventional B-mode ultrasound is the fi rst 
procedure to help differentiate benign from malig-
nant nodules. Ultrasound features associated with 
malignancy are microcalcifi cations, hypoecho-
genicity, intra-nodular vascularity, irregular mar-
gins, and absent halo sign. 

 Although all are poorly predictive of malig-
nancy, in combination their specifi city increases. 

 After assessment with ultrasound, suspicious 
lesions are biopsied under FNA for diagnosis. 

 FNA provides useful results in 65–75 % of 
cases. Approximately 60–70 % of aspirates prove 
to be benign, 5 % are positive for papillary can-
cer, and 5–15 % remain inconclusive. The 
remaining 15–25 % remain indeterminate or 
suspicious. 

 Both SE and SWE have been shown to 
improve characterization of thyroid masses. 

21.5.1     Strain Elastography 

 Most benign and malignant thyroid pathology is 
“stiffer” than normal thyroid. Therefore, most 
lesions appear stiffer than normal thyroid. The 
size changes observed in breast cancer do not 
occur in thyroid masses. Several studies have 
been performed using different methods to char-
acterize thyroid nodules on strain elastography. 
Asteria et al. [ 73 ] utilized a pattern classifi cation 
to evaluate thyroid nodules. That classifi cation 
was performed using a color map of red as soft 
and blue as hard. The classifi cations were 1 a 

  Fig. 21.24    Comparison of 
US and SWE. This patient 
presented with a hypoechoic 
nodule on US (black lesion 
with  arrow ). SWE was 
preformed and the nodule was 
found to be of low stiffness 
(<20 kPa). Note the blue area 
with the  yellow arrow . 
However, another lesion was 
found with a high stiffness 
(75 kPa) and was found 17 
upon biopsy to be a Gleason 
grade 7 prostate cancer. Note 
the red lesion with the  red 
arrow . This highlights the 
clinical advantages of elastic 
imaging       
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nodule that displays homogeneously green, 2 a 
nodule that displays predominantly in green with 
a few blue areas, 3 a nodule that displays pre-
dominately in blue with few green areas, and 4 a 
nodule that displays completely in blue. They 
found that sensitivity and specifi city of the US 
elastography for thyroid cancer diagnosis were 
94.1 (16/17) and 81 % (56/69), respectively. The 
positive and negative predictive values were 55.2 
(16/29) and 98.2 % (56/57), respectively. The 
accuracy of the technique was 83.7 %. A similar 
5-point scale has been proposed by Rago et al. 
[ 74 ]. In their series of 92 patients, they found that 
the elasticity scores 4–5 were highly predictive of 
malignancy ( p  < 0.0001), with a sensitivity of 
97 %, a specifi city of 100 %, a positive predictive 
value of 100 %, and a negative predictive value of 
98 %. They suggest elastography is extremely 
helpful in cases of indeterminate cytology. 
However, Moon et al. [ 75 ] in a study of 703 solid 
thyroid nodules of which 217 (30.8 %) were 
malignant found elastography alone, as well as 
the combination of elastography and gray-scale 
US, showed inferior performance in the differen-
tiation of malignant and benign thyroid nodules 
compared to gray-scale US features. In another 
article Moon et al. [ 76 ] determined that a very 
hard lesion on the color scale was an independent 
factor for predicting pathologic extra-thyroidal 
extension on pathology. 

 In order to semiquantify the stiffness of tissue, 
the ratio of strain of normal thyroid gland/nodule 
strain was evaluated by Lyshchik et al. [ 77 ]. They 
determined that a ratio of >4 was the strongest 
independent factor of malignancy ( p  < 0.001) with 
a 96 % specifi city and 86 % sensitivity. The strain 
ratio is often diffi cult to obtain if an image with 
normal thyroid and the mass cannot be obtained 
secondary to lesion size or if there are multiple. 

 Vorlander et al. [ 78 ] used strain values to eval-
uate 309 lesions. Three measuring groups were 
formed: hard (<0.15), intermediate (0.16–0.3), 
and soft (>0.31). The strain rated from 0.01 to 
0.84 (mean 0.26 ± 0.13). A total of 50 thyroid 
malignancies (35 papillary carcinoma, 9 medul-
lary carcinoma, and 6 follicular carcinoma) were 
evaluated. Patients (81) were within the hard 
group, 35 of them (43.2 %) had thyroid cancer 
(TC) in fi nal histology. Out of 132 patients in the 

intermediate group, 15 patients had TC (11.4 %). 
All 96 patients from the soft group showed benign 
histological results (NPV 100 %). Seventy per-
cent of patients with TC were within the hard 
group (PPV 42 %). These results were highly sig-
nifi cant ( p  < 0.001). Coarse calcifi cations and cys-
tic nodules did not yield reliable measurements 
and therefore are not suitable for evaluation. 

 Cantisani et al. [ 79 ] evaluated 97 patients with 
US features, color Doppler pattern, and strain ratio 
values. Sensitivity and specifi city of hypoecho-
genicity, irregular margins or suspicious halo fea-
tures, CDUS blood fl ow pattern, and strain ratio in 
the diagnosis of malignant nodules were 56.8, 
62.2, 54.1 and 97.3 and 71.7, 93.3, 28.3, and 
91.7 %, respectively. Elastography was more sen-
sitive and specifi c than all ultrasonographic fea-
tures in predicting malignancy of the thyroid 
nodules ( p  < 0.0001). According to elastographic 
features, the lesions characterized by strain ratio 
≥2 were highly likely to be of malignant nature 
( p  < 0.0001, O.R. 396, 95 %, CI: 44–3530). 

 Dighe et al. [ 80 ] evaluated another method 
comparing the ratio of highest strain value near 
carotid artery to the lowest nodule strain. With 
this technique they determined that a stiffness 
index of 18 corresponds to a sensitivity of 87.8 % 
and specifi city of 77.5 %. 

 Bojunga et al. [ 81 ] performed a meta-analysis 
on 8 published studies with 639 nodules. The 
meta-analysis required FNA or surgical pathol-
ogy. Various techniques and vendor equipment 
have been used in the individual studies. 381/639 
(59.6 %) had histopathology proof. The mean 
sensitivity were 92 % (88–96 %) and the mean 
specifi cities were 90 % (85–95), with 153/639 
(24 %) lesions malignant. This was a highly 
selected group of patients with a 24 % malig-
nancy rate. The results may not be as signifi cant 
with a standard population. 

 An example of SE using strain ratio of a thy-
roid papillary cancer is presented in Fig.  21.25 .

21.5.2        Shear Wave Elastography 

 Sebag et al. [ 72 ] evaluated 146 nodules from 93 
patients with SWE of which 29/146 (19.9 %) 
were malignant. The malignant lesions had a kPa 
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value of 150 ± 95 kPa (30–356 kPa), while benign 
lesions had kPa values of 36 ± 30 kPa (0–200 kPa), 
 p  < 0.001. Using a cutoff of 65 kPa, there was a 
sensitivity of 85.2 % and specifi city of 93.9 %. 

 Friedrich-Rust et al. [ 82 ] in a study of 60 
patients found that the median shear wave veloc-
ity of ARFI imaging in the healthy nodule-free 
thyroid gland as well as in benign and malignant 
thyroid nodules was 1.98 m/s (range 1.20–
3.63 m/s), 2.02 m/s (range 0.92–3.97 m/s), and 
4.30 m/s (range 2.40–4.50 m/s), respectively. 
While no signifi cant difference in median shear 
wave velocity was found between healthy thyroid 
tissue and benign thyroid nodules, a signifi cant 
difference was found between malignant thyroid 
nodules on the one hand and healthy thyroid tis-
sue ( p  = 0.018) or benign thyroid nodules 
( p  = 0.014) on the other hand. Specifi city of ARFI 
imaging for the differentiation of benign and 
malignant thyroid nodules was comparable with 
SE (91–95 %). 

 Both SE and SWE provide additional infor-
mation on thyroid lesion characterization. 

 Several methods have been used to determine 
differences between benign and malignant. 

 Most studies have been small with small num-
bers of follicular cancers, medullary cancers, and 
anaplastic cancers. No studies have compared the 
various techniques in the same patient popula-
tion. There is signifi cant overlap of benign and 

malignant lesions that limits the technique in 
lesion characteristic. With the overlap of elastog-
raphy characteristic of benign and malignant 
lesions, the combination of elastography with 
B-mode and color Doppler characteristic may be 
required to improve lesion characterization. 
Figure  21.26  is an example of a benign thyroid 
lesion with a maximum kPa of 26.

21.6         Pancreatic Masses 

 Pancreatic masses have been evaluated using 
elastography using both an endoscopic and trans-
abdominal approach. 

 With the endoscopic approach, a classifi cation 
based on a color scale SE has been used (red as 
soft and blue as hard). The normal pancreas is 
soft and homogeneous coded green [ 83 – 88 ]. 
Benign infl ammatory pancreatic pathology can 
appear as with a honeycomb appearance predom-
inately blue [ 83 ,  86 ,  87 ], a heterogeneous mixed 
color pattern with predominately green pattern 
[ 83 ,  86 ,  87 ], or a homogeneously green pattern 
[ 83 ,  87 ]. Adenocarcinoma has a homogeneous 
blue pattern (stiff) or a heterogeneous predomi-
nantly blue lesion [ 83 – 87 ]. Pancreatic neuroen-
docrine tumors (PNET) have been reported to 
have a predominantly blue honeycomb pattern, a 
homogeneous blue pattern, a green central area 

  Fig. 21.25    Strain elastogram of a 68-year-old woman 
with a palpable thyroid mass confi rms the presence of 
nodule that was a papillary carcinoma on FNA. The nod-
ule has a strain ratio of 5. The strain ratio was calculated 

by placing an FOV ( white dotted circle ) over the nodule 
and normal thyroid tissue and calculating the ratio of stiff-
ness of the lesion to normal thyroid tissue       
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surrounded by blue tissue, or a homogeneous 
green pattern [ 83 ]. 

 Preliminary studies suggest that a homoge-
neous green pattern can be used to exclude malig-
nancy [ 84 ]. However, the clinical usefulness of 
this technique in distinguishing benign from 
malignant pathologies is limited. Infl ammatory 
lesions of the pancreas can be hard or soft 
depending on the stage of the infl ammation. 
Neoplasms can have necrotic areas that appear 
soft in contrast to the viable tumor that is hard. 
Itokawa found the strain ratio (strain of lesion 
compared to strain of normal pancreas) was 
23.7 ± 12.7 for mass-forming pancreatitis and 
39.1 ± 20.5 for pancreatic cancer [ 86 ]. 

 The use of SWE using the point quantifi cation 
method may be able to distinguish serous from 
mucinous malignancies. Serous fl uid has low vis-
cosity and does not propagate shear waves. A 
value of x.xx or 0 is obtained depending on ven-
dor indicating shears waves were not identifi ed in 

the fl uid. However, mucinous cystic lesions have 
high viscosity that does propagate shear waves. 
With cystic lesions that contain mucin, a shear 
wave velocity (expressed in m/s or kPa) will be 
obtained. Preliminary results using this technique 
appear promising [ 89 ,  90 ]. The study of D’Onofrio 
included 14 mucinous cystadenomas, 4 pseudo-
cysts, 3 intraductal papillary-mucinous neo-
plasms, and 2 serous cystadenomas. The values 
obtained ranged from XXXX/0 to 4.85 m/s in 
mucinous cystadenomas, from XXXX/0 to 
3.11 m/s in pseudocysts, and from XXXX/0 to 
4.57 m/s in intraductal papillary- mucinous neo-
plasms. In serous cystadenomas all values mea-
sured were XXXX/0 m/s. Diagnostic accuracy in 
benign and non-benign differentiation of pancre-
atic cystic lesions was 78 %. 

    Figure  21.27a  demonstrates the use of point 
shear wave quantifi cation and Fig.  21.27b  dem-
onstrates the use strain imaging in a patient with 
acute on chronic pancreatitis.

  Fig. 21.26       Shear wave 
elastogram of an FNA-proven 
benign thyroid nodule which 
has a low kPa value of 21 
suggestive of a benign lesion. 
 White circles  are the fi eld of 
view (FOV) where the 
measurement of stiffness is 
taken       
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21.7        Gynecological Malignancies 

 Both strain elastography and shear wave elastog-
raphy have become recently available on endo-
cavitary probes. No studies evaluating the 
techniques for characterization of masses as 
benign or malignant have been published. 
However, excellent images have been obtained 
proving proof of concept (Figs.  21.28  and  21.29 ). 
Early evaluations are being performed to better 
defi ne the location and tissue character of uterine 
fi broids to better determine appropriate treatment

21.8         Testicular Masses 

 Ultrasound including color Doppler is the imag-
ing modality of choice for evaluating scrotal 
abnormalities. 

 A study evaluating testicular lesions identifi ed 
on B-mode ultrasound found that benign and 
pseudo-nodules masses of the testes were very 
soft. Using the Ueno scale they were classifi ed as 
a score of 1. Malignant lesions were stiff and had 
scores of 4 or 5. Using this scale they found a 

87.5 % sensitivity, 98.2 % specifi city, 93.3 % 
positive predictive value, a 96.4 % negative pre-
dictive value, and 95.8 % accuracy in differenti-
ating intratesticular malignant from benign 
lesions [ 91 ]. A small study evaluating epider-
moid cysts found all lesions to be very stiff with 
a strain ratio mean of 43 [ 92 ].  

21.9     Musculoskeletal Tumors 

 Elastography has been shown helpful in evalua-
tion of nonmalignant pathology of the musculo-
skeletal system. Little evaluation of elastography 
on neoplastic lesions of musculoskeletal system 
has been performed.  

21.10     Lymph Nodes 

 Ultrasound is frequently used to evaluate lymph 
nodes particularly if they are in superfi cial loca-
tions. On B-mode ultrasound lymph nodes have a 
hypoechoic cortex that should be relatively uni-
form in thickness and has a hyperechoic hilum. 

a

b

  Fig. 21.27    In this patient 
who presented with abdomi-
nal pain, B-mode imaging 
shows an enlarged pancreas 
with irregular contour and 
echotexture, multiple calculi, 
and mild peripancreatic 
edema. There is increased 
shear wave velocity of 
4.96 m/s ( a ) suggesting acute 
pancreatitis. The correspond-
ing strain image ( b ) shows 
increased stiffness (color 
scale with  red  as hard) though 
out the entire pancreatic body 
and tail also suggestive of 
acute infl ammation (Courtesy 
of Dr. A. Mateen, Hyderabad, 
India)       
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On color Doppler both the arterial supply and 
venous supply enter and exit the hilum. Focal 
thickness or irregularity of the cortex, loss of the 
fat in the hilum, or if blood fl ow enter the lymph 
node at a site other than the hilum are signs sug-
gestive of malignancy. 

 Several early studies using strain have demon-
strated an accuracy of between 73 and 93 % for 
characterization of lymph nodes as benign or 
malignant based on their stiffness [ 93 ]. These stud-
ies have used a color scale to determine relative 
stiffness and others have used the strain ratio of the 
lymph node to adjacent muscle. A small study [ 94 , 

 95 ] of SWE for cervical  lymphadenopathy found 
that malignant nodes were stiffer (median 25.0 kPa, 
range 6.9–278.9 kPa) than benign nodes (median 
21.4 kPa, range 8.9–30.2 kPa). A cutoff of 30.
2 kPa attained the highest accuracy of 61.8 %, cor-
responding to 41.9 % sensitivity and 100 % 
specifi city.  

    Conclusion 

 There are presently two types of ultrasound 
elastography, SE and SWE. Both have advan-
tages and disadvantages. Early work suggests 
that both techniques can have a signifi cant 

  Fig. 21.28    Endocavitary 
scan of an enlarged uterus. 
On the B-mode image, there 
is a subtle uterine fi broid 
( yellow arrow ). The fi broid is 
much better visualized on the 
SE image. The fi broid is 
color coded blue (very stiff) 
compared to the uterus which 
is coded  red  and  green  (soft)       

  Fig. 21.29    Endocavitary 
SWE image for a patient with 
a complex cystic left ovarian 
mass. The solid component of 
the lesion has a high kPa 
value of 191. On surgical 
pathology, the lesion was a 
benign cystadenoma of the 
ovary.  White circles  are the 
fi eld of view (FOV) where the 
measurement of stiffness is 
taken       
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impact on classifi cation of breast lesions as 
benign or malignant. The breast has unique 
elastographic properties as compared to other 
organs. There is little overlap of elastic prop-
erties between benign and malignant breast 
lesions allowing for high sensitivity and speci-
fi city. In other organs (liver, thyroid, prostate) 
there appears to be some overlap of the elastic 
properties of benign and malignant lesions 
decreasing the clinical utility of the technique 
as compared to breast. In prostate the overlap 
is small and SWE appears to be a promising 
method of detection and characterization of 
PC in the peripheral zone. In the liver and thy-
roid, the overlap of elastic properties between 
benign and malignant lesions in early studies 
appears to be signifi cant enough to limit the 
clinical utility of the technique. 

 Ultrasound elastography is a new tech-
nique and continues to evolve. The availabil-
ity of the technology is now becoming widely 
available and a rapid increase evaluation of 
this technology for oncologic imaging is 
expected.     
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  SELEX       Systematic Evolution by Exponential 
Enrichment   

  SPECT    Single photon emission computed 
tomography   

  SPIO    Superparamagnetic iron oxide   
  SWNTs    Single-wall carbon nanotubes   
  T1    Longitudinal relaxation time   
  T2    Transverse relaxation time   

22.1            Introduction 

 New molecular and functional imaging technolo-
gies emerge from different disciplines in science 
to address all aspects to diagnose and treat 
patients. The emerging imaging technologies 
combine the interest ranging from basic scientists 
in the fi eld of biology, physics, and chemistry; 
start-ups, small, medium, and large pharmaceuti-
cal industries, as well as engineers and physi-
cians, all thriving for the ultimate aim to improve 
the quality of life for people affected by cancer. 
Hereby, the transdisciplinary aspects for medical 
devices, as a diagnostic tool and ultimately as an 
approved drug formulation for therapy, affect the 
individual stakeholder differently. Whereby sur-
realistic nanocomposites are envisaged by aca-
demics to push the limits of technology by 
creativity, innovation, and curiosity and to attract 
grant money, pharmaceutical industries as well as 
regulatory authorities require scientifi cally sound, 
batch-controlled safe diagnostics and medica-
tions to ensure patient benefi t. Like for most other 
diseases, prevention is envisaged in oncology. 
Preventive measures are ranging from socioeco-
nomical policies addressing occupational health 
hazards, which ultimately lead to the current anti-
smoking policies, via vaccinations for cervical 
cancer in female and male adolescents up to com-
bining family history and genetic markers to out-
line risk factors, which aims to pretreat “perfectly 
young and healthy” female patients with radical 
surgical procedures by mastectomy. 

 If preventive measures have failed, ultimately, 
diagnostics and treatment have to result in two 
distinct positive effects: First, an increased sur-
vival rate; second, improvements in the quality of 
life. Hereby, one can argue that it does not make 

any sense to diagnose a disease if one is not able 
to treat it. In cancer research, however, one of the 
overarching aims in research is to diagnose can-
cer early, enabling new, potentially already 
proven therapies or surgical interventions at ear-
lier stages before disease progression for the ben-
efi t of the patient. Paired with advances in 
genetics, proteomics, and metabolomics, imag-
ing biomarkers are promising candidates to make 
an early differentiated diagnosis. With the power 
of visualizing directly abnormal tissue types, 
cancer diagnosis in fact requires imaging and/or 
surgical resection with histological confi rmation. 
Hereby, ultrasound and chest x-ray are classically 
used in a setting of a general health service pro-
vider or general practitioner. Patient with initial 
symptoms is referred to specialists: radiologist 
(computerized tomography (CT) and magnetic 
resonance imaging (MRI)) and nuclear medicine 
(single photon emission computed tomography 
(SPECT) and positron emission tomography 
(PET)) often with sub-specialization in oncology. 
Thus, cancer diagnosis is performed using 
imaging. 

 Among all compounds with potential applica-
tion in cancer diagnosis, nanosystems and par-
ticularly nanoparticles (NPs) have emerged as 
promising tools with an enormous potential. 
Their small size and large surface area give rise to 
the creation of multifunctional agents, which can 
be modifi ed with different ligands including tar-
geting moieties or contrast agents. 

 The enhanced permeability and retention 
(EPR) effect is an important concept to explain the 
preferential accumulation of nanoparticles at 
tumor interstitial spaces. It describes the increased 
permeability of tumor neovasculature and the dys-
functional lymphatic drainage system [ 1 ,  2 ]. Thus, 
nanoparticles will accumulate within the tumor 
(passive targeting) [ 3 ]. Liposomes extravasate 
from blood vessels into tumors at sizes below 
400 nm [ 4 ], whereas a subsequent study recom-
mends sizes inferior to 200 nm as more effi cient 
[ 5 ]. Nanoparticles with sizes smaller than 100 nm 
should be preferably used to tumor targeting as 
they are small enough to escape clearance by mac-
rophages from liver and spleen, and thus are able 
to circulate long enough to reach the tumor [ 6 ]. 
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 This approach has however several limita-
tions, such as the heterogeneous permeability of 
the vessel walls to macromolecules throughout 
the tumors. Moreover, some tumors do not show 
the EPR effect, and this kind of targeting is quite 
random as well as diffi cult to be controlled [ 7 – 9 ]. 
To overcome these hurdles, active targeting has 
been increasingly used. This is achieved by con-
jugating nanoparticles with molecules that bind 
overexpressed antigens or receptors on target 
cancer cells [ 10 ]. 

 Regarding the cellular uptake of ligand-coated 
nanoparticles, it has been demonstrated that 
nanoparticle diameters below 50 nm presented a 
greater uptake by cells compared with particles 
with larger diameters [ 11 ]. Also Zhang and 
coworkers theoretically demonstrated that the 
uptake rate reaches a maximum approximately at 
diameters of 50 nm, which was in agreement with 
other experimental studies [ 12 ]. 

22.1.1     Nanocomposites 

 Multifunctionalized NPs are a priori ideally 
suited candidates for the design of diagnostic 
tools with application in cancer [ 8 ]. 

 It is clear that a very wide range of NPs which 
differ in size, shape, chemical composition, etc. 
can be created. Some NP types are schematized in 
Fig.  22.1 . To perform an exhaustive description of 
all NP types is beyond the scope of this chapter; 
however, a brief explanation of the most commonly 
used NP types in imaging is provided below.

22.1.1.1       Graphene and Carbon 
Nanotubes 

 Graphene (Fig.  22.1a ) is a 2-D sp 2 -bonded one-
atom- thick carbon sheet in which carbon atoms 
are arranged in a regular hexagonal pattern. 
Graphene can be rolled into 1-D nanotubes 
(single- wall carbon nanotubes, SWNTs) which 

a

d e

b c

  Fig. 22.1    Schematic presentation of: ( a ) graphene, ( b ) single-wall carbon nanotubes, ( c ) liposome, ( d ) core–shell 
nanoparticle, and ( e ) dendrimer       
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are just a few nanometers in diameter and several 
microns long (Fig.  22.1b ). Graphene and SWNTs 
modifi cable chemistry and large surface area 
make them excellent candidates for the prepara-
tion of multifunctionalized nanosystems.  

22.1.1.2     Vesicle-Type Systems 
 The development of vesicle-type systems like 
liposomes and micelles allows fl exible mecha-
nisms to deliver not only therapeutic-known 
drugs but other compounds of interest like con-
trast agents, antibodies and proteins that can be 
used for therapy and/or diagnosis. Liposomes 
(Fig.  22.1c ) are small vesicles consisting of one 
or more concentric lipid bilayers enclosing dis-
crete aqueous spaces. They are versatile in terms 
of size, surface charge, composition, bilayer fl u-
idity, and are able to encapsulate drugs regardless 
of their solubility. Thus, they have been proposed 
for a long time as drug carriers with therapeutic 
purposes and also as potential imaging agents for 
the visualization of pathological processes. 

 Alternatively, recent biodegradable polymeric 
micelles have been developed as new vesicle sys-
tems that present remarkable drug delivery poten-
tial [ 13 ]. Polymeric micelles are formed by 
self-assembly of block polymers consisting of 
two or more polymer chains with different hydro-
phobicity. In aqueous environment, they form a 
core–shell micellar structure suitable for carrying 

poorly soluble drugs in its hydrophobic core. 
Moreover, its hydrophilic shell provides water 
solubility, protection, and functional groups suit-
able for further modifi cations.  

22.1.1.3     Core–Shell Nanoparticles 
 Core–shell NPs (Fig.  22.1d ) have a core sur-
rounded by a hydrophilic shell and can be made of 
a wide variety of materials including quantum 
dots (QDs), metals, and metal oxides. Direct 
functionalization of core nanoparticles might be 
diffi cult, and, thus, they are often covered with a 
shell containing natural or FDA-approved bio-
compatible and degradable polymer(s) (see 
Table  22.1 ).    An additional effect of embedding 
the core particle prevents degradation of the par-
ticle itself, thus, fi rst, protecting its physicochemi-
cal characteristics and second alleviating potential 
safety concerns that might arise from trace ions. 
Due to size-dependent properties, low toxicity, 
large surface to volume ratio, and ease of fabrica-
tion and multifunctionalization, gold nanoparti-
cles are the most commonly used in the biomedical 
fi eld [ 14 ], although other materials like iron oxide 
have been also widely studied.

22.1.1.4        Polymeric Dendrimers 
 Polymeric dendrimers (Fig.  22.1e ) are hyper-
branched nanostructures that can be controlled in 
size by controlling the number of polymerization 

   Table 22.1    Classifi cation of biodegradable polymers   

 Biodegradable polymers 

 Natural polymers  Synthetic polymers 

 Protein-based polymers  Polysaccharides  Approved by  FDA   Others 

 Collagen  Agarose  Poly(glycolic) acid ( PGA )  Poly(propylene fumarate) 
 Albumin  Alginate  Poly( l -lactic acid) (PLA)  Tyrosine-derived polycarbonate 
 Gelatin  Carrageenan  Poly( d , l -lactic acid) ( PDLA )  Poly(glycolide-co-γ- caprolactone) 

 Hyaluronic acid  Poly( d , l -lactic-co-glycolic acid) 
(85/15) ( 85 / 15 DLPLGA ) 

 Ethylglycinate polyphosphazene 

 Dextran  Poly( d , l -lactic-co-glycolic acid) 
(75/25) ( 75 / 25 DLPLGA ) 

 Chitosan  Poly( d , l -lactic-co-glycolic acid) 
(65/35) ( 65 / 35 DLPLGA ) 

 Cyclodextrins  Poly( d , l -lactic-co-glycolic acid) 
(50/50) ( 50 / 50 DLPLGA ) 
 Poly(caprolactone) ( PCL ) 
 Polyethylene glycol ( PEG ) 
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generations. As polymerization progresses, a 
small, planar molecule transforms into a spheri-
cal nanostructure, with cavities where therapeu-
tics and contrast agents can be grafted with great 
loading effi ciency [ 15 ]. The majority of research 
into the use of dendrimers in the fi eld of biomedi-
cine has been concentrated on treatment, i.e., 
dendrimers delivering cytotoxic radiation via 
radioimmunotherapy. However, they have been 
eventually evaluated as diagnostic tools with 
potential applications in cancer.    

22.2     Novel Imaging Probes 

 As outlined in the preceding chapters and sec-
tion, molecular imaging techniques are in clini-
cal use and applied in research. Hereby, 
differences between classical drug and contrast 
agent design on one hand and new, upcoming 
molecular structures have been described. The 
reader will be guided through individual aspects 
of the use of new molecular and imaging tech-
nologies in this section. For this, the reviewed 
examples for novel molecular imaging probes 
are mainly focused on preclinical in vivo appli-
cations in cancer diagnosis. If applicable, a refer-
ence to clinical applications has been made. 
Additionally, to cover the different imaging 
modalities, we deliberately choose to give each 
individual imaging modality a different weight. 
Nuclear imaging is already established, has its 
own established procedures to validate new 
molecular probes, and relies on radiochemistry 
expertise to radiolabel any structure. It has so 
done in the past, is doing at present and will con-
tinue to deliver new molecular probes in the 
future. New molecular probes in nuclear imaging 
are often prepared in situ and thus are described 
in detail, to refl ect the special requirements of 
radiochemical synthesis. MRI was reduced to 
two applications: smart contrast agent and hyper-
polarization of [1- 13 C]pyruvate. Hereby, smart 
contrast agents are of special interest as they 
have the potential to work as functional molecu-
lar imaging probes. Hyperpolarization for bio-
medical applications became recently available, 
and [1- 13 C]pyruvate has already reached the 

clinic as a potential imaging biomarker. Optical 
imaging, albeit an indispensable tool in cellular 
studies, was reduced to applications of QDs to 
cancer models, as they have the potential to build 
a versatile, sensitive biomedical imaging plat-
form to cover microscopic, cellular, tissues, and 
in vivo applications. 

22.2.1     Nuclear Imaging 

 Positron emission tomography and single photon 
emission computerized tomography are ultrasen-
sitive, noninvasive molecular imaging techniques 
that allow the determination of the space- 
temporal distribution of a radiotracer after admin-
istration into a living organism. The main 
difference between them is that PET uses posi-
tron (β + )-emitting radionuclides whereas SPECT 
uses radionuclides that emit gamma (γ) rays. 
Annihilation of one positron with one electron 
produces two gamma rays, with equal energy 
(511 keV) and direction but emitted 180° from 
each other. Consequently, both techniques rely 
ultimately in the detection of gamma rays. Due to 
the high energy of gamma rays, they penetrate 
tissue almost unaffected and the detection is per-
formed by using detectors located around the 
imaged organism. The measured photons allow 
the reconstruction of distribution of radioactivity 
as an image or sequence of images, which can be 
analyzed to get quantitative data (Fig.  22.2 ). Due 
to the high sensitivity, the radiotracer is usually 
administered in the sub-micromolar range, facili-
tating the study of biological systems without 
disturbing their function; this is, no toxicological, 
pharmacological, and/or undesired side effects 
are expected.

   The idea behind the application of nuclear 
imaging (PET and SPECT) for cancer diagnosis 
is therefore simple: A labeled species (radio-
tracer) which can provide information related to 
(1) a biological event (angiogenesis, apoptosis, 
hypoxia, proliferation, etc.) or (2) the presence of 
molecular biomarkers (protein kinases, growth 
factor receptors, specifi c overexpressed enzymes, 
or receptors, etc.) occurring uniquely or in a spe-
cifi c way in tumors must be synthesized and 
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administered to the subject under study. Positron 
Emission Tomography or SPECT images will 
thus provide information related to the specifi c 
biological event or to the presence/absence of a 
particular biomarker. One classical example is 
2-deoxy-2-[ 18 F]fl uoro-D - glucose ([ 18 F]FDG), an 
analog of glucose with an  18 F atom in the two 
position in substitution of an hydroxyl group. 
[ 18 F]FDG is taken up by cells through the same 
pathways as glucose, phosphorylated and trapped 
in the cells (Fig.  22.3 ); as a result, [ 18 F]FDG 

concentration increases in proportion to rate of 
utilization of glucose, and therefore, it can be 
used as an indirect proliferation marker; [ 18 F]
FDG is currently the most commonly used PET 
tracer in clinical    diagnosis. A second example is 
[ 111 In]pentetreotide (Fig.  22.4 ), the most widely 
used radiolabeled somatostatin analog, which 
binds to somatostatin receptors in the cell surface 
throughout the body. Tumors containing a high 
density of somatostatin receptors concentrate this 
radiotracer via receptor–ligand interaction.
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  Fig. 22.2    Schematic representation of a single-photon 
emission computed tomography (SPECT) ( a ) camera and 
a positron emission tomography (PET) ( b ) camera. In 
SPECT, one disintegration produces one gamma ray. In 
the case of PET, the disintegration produces a positron, 
which annihilates with one electron producing two 
gamma rays, with equal energy (511 keV) and direction 

but emitted 180° from each other. In both cases, the detec-
tion of hundreds of thousands of photons allows the 
reconstruction of the distribution of radioactivity as an 
image or sequence of images ( c ). Regions of interest can 
be drawn and quantitative information can be obtained 
( d ), e.g., as percentage of injected dose per gram of tissue 
(%ID/g)       
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    [ 18 F]FDG and [ 111 In]pentetreotide are only 
two examples of radiotracers which are currently 
used in the clinical practice. However, the vast 
amount of information resulting from biomedical 
research during the last years has enabled the 
identifi cation of many molecular events that take 
place during disease processes. As a result, 
appropriate targets have been selected and a large 
number of labeled probes for the visualization of 
such processes in vivo have been developed. 
Indeed, hundreds of radiotracers based on a wide 
variety of radionuclides decaying due to β +  or γ 
emission have been developed and tested in ani-
mal models and/or clinical studies documenting 
their potential utility as molecular imaging 
probes. Among them, only a few have become 
radiotracers with diagnostic applications in the 
clinical environment.    Table  22.2  collates some 
examples of radiotraces applied in oncology.

   A thorough description of all radiotracers 
used in clinical practice and their applications is 
far beyond the scope of this chapter. Instead, 
novel platforms or families of compounds that 
are currently explored in preclinical studies will 
be discussed and their labeling strategies utilized 
for their preparation will be presented. Two main 
goals lay behind the development of such new 
imaging agents: (1) the visualization of new 
molecular processes or biomarkers and (2) to 
gain specifi city/selectivity in the visualization of 

such processes or biomarkers. Also, in an attempt 
to bring diagnosis and therapy closer, some newly 
developed imaging agents move towards the 
recently coined term theranostics. All these 
aspects will be covered and examples will be pro-
vided for clarity when appropriate. 

22.2.1.1    Peptides 
 Generally, peptides considered as imaging agents 
have a low molecular weight, containing several 
to fewer than 50 amino acids. Small peptides 
have rapid clearance from blood and tissues, 
good permeability properties, and low toxicity. In 
addition, they can be usually chemically modi-
fi ed and incorporation of a radioisotope is feasi-
ble in most cases. Due to these facts, peptides 
have been extensively explored as diagnostic and 
therapeutic agents. 

 Most peptide-based PET and SPECT probes 
are designed on the basis of naturally occurring 
peptides. However, most of natural peptides have 
a short circulation half-life due to the action of 
peptidases and proteases. Therefore, identifi ca-
tion of the active amino acid sequence and intro-
duction of chemical modifi cations on the 
non-active amino acids sequence in order to 
improve in vivo stability (e.g., attachment of the 
peptide to a NP, substitution of one or more 
amino acids) is a commonly followed strategy. 
Just as an example, somatostatin (Fig.  22.5 ) is an 

   Table 22.2    PET and SPECT radiotracers: mechanism of uptake and localization   

 Radiotracer  Biochemical process  Mechanism of uptake or localization 

 [ 18 F]FDG  Glucose metabolism  Diffusion via glucose transporters. Substrate for  hexokinase  
 [ 18 F]Fluoride  Bone metabolism  Incorporation of the hydroxyapatite crystals in bone 
 [ 11 C]Choline  Membrane synthesis  Substrates for  choline kinase  in choline metabolism 
 [ 18 F]Fluorocholine 
 [ 18 F]FMISO  Hypoxia  Intracellular reduction and binding 
 [ 68 Ga]DOTATOC  Receptor binding  Specifi c binding to somatostatin receptors 
 [ 68 Ga]DOTANOC 
 [ 11 C] l -methionine  Amino acid transport and 

protein synthesis 
 Transport into cells involves amino acid carrier protein. 
Intracellular trapping involves protein synthesis or 
transmethylation 

 [ 64 Cu]Annexin V  Apoptosis  Specifi c binding to phosphatidylserine on cell membrane 
 [ 18 F]FB-E[c(RGDyK)]2  Angiogenesis  Integrin receptor on endothelial cells of neovasculature 
 [ 99m Tc]MDP  Bone metabolism  Incorporation of the hydroxyapatite crystals in bone 
 [ 99m Tc]HMDP 

  Based on the table in Vallabhajosula [ 16 ]  
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endogenous peptide hormone that regulates the 
endocrine system and affects neurotransmission 
and cell proliferation. Certain subtypes of soma-
tostatin receptors are overexpressed in certain 
tumor cells, and thus, ligands targeting such 
receptors may be good candidates to image a 
wide variety of tumors. However, somatostatin 
has a very short circulation time (2–3 min) [ 17 ], 
and thus, more stable analogs have been devel-
oped, like the abovementioned [ 111 In]pentetreo-
tide or  68 Ga-labeled DOTATOC (Fig.  22.5 ). 
Additionally to improve stability, chemical modi-
fi cation in inactive sites is used to tune the excre-
tion rate and permeability through membranes.

   Radiolabeling of peptides can be achieved by 
following mainly three different strategies:
•    Radioiodination: Incorporation of a radioac-

tive iodine atom (usually,  125 I,  123 I, or  131 I and 
more recently  124 I) is probably the most widely 
used alternative. Many options for such incor-
poration have been described in the literature; 
radioiodine can be incorporated by in situ oxi-
dation of the anionic species (I - ) using an oxi-
dizing agent in solution, e.g., chloramine-T 
[ 18 ] and subsequent electrophilic substitution 
at the  ortho - position to the hydroxyl group of 
a tyrosine residue. Eventually, the iodine atom 
can be introduced also in a histidine. This 
methodology provides high incorporation 
yields. However, not all peptides contain a 
tyrosine or histidine residue and, in some 
occasions, these amino acids (if present) might 
have a signifi cant role in the biological activity 
of the peptide, which could be affected by the 
introduction of a bulky atom (notice that iodine 
is similar in size to a phenyl group and is mark-
edly hydrophobic). Many investigations have 
also led to the conclusion that the loss of 

biological activity is dependent on the position 
of labeling and is sometimes unpredictable 
[ 19 ]. In addition, the peptide might not be sta-
ble under strong oxidizing conditions, e.g., 
oxidative reagents may cause oxidation of sen-
sitive amino acids, like tryptophan to the oxin-
dole and of methionine to the sulfoxide [ 20 ]. 
Finally, this labeling approach is very unspe-
cifi c, because no control exists on the position 
in which the iodine atom is incorporated; the 
product mixture obtained is often complex and 
requires extensive high- performance liquid 
chromatography (HPLC) purifi cation [ 21 ]. 
More convenient oxidizing agents have been 
developed to prevent oxidation of sensitive 
amino acids, like 1,3,4,6-tetrachloro-3α,6α-
diphenyl glycoluril or Iodogen [ 22 ], a com-
mercially available water-insoluble oxidizing 
agent which can be dissolved in an organic 
solvent and coated on the walls of the glass 
reaction tube. When Iodogen is used, the reac-
tion can be terminated at any time by simply 
removing the crude from the reaction tube. 
Indirect methods, which consist of the cova-
lent attachment of a pre-labeled group to one 
lysine, have been developed; the most widely 
used conjugation reagent is radioiodinated 
 N -succinimidyl 3-(4-hydroxyphenyl)propio-
nate (Bolton- Hunter reagent) [ 23 ]. However, 
in the indirect method multiple products can 
be formed by the reaction with the chain end 
and/or a variety of side chains, and this 
approach often requires an extensive purifi ca-
tion of the resulting product. If the peptide 
under investigation already contains an iodine 
atom, isotopic exchange can be conducted 
[ 24 ]. A summary of the most commonly used 
strategies is schematized in Fig.  22.6 .
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•      Radiofl uorination: Incorporation of an  18 F 
atom can be approached, in general terms, 
using two different strategies: (1) direct fl uori-
nation, in which  18 F (as [ 18 F]F -  or [ 18 F]F 2 ) is 
introduced directly into the target molecule in 
a single step, and (2) indirect fl uorination, in 
which a prosthetic group is used and multistep 
synthesis is usually required. Direct fl uorina-
tion is rarely used in peptide chemistry. 
However, a large number of  18 F-labeled pros-
thetic groups have been developed (Fig.  22.7 ), 
which are used for  18 F-fl uoroalkylation, 
 18 F-fl uoroacylation, or  18 F-fl uoroamidation of 
primary amino groups or thiol residues (see 
Fig.  22.8  for examples). More recently, 
 18 F-labeled fl uoroalkynes and azides have 
been developed and incorporated into proteins 
via the Huisgen cycloaddition of alkynes to 
azides (“click chemistry”) [ 25 ].

•       Incorporation of radiometals: This is usually 
achieved using bifunctional chelators 
(BFCs), which contain one functional group 
and a metal-binding moiety function. The 
fi rst allows for anchoring the BFC to the 
peptide, while the latter enables the seques-
tration of the metallic radionuclide. This 
strategy has been successfully applied to the 
preparation of  64 Cu-,  111 In-,  68 Ga-,  67 Ga-, and 
 99m Tc-labeled peptides, among others. 
Interestingly, this approach usually allows 
incorporation of the radiometal in the last 
synthetic step. In addition, most radiometals 
are commercially available or can be pro-
duced using generators. Hence, this strategy 
is becoming more and more popular, and the 
majority of recent publications related to 
peptide labeling involve the use of a 
radiometal.    
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 As mentioned above, the vast amount of infor-
mation resulting from biomedical research has 
enabled the identifi cation of many molecular 
events that take place during disease processes, 
appropriate targets have been selected, and a 
large number of labeled probes for their visual-
ization have been developed. Labeled peptides 
for the in vivo visualization of the most important 
targets associated to cancer include integrin 
receptors, somatostatin receptors (SSTR), 
gastrin- releasing peptide receptor (GRPR), mela-
nocortin- 1 receptor (MC-1R), vasoactive intesti-
nal peptide receptors (VIPRs), glucagon-like 
peptide-1 receptor (GLP-1R), and neurotensin 
receptor (NTR). Extensive reviews covering the 
recent advances in specifi c delivery of peptide- 
based probes for PET and SPECT imaging have 
been recently published [ 26 ,  27 ], and therefore, 
only a couple of examples will be briefl y pre-
sented here. 

 The fi rst example involves the application of 
gastrin-releasing peptide (GRP) analogs to pros-
tate cancer imaging [ 28 ]. In this work, [Lys 3 ]
bombesin ([Lys 3 ]BBN) was conjugated with 
1,4,7,10-tetraazacyclododecane1,4,7,10-tet-
raacetic acid (DOTA) and labeled with the posi-
tron-emitting isotope  64 Cu. The labeled peptide 
was administered to PC-3 androgen- independent 
(AI) and CRW22 androgen-dependent (AD) 

prostate cancer tumor models. The peptide had a 
rapid blood clearance. At 1 h after administra-
tion, tumor-to-blood ratios were 13.1 ± 2.3 and 
4.1 ± 1.3 for PC-3 and CWR22 tumors, respec-
tively (see Fig.  22.9  for representative PET and 
autoradiographic images). These results indi-
cated GRP receptor- specifi c uptake in PC-3 
tumor, which was confi rmed by in vivo receptor-
blocking study at 1-h time point.

   In another work, 4-([ 18 F]fl uoro)benzoyl- 
neurotensin(8–13) and two analogs stabilized in 
one and two positions were synthesized and eval-
uated in vitro and in vivo as potential candidates 
to image tumors overexpressing neurotensin 
receptor 1 (NTR1) by PET. In vitro binding affi n-
ity in the low nanomolar range to NTR1-
expressing human tumors was found for all 
analogs. In vivo studies in rats and mice-bearing 
HT-29 cell tumors showed a moderate uptake of 
the radiolabeled peptides into the studied tumors, 
presumingly due to fast elimination by the kid-
neys. These results suggested that the high bind-
ing affi nity to NTR1 and the stabilization against 
proteolytic degradation are not suffi cient for 
tumor imaging by PET [ 29 ]. 

 More promising results were obtained with 
an analog of glucagon-like peptide 1 (GLP-1), 
the natural ligand of GLP-1 receptors. The ana-
log (exendin-3) was conjugated to DOTA for the 
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  Fig. 22.9       ( Left ) Coronal microPET image of tumor-
bearing mouse (PC-3 on left shoulder and CWR22 on 
right shoulder) 1 h after administration of  64 Cu-DOTA-

[Lys 3 ]BBN. ( Right ) Digital autoradiograph of section 
containing tumors. Reprinted by permission of SNMMI 
from Chen et al. [ 28 ]       

incorporation of  68 Ga and was investigated in 
vivo in BALB/c nude mice with subcutaneous 
insulinoma tumor cell (INS-1) tumors [ 30 ]. 
[Lys 40 ( 111 In-DTPA)]exendin-3 was used as refer-
ence. A high uptake of [Lys 40 ( 111 In-DTPA)]
exendin- 3 was observed in the tumor 
(33.5 ± 11.6%ID/g at 4 h after injection, see 
Fig.  22.10 ). Remarkably, tumor uptake of 
 68 Ga-labeled [Lys 40 (DOTA)]exendin-3 was 
lower than tumor uptake of  111 In-labeled 
[Lys 40 (DTPA)]exendin-3. This example high-
lights the potential effect of the BFCs and the 
radioisotope on the biological behavior of the 
radiotracers in vivo.

22.2.1.2       Aptamers 
 At the beginning of the 1990s, it was observed 
that short ribonucleic acid (RNA) molecules 
could fold into three-dimensional structures and 
specifi cally bind different non-nucleic acid tar-

gets. Their surface was perfectly shaped to join 
them closely; hence, they were named “aptam-
ers” (after the Latin aptus “joined”). Nucleic 
acid aptamers are capable of forming stable 
three- dimensional structures in aqueous solu-
tion and can be ribo- or deoxyribonucleic acids. 
In general, RNA offers the possibility of intra-
cellular expression, whereas Deoxyribonucleic 
Acid (DNA) is more stable. No signifi cant dif-
ferences in specifi city or binding abilities have 
been observed between these two types. Peptide 
aptamers, which are proteins that are designed 
to interfere with other protein interactions 
inside cells, will not be considered in this 
chapter. 

 Nucleic acid aptamers can be synthesized by 
Systematic Evolution of Ligands by Exponential 
Enrichment (SELEX) [ 31 ]. The SELEX proce-
dure has been extensively described [ 32 ] and 
consists in a succession of 5 steps (See Fig.  22.11  
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for scheme) [ 33 ]. (1) An oligonucleotide library 
of sequences (candidates) is produced. All candi-
dates contain two fi xed sequences at their extrem-
ities to allow polymerase chain reaction (PCR) 
amplifi cation, fl anking a sequence of  n  nucleo-
tides randomly synthesized. (2) The candidates 
are submitted to an in vitro selection based on 
their affi nities for a specifi c target or a catalytic 
activity. (3) Sequences which satisfy the selec-
tion criterion are recovered while the others are 
removed. (4) The winning sequences are then 
amplifi ed. Steps (2)–(4) are repeated several 

times. (5) Aptamers are cloned, sequenced, and 
tested for binding or catalytic activity.

   Aptamers have been explored during the last 
decade as alternatives to monoclonal antibodies 
(mAbs). Monoclonal antibodies, because of their 
high affi nity, specifi city, and wide range of avail-
able targets, have been the workhorse of molecu-
lar targeting for long time. However, mAbs have 
a long blood residence, which decreases in vivo 
image quality. Interestingly, aptamers are compa-
rable to antibodies in specifi city and affi nity for 
their target molecule [ 34 ]; they are intermediate 
in size (8–15 kDa) between antibodies (150 kDa) 
and small peptides (1–5 kDa) and are slightly 
smaller than single-chain variable-fragment anti-
bodies (25 kDa). Aptamers readily support site- 
specifi c modifi cations that maintain structure and 
activity and can be coupled to diagnostic or ther-
apeutic agents and to bioconjugates, such as 
polyethylene glycol (PEG) polymers, that can 
alter aptamer pharmacokinetics. They possess 
desirable storage properties, and elicit little or no 
immunogenicity in therapeutic applications. All 
these properties, in turn, make aptamers as good 
candidates to be labeled and used for the visual-
ization of certain receptors in pathological pro-
cesses. The most convenient way for the 
incorporation of a radionuclide into aptamers is 
based in the use of BFCs, which are covalently 
attached to a non-active site. 

 One of the fi rst studies with aptamers for 
SPECT employed NX21909, an aptamer irre-
versible inhibitor of neutrophil elastase, which 
was successfully used for diagnostic imaging of 
infl ammation in rats after being labeled with 
 99m Tc [ 35 ]. First application to tumor localiza-
tion came a few years later. TTA1, an aptamer 
to the extracellular matrix protein tenascin-C, 
was prepared and radiolabeled with  99m Tc [ 36 ]. 
First, TTA1 was attached to the chelator 
2-Mercaptoacetylglycylglycyl (MAG2) [ 37 ] 
through the 5′ amine for  99m Tc incorporation. 
Scintigraphic images of U251 tumor-bearing 
mice were collected at different time points 
after administration. The images refl ected high 
uptake in bladder and liver after 10 min; at 3 h, 
the intestines were prominent, with bladder still 
evident. After 18 h radioactivity had almost 

Tumor

  Fig. 22.10       Maximum intensity projection of a PET/CT 
image of a BALB/c nude mouse with a subcutaneous 
INS-1 tumor in the right hind limb after injection of 3 MBq 
HPLC-purifi ed [Lys 40 ( 68 Ga-DOTA)] exendin-3. The tumor 
( arrow ) and kidneys are clearly visible. Due to the low 
background activity, the additional anatomical information 
given by the CT image helps to localize the tumor. 
Reprinted by permission of Springer Science and Business 
Media from Brom et al. [ 30 ])       
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entirely cleared the body, and the tumor was the 
brightest structure visualized. Similar results 
were obtained with a breast tumor generated 
using the cell line MDA-MB-435 demonstrat-
ing the ability of the aptamer to recognize mul-
tiple tumor types. No uptake was observed in 
the tumor when a control aptamer was used 
(TTA1.NB). The accumulation in the tumors at 
different time points after administration can be 
clearly visualized in Fig.  22.12 .

   Results obtained with labeled aptamers have 
not been always successful. In a more recent 
work, selected aptamers against the protein core 
(AptA) or the tumor glycosylated (AptB) MUC1 
glycoprotein were conjugated to MAG2 and 

labeled with  99m Tc. The conjugation was achieved 
in high yield using standard coupling reactions 
between an amino modifi cation on the aptamer 
and the activated carboxylic group on the ligands, 
and the biodistribution of both radiolabeled 
aptamers was studied in MCF7 xenograft- bearing 
nude mice at different time points after adminis-
tration. The tumor uptake and clearance data 
showed a different behavior between the two 
aptamers, suggesting a quicker internalization in 
the tumor cells of AptB than AptA. However, the 
tumor/tissue ratios were not satisfactory, suggest-
ing that these potential probes still need to be 
improved before being used as clinical radiola-
beled targeting agents [ 38 ].  

Library

Fixed Random Fixed

i

Oligonucleotide
candidates

Individual aptamers

V iv Amplification

ii Removal of unbound
   sequences

iii Recovery of bound
   sequences

  Fig. 22.11    General principle of SELEX. A random pool 
of oligonucleotides candidates is ( i ) synthesized and ( ii ) 
incubated with the target. Sequences satisfying the selection 
criterion are recovered while those that do not are removed. 

( iii ) The bound sequences are extracted and ( iv ) amplifi ed. 
The selected pool can then enter a new round of selection. 
( v ) Aptamers are then cloned, sequenced and tested (Based 
on the drawing included in: Pestourie et al. [ 33 ])       
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22.2.1.3    Antibodies 
 Antibodies are glycoproteins that can be made to 
specifi cally target the immunizing antigen. Thus, 
they have a huge potential as specifi c targeting 
agents for both diagnosis and therapy. Already in 
1948 it was demonstrated that the immunoglobu-
lin fraction containing antibodies to normal rat 
kidneys could be radiolabeled with  131 I and used 
to specifi cally target the kidneys in vivo [ 39 ]. 
This work suggested the potential of antibodies 
for tumor imaging. Many years later, polyclonal 
antibodies to carcinoembryonic antigen showed 
that carcinomas can be imaged with radiolabeled 
anti-CEA antibodies [ 40 ]. Since these early 
works, labeled monoclonal antibodies have been 

used for imaging different types of tumors, 
including breast [ 41 ], colon [ 42 ], lung [ 43 ], ovar-
ian [ 44 ], etc. 

 The utility of antibodies for imaging was ini-
tially limited by their large size (150 kDa). 
However, advances in antibody engineering have 
led to the development of various forms of anti-
bodies, i.e., monovalent fragments (variable frag-
ments, single-chain variable fragments), bivalent 
or bispecifi c diabodies, and minibodies. 
Additionally, improvements have been performed 
in modulating their immunogenicity, behavior in 
circulation, and pharmacokinetics. Finally, strate-
gies for the effi cient incorporation of radionu-
clides have been developed. As a result, antibodies 

U251

Binding
aptamer

Non-binding
aptamer

10 min

3 hr

18 hr

20 hr

tumor

MDA-MB-435

tumor

  Fig. 22.12       Aptamer-based 
γ-camera images of tumors. 
With binding aptamer but not 
with control aptamer, U251 
glioblastoma tumor is faintly 
visible at 10 min, prominent 
at 3 h, and the brightest 
structure at 18 h. Structures 
prominent at 10 min include 
bladder and visceral mass. 
Large intestine, bladder, and 
tumor are seen at 3 h. Also 
tested was MDA-MB-435 
breast tumor implanted into 
mammary fat pad of female 
nude mice and allowed to 
grow to 400 mg. TTA1 was 
labeled with  99m Tc, injected 
intravenously at 3.25 mg/kg, 
and imaged at 20 h. Reprinted 
by permission of SNMMI 
from Hicke et al. [ 36 ])       
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and their modifi ed forms have emerged as pre-
ferred agents to target tumor antigens. Currently, 
several antibodies have been approved by the 
FDA for imaging (reviewed in [ 45 ]). The recent 
advances in antibody-based oncologic imaging 
have been recently reviewed [ 46 ], and thus, they 
will not be further discussed in this chapter.  

22.2.1.4    Nanocomposites 
 Due to the different chemical nature of the differ-
ent NPs (see Sect. 22.1.1), many alternatives 
have been developed for the incorporation of the 
radionuclide. However, they can be summarized 
in 3 main categories:
•    Generation of the radioisotope by activation of 

the NPs, usually achieved by irradiation with 
ions (protons or deuterons) or neutrons. The 
radionuclide is thus generated in situ via a 
nuclear reaction. The activation of Al 2 O 3  NPs 
by irradiation with 16 MeV protons via the 
 16 O(p,α) 13 N nuclear reaction to generate 
 13 N-labeled Al 2 O 3  NPs [ 47 ], the activation of 
CeO 2  NPs by deuteron irradiation via the 
 140 Ce(d, p) 141 Ce nuclear reaction [ 48 ], and neu-
tron activation of  197 Au NPs to generate in 
situ 198 Au-labeled NPs [ 49 ] are only a few 
examples that can be found in the literature. 
Noteworthy, since neutron capture occurs pref-
erentially at low neutron energies, it can gener-
ally be assumed that the activated nucleus 
remains very close to its original lattice posi-
tion, this is, in the volume of the NP itself. This 
allows activation of NPs in solutions, whereas 
in the case of ion activation, radiolabeling 
occurs by recoil implantation of an activation 
product in a second NP, and thus, irradiation of 
nanoparticulate dry powders is required. In 
addition, by taking advantage of accelerator-
driven neutron sources using the concept of 
Adiabatic Resonance Crossing, mild activation 
conditions (lower neutron and gamma-radia-
tion dose rates and sample temperatures) allow 
the activation of nanoparticles or nanoparticle 
suspensions that are sensitive to thermal dam-
age or radiation exposure [ 50 – 52 ].  

•   After-loading or attachment/entrapment of the 
radionuclide once the NP has been synthe-
sized. This is usually achieved using BFCs, 

which contain one functional group and a 
metal-binding moiety function. The fi rst 
allows for anchoring the BFC to the NP sur-
face, while the latter enables the sequestration 
of a metallic radionuclide. This strategy has 
been successfully applied to the preparation of 
 64 Cu-,  68 Ga-, and  99m Tc- labeled NPs, among 
others [ 53 – 55 ]. One clear advantage of this 
methodology arises from the fact that NPs 
which already contain the BFC can be pre-
pared and fully characterized. The chelation 
reaction usually takes place under very mild 
conditions, and thus, alteration of the NPs 
properties during labeling can be neglected. 
Alternatively, the attachment of pre-labeled 
tags to the NP surface can also be used [ 56 ]. 
Direct surface attachment of radioactive ions 
[ 57 ] and diffusion of radioactive species into 
the NPs have also been reported [ 58 ]. In the 
particular case of liposomes, transport of the 
radionuclide through the lipid bilayer and 
trapping in the aqueous interior are also pos-
sible [ 59 ].  

•   Incorporation of the radioisotope during the 
NP synthesis process, using radioactive pre-
cursors [ 60 ].    
 In general terms, the second strategy is the 

most widely used in the biomedical fi eld. The 
fact that the radionuclide can be incorporated in a 
very late stage in the synthetic process and the 
relatively mild reaction conditions required are 
defi nite advantages. Activation of NPs via neu-
tron activation has been also occasionally used, 
although the number of available neutron sources 
is scarce, limiting thus its application. Activation 
of NPs using accelerated ions and incorporation 
of the radioisotope during the synthesis process 
have an interesting application fi eld for the detec-
tion of inorganic NPs in environmental and toxi-
cological studies. 

 Despite the number of scientifi c works report-
ing the labeling and subsequent utilization of 
nanoparticulate materials is continuously increas-
ing, there are few concerns to be taken into 
account during the labeling process as well as 
during data interpretation. These concerns are not 
usually discussed in detail, but might lead to 
complete incorrect or misinterpreted results. 
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Briefl y (1) the term NP is never related to a single 
species, but to a group of species with very simi-
lar (but different) properties. In consequence, the 
macroscopic, measured biological readout is the 
sum of different individual actions, and, among 
those, only the ones derived from radiolabeled 
NPs will be detected and tracked. Thus, uniform 
or at least representative labeling must be guaran-
teed in order to get reliable data. (2) NPs are 
always altered to some extent during the labeling 
process. Hence, attention should be paid to char-
acterization of the labeled NPs as well as to the 
assessment of their biological properties and 
compared to those of unlabeled ones; (3) nuclear 
imaging modalities actually track the radioactive 
atom, independently of its chemical form or envi-
ronment. Thus, detachment of the radioisotope 
from the NP might lead to imprecise results and 
misinterpretation of the data; (4) the physical–
chemical and structural properties of the unla-
beled and labeled NPs are very similar, and 
separation of the second from the fi rst is not usu-
ally feasible. Thus, the apparent specifi c activity 
is often low and the microdosing concept might 
be lost; (5) the labeling process and further in 
vivo detection of the labeled NPs require the 
manipulation of ionizing radioactive species and 
the use of sophisticated equipment which, in 
turn, makes the whole process complicated and 
expensive. These concerns have been recently 
discussed in detail [ 61 ]. 

 Due to the abovementioned pitfalls, it is clear 
that despite radiolabeling results in an effi cient 
way for the in vivo tracking of NPs after adminis-
tration/incorporation to/into an organism, such 
issues need to be carefully considered if the results 
are to be valid. Noteworthy, the use of radiola-
beled NPs becomes more diffi cult in the clinical 
environment. It is well known that radiotracers for 
human use need to be prepared under good manu-
facturing practices (GMPs), and during the last 
two decades, most of the radiopharmaceutical 
laboratories have updated their facilities and have 
implemented the procedures to accomplish the 
production under GMPs. However, production of 
labeled NPs under GMPs can be anticipated to be 
very challenging. All the equipment involved 
needs to be qualifi ed. Importantly, because the 

radiotracer is usually released before sterility tests 
are fi nalized, the whole process requires full vali-
dation. In addition, radiotracers are usually auto-
claved before release for sterility purposes or, 
alternatively, fi ltered through 0.22 μm fi lters. The 
stability of NPs to autoclaving conditions needs 
thus to be tested if fi ltration is not an option due to 
particle size. Finally, quality control can also 
become a big issue. Particle size distribution and 
chemical characterization are usually performed 
with equipment which is often outside radiation-
controlled zones, and NP samples must be allowed 
to decay to acceptably low activity levels before 
full characterization can be achieved. All these 
questions and compliance with regulatory issues 
need to be carefully addressed before a labeled 
NP can enter a clinical trial. 

   Labeled NPs with Diagnostic Applications 
 As mentioned above, accumulation of NPs in 
tumor tissue may occur by the EPR effect; indeed, 
such effect has been exploited in certain occa-
sions, and some examples can be found in the lit-
erature. Alternatively, tumor-specifi city active 
targeting using NPs can be accomplished by 
including a target moiety attached to the surface 
of the NP, e.g., a ligand such as the RGD peptide 
[ 62 ], epidermal growth factor (EGF) [ 63 ], folate 
[ 64 ], transferrin (Tf) [ 65 ], or antibodies and anti-
body fragments, such as a single-chain variable 
fragment as discussed in previous sections; these 
moieties recognize a cell surface receptor which 
is only (or predominantly) expressed in tumor 
cells [ 66 ,  67 ]. In most cases, these ligand–recep-
tor interactions result in effi cient uptake of the NP 
into the tumor cell by receptor-mediated endocy-
tosis. From this approach, an immediate question 
may arise: Why should one attach a targeting moi-
ety to an NP, if the targeting moiety is capable to 
reach the tumor by itself, as explained in previous 
sections? Actually, there are different reasons that 
support the use of NPs as vehicles: (1) each NP 
can incorporate a high number of targeting moi-
eties (multivalency effect); this, in principle, 
increases the probabilities of targeting moiety–
target interactions and enables the simultaneous 
interaction of various targeting moieties with vari-
ous binding sites, improving the effective 
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accumulation of the NP in the targeted tissue; (2) 
NPs can be multifunctionalized; in other words, 
the targeting moiety and a therapeutic agent can 
be simultaneously loaded onto the NP, enhancing 
the selective accumulation of the therapeutic 
agent in the targeted tissue; and (3) by being 
attached to the NP, many bioactive molecules, 
which could be metabolized or rapidly eliminated, 
stay longer time in the circulatory system, result-
ing in an increased bioavailability. For example, 
attaching a peptide to an NP is expected to have a 
positive effect, with similar results to those 
achieved by chemical modifi cation of the peptide. 
Worth mentioning, alteration of the biological 
activity due to attachment to the NP should be 
thoroughly investigated before application. 

 Given the variety of different cancer types and 
the multitude of nanoagents designed for their 
detection and/or treatment, it is impossible to 
enumerate all of them in this chapter. Thus, we 
will mention a few examples of some selected 
targeted and nontargeted nanoagents which have 
proven effi ciency at least in animal models. 

 PEG-functionalized SWNTs containing 
c(RGDyK), a potent integrin α v β 3  antagonist, and 
a bifunctional chelator for the incorporation of 
 64 Cu were studied as potential imaging agents in 
a mouse model bearing subcutaneous integrin 
α v β 3 -positive U87MG tumors using PET [ 68 ]. 
The SWNTs were labeled with  64 Cu by anchoring 
the macrocyclic chelator DOTA to the termini of 
different-sized PEG chains. SWNTs lacking 
RGD peptides were used as control. Despite the 
surface PEG chain length signifi cantly affected 
the blood concentration and biodistribution pat-
tern, SWNTs were found to be highly stable in 
vivo. PET images with  64 Cu-labeled SWNT–
PEG 5400 –RGD showed a high increase in tumor 
uptake (10–15 % ID g −1 , tumor-to-muscle ratio 
>15) compared to control SWNTs (3–4 % ID g −1 ) 
2 h after administration. Interestingly, 
 64 Cu-labeled PEG–RGD species are known to be 
rapidly cleared from mice through the renal route 
in just a few hours; hence, the high tumor accu-
mulation was attributed to the long blood circula-
tion time and the multivalency effect (multiple 
RGDs loaded in a single SWNT binding to mul-
tiple integrin α v β 3  simultaneously). 

 Functionalized nano-graphene has also been 
assayed for tumor targeting in an animal tumor 
model [ 69 ]. Nano-graphene oxide (NGO) sheets 
with covalently linked PEG 10000  chains were con-
jugated to NOTA (1,4,7-triazacyclononane-1,4,7- 
triacetic acid) for  66 Ga incorporation and 
TRC105, a human/murine chimeric IgG1 mono-
clonal antibody which binds to CD105 (endog-
lin) with high avidity. Endoglin is exclusively 
expressed on proliferating tumor endothelial 
cells, and thus, it is potentially an ideal marker 
for tumor angiogenesis.  66 Ga-NOTA-GO- 
TRC105 accumulated quickly in 4 T1 (murine 
breast cancer) tumors (5–8 mm), established by 
subcutaneously injection of cells into the front 
fl ank of mice. Administration of a blocking dose 
of TRC105 2 h before  66 Ga-NOTA-GO-TRC105 
injection signifi cantly reduced the tumor uptake. 

 In a very recent study, NGO was conjugated to 
anti-HER2 antibody (trastuzumab) and was eval-
uated as imaging agent in two HER2- 
overexpressing murine models of human breast 
cancer.  111 In was incorporated to the functional-
ized NGO using diethylenetriaminepentaacetic 
acid (BnDTPA) and tumor accumulation was 
evaluated using SPECT [ 70 ]. Tumor accumula-
tion amounted to 12.7 ± 0.67 and 15.0 ± 3.7 % of 
the injected dose/g (% ID/g) of tumor tissue at 
72 h, with tumor-to-muscle ratios of 35:1 and 
7:1, respectively. 

 A biodegradable positron-emitting dendritic 
nanoprobe targeted at α v β 3  integrin was developed 
for the noninvasive imaging of angiogenesis [ 71 ]. 
The nanocarrier consisted of a dendritic core 
(Pentaerythritol) and a fl exible multivalent shell. 
Pentaerythritol was divergently dendronized by 
using a derivative of 2,2-bis(hydroxymethyl) pro-
panoic acid to afford a dendrimer with eight 
branching points. Heterobifunctionality was 
introduced by coupling eight protected tyrosine 
moieties, which enabled the introduction of the 
radioisotope ( 76 Br) on the phenyl moieties. 
Finally, eight heterobifunctional polyethylene 
oxide chains (PEO, 2,700 Da) were attached and 
the amine groups at the terminal ends of PEO 
were deprotected, coupled to glutaric anhydride, 
converted to active imidazolides and fi nally cou-
pled to cRGD peptide moieties (~5 RGD per 
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dendritic nanoprobe). Nontargeted nanosystems 
were used as control. In vivo PET experiments 
were conducted using a mice ischemia model. 
Image analysis revealed high specifi c accumula-
tion of targeted  76 Br-labeled dendritic nanoprobes 
in angiogenic muscles, suggesting potential appli-
cation as angiogenic markers. Worth mentioning, 
despite their potential as angiogenesis markers in 
tumor tissue, these nanoprobes were not further 
tested in animal cancer models. 

 Starburst dendrimers have also been func-
tionalized with IgG-antibodies [ 72 ]; the immu-
noreactivity of antibodies was unaffected by 
dendrimer conjugation as determined by 
enzyme- linked immunosorbent assay (ELISA). 
Moving towards in vivo imaging, the biodistri-
bution of  111 In- and  88 Y-labeled polyamidoamine 
dendrimers (PAMAM) conjugated to humanized 
anti-Tac IgG (HuTac) was assessed in nude 
mice. High accumulation was found in the liver, 
kidney, and spleen; this accumulation signifi -
cantly decreased when the chelates were satu-
rated with cold radiometals. The biodistribution 
of the dendrimer- conjugated HuTac in normal 
organs of tumor-bearing mice was similar to 
nontumor- bearing mice. Specifi c tumor 
(ATAC4) uptake was higher than that in nonspe-
cifi c tumor (A431). 

 Liposomes composed of dipalmitoylphospha-
tidylcholine (DPPC), cholesterol, and charged 
lipid P-hexadecyl- d -glucuronide (PGlcUA) or 
PEG-conjugated distearoylphosphatidylethanol-
amine (DSPE) were labeled with [ 18  F]FDG and 
administered to mice-bearing Meth A sarcoma 
17 days after tumor implantation. PET images 
were acquired concomitantly with the adminis-
tration of labeled liposomes. PGlcUA liposomes 
effi ciently accumulated in tumor tissues time 
dependently from immediately after injection 
[ 73 ]. Because no targeting moiety was attached 
to the liposomes, this is a good example of the 
benefi ts of the EPR effect in passive targeting. 
The same research group has recently refi ned 
their strategy by attaching a targeting moiety 
covalently anchored to the liposome [ 74 ]. 
Polyethylene glycol (PEG)-modifi ed liposomes 
were modifi ed with the Ala–Pro–Arg–Pro–Gly 
(APRPG) motive, which is known to home into 

angiogenic sites. Liposomes were labeled with 
1-[ 18  F]fl uoro-3,6-dioxatetracosane (SteP2) and 
administered to rats 11 days after the implanta-
tion of C6 glioma cells. PET images revealed that 
the positron emitter accumulated in the tumor 
region, suggesting the penetration of [ 18  F]SteP2- 
labeled APRPG-liposomes in the tumor tissue. 
Nontargeted liposomes showed lower specifi c 
accumulation. In both cases, low levels of radio-
activity in other brain regions were detected due 
to blood–brain barrier (BBB) protection. 

 In another work, vasoactive intestinal peptide 
(VIP) was covalently attached to the surface of 
sterically stabilized liposomes (SSL) that encap-
sulated the  99m Tc–hexamethylpropyleneamine 
oxime complex ( 99m Tc–HMPAO), and the nano-
constructs were evaluated as imaging agents in a 
 N -methyl nitrosourea (MNU)-induced breast can-
cer rat model. Long-circulating liposomes with 
and without VIP on their surface signifi cantly 
accumulated in breast cancer when compared to 
normal tissue, indicating passive targeting of 
these constructs to cancer tissues. Importantly, 
targeted liposomes showed signifi cantly more 
accumulation than nontargeted ones [ 75 ]. 

 In another study, the biodistribution, pharma-
cokinetics, and imaging of nanotargeted 
 188 Re- N , N -bis (2-mercaptoethyl)- N ′, N′ -diethy-
lethylenediamine (BMEDA)-labeled PEGylated 
liposomes (RBLPL) and unencapsulated  188 Re–
BMEDA was evaluated after intraperitoneal 
injection in a C26 colon carcinoma ascites mouse 
model [ 76 ]. Mice were inoculated intraperitone-
ally (i.p.) with C26 cells and Micro- SPECT/CT 
imaging was performed at 10 days after inocula-
tion. The biodistribution studies indicated that 
the radioactivity in ascites was 69.96 ± 14.0 % of 
injected dose per gram (% ID/g) at 1 h to 
5.99 ± 1.97 % ID/g at 48 h after i.p. administra-
tion of RBLPL. Radioactivity progressively 
accumulated in the tumor to a maximum of 
6.57 ± 1.7 % ID/g at 24 h. There was no evidence 
for the cumulative deposition of  188 Re–BMEDA 
in tumor all along the study. 

 Core–shell NPs have also been assayed for the 
in vivo visualization of tumors taking advantage 
of the EPR effect. Core silica NPs (∼120 nm in 
diameter) covered with a gold shell (8–10 nm) 
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were functionalized with a mixture of bifunc-
tional chelating agent  S -2-(4-aminobenzyl)-
1,4,7,10-tetraazacyclododecane tetraacetic acid 
(p-NH 2 -Bn-DOTA) and (opyridyldisulfi de- 
polyethylene glycol 2000- N -hydroxysuccinimide 
ester(OPSS-PEG2K-NHS) to enable  64 Cu incor-
poration [ 77 ]. NPs were assayed using rats bear-
ing head and neck squamous cell carcinoma 
(HNSCC), established via subcutaneous inocula-
tion of SCC-4 cells. The complex  64 Cu-DOTA 
and  64 Cu-DOTA-PEG were used as controls. The 
two controls had some weak tumor accumulation 
starting from 1 h after injection which did not 
increase over time. In contrast, despite the lack of 
a targeting unit,  64 Cu-labeled NPs tumor accumu-
lation increased over time and reached a plateau 
at 20 h after injection. 

 Targeted iron oxide NPs were also used for the 
in vivo visualization of tumors in a U87MG 
tumor mice [ 78 ]. Polyaspartic acid (PASP)-
coated iron oxide (IO) nanoparticles were syn-
thesized and coupled to cRGD peptides and 
DOTA chelators to enable incorporation of  64 Cu. 
Nontargeted NPs were used as controls. The 
U87MG tumor was clearly visualized with high 
contrast relative to the contralateral background 
from 1 to 21 h after injection of targeted NPs 
(7.9 ± 0.8 % and 9.8 ± 3.2 % ID/g, respectively), 
while nontargeted NPs showed signifi cantly 
lower tumor uptake.  

   Labeled NPs with Theranostic Applications 
 NPs, due to their large surface area and their rich 
chemistry, are ideal candidates to be used as ther-
anostic agents. The therapeutic and the diagnostic 
agents can be simultaneously loaded onto/attached 
to the NP for specifi c release and simultaneous 
monitoring using nuclear imaging. The therapeu-
tic agent can be a drug; alternatively, the use of α- 
or β − -emitters can be used for radiotherapeutics. 

 A detailed explanation and exhaustive revi-
sion concerning the theranostic applications of 
NPs is out of the scope of this chapter. For a 
recent revision, see [ 79 ]. Just as an example, 
multifunctional and water-soluble superpara-
magnetic iron oxide (SPIO) NPs were function-
alized with cRGD peptides to target integrin 
α v β 3 , the therapeutic drug doxorubicin (DOX), 

and the macrocyclic chelating agent 
1,4,7-triazacyclononane- N , N′ , N″ -triacetic acid 
(NOTA) for further incorporation of  64 Cu [ 80 ]. 
cRGD-free nanocarriers were used as a control. 
The biodistribution and tumor uptake of these 
NPs were studied in U87MG tumor-bearing 
mice. Accumulation of targeted nanocarriers 
occurred primarily in the tumor and liver but not 
in most normal tissues.    The tumor uptake was 
clearly visible on the images at 0.5 h postinjec-
tion and plateaued after 6 h at around 5 % ID/g. 
Tumor uptake for nontargeted nanocarriers was 
signifi cantly lower, proving the positive effect of 
the targeting moiety.    

22.2.2     Magnetic Resonance 

 Magnetic resonance imaging (MRI) and spec-
troscopy (MRS) were extensively described in 
the previous chapters. Excellent books describing 
the fundamental of MRI and MRS as well as its 
use in cancer/oncology have been published. 
Thus, this chapter does not address the general 
aspect of MR but rather focuses on two emerging 
fi elds arising in preclinical research: smart con-
trast agents [ 81 ] and hyperpolarized molecular 
probes [ 82 ]. 

22.2.2.1    Smart Contrast Agents 
 Generally, noninvasive MRI contrast between var-
ious tissues is produced by the choice of pulse 
sequence at a given fi eld strength. Hereby the sig-
nal that arises from water (protons) is fi rst infl u-
enced by the proton density (PD) and second by its 
surroundings, and thus, differences in the longitu-
dinal relaxation time (T1) and transverse relax-
ation time (T2) are commonly observed between 
tissues and during disease evolution. Compared to 
free water, these relaxation times are reduced in 
vivo, and thus, one may take the simplifi ed view 
that the overall tissue composition acts like an 
endogenous contrast agent mixture. If the compo-
sition of the mixture changes signifi cantly, either 
one or both relaxation times might be affected and 
thus can be explored for diagnosis. 

 Contrast agents are used either to reduce the 
time of an examination or to exaggerate 
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differences between normal and diseased tissue. 
However, this renders MRI invasive, and, despite 
the low potential of anaphylactic shocks, clini-
cian attendance is required. Currently, a little 
more than 10 contrast agents are approved by the 
FDA and other western agencies. Nine linear or 
cyclic complexes of Gadolinium with different 
physicochemical properties have been approved 
for different application. Higher molecular 
weight Gd 3+  complexes, often bound to macro-
molecules, can serve as blood pool contrast 
agents, as their large size prevents the leakage 
into interstitial space or diffusion through the epi-
thelium. This prolongs the available imaging 
time from several minutes up to an hour, making 
these agents ideally suited for MR angiography 
and perfusion measurements. Having said this, 
the thermodynamic and kinetic stability of 
Gadolinium complexes is utterly important, as 
the contrast agent concentration administered to 
patients would by far exceed the safe amount if 
all complexes would degrade into free soluble 
Gd 3+ . Thus, besides complex stability, rapid 
clearance of Gd 3+ -based contrast agent from the 
body is paramount. For contrast agents contain-
ing superparamagnetic nanoparticles, any safety 
concern is rarely related to nanoparticle degrada-
tion. Thus, longer intravascular circulation times 
are achieved with SPIO that are larger than 50 nm 
or ultrasmall (<50 nm) superparamagnetic iron 
oxide (USPIO) nanoparticles. The circulation 
time of these agents is concentration dependent 
and can last several hours. Unfortunately, despite 
two having successfully passed clinical trials 
(Endorem and Resovist), both have been stopped 
being marketed due to economical consider-
ations. Currently, Feredex, an USPIO nanoparti-
cle that has been approved by the FDA to treat 
anemia, is undergoing clinical trials to explore its 
use as a contrast agent. Interestingly, a very long 
half-life, a high-dose (510 mg of Fe), and a fast 
injection rate of 1 mL/s (30 mg/s) would make it 
ideally suited for the use as an intravascular con-
trast agent. 

 Smart contrast agents differ fundamentally 
from the above, as they aim to change their infl u-
ence on relaxation properties within a specifi c 
environment. Already in early days of in vivo 

MRI and MRS, the chemical shift difference 
between inorganic phosphate and phosphocre-
atine was measured to determine the pH of vari-
ous tissues. Another prototypical example in 
MRI is the transition from oxygenated hemoglo-
bin which has diamagnetic properties to deoxy-
genated hemoglobin which is paramagnetic. 
Changes in oxygenation state of hemoglobin 
build the fundamental basis for functional mag-
netic resonance imaging (fMRI) by measuring 
the BOLD (blood oxygen level dependence) 
effect. Both the chemical shift difference and a 
transition from a diamagnetic to a paramagnetic 
compound are found endogenously; thus, one can 
envisage smart contrast agents that are optimized 
to measure one specifi c physiological parameter 
by following induced changes in an observable 
MR parameter. In principle, the relaxivity can be 
modifi ed to be conditionally dependent on cer-
tain variables like enzymatic activities, signaling 
messenger, calcium ion concentration, ion chan-
nel functions, receptor systems, degree of glyca-
tion of proteins, temperature, pH, pO 2 , gene 
expression, and molecular recognition involved. 

   Smart MR Contrast Agents as pH Sensors 
 In cancer tissues there is a reversed pH gradient 
across the cell membrane. Cancer cells nor-
mally have alkaline intracellular pH values 
(7.12–7.65 compared with 6.99–7.20 in normal 
tissues) and acidic interstitial extracellular pH 
values (6.2–6.9 compared with 7.3–7.4) [ 83 ]. 
This pH gradient seems to be present upon can-
cer cell transformation. The development and 
maintenance of this gradient is directly due to 
the ability of the cancer cells to secrete protons 
and acidify their extracellular environment, 
which will trigger mechanisms favoring tumor 
invasiveness and aggressiveness [ 84 ]. Indeed, 
the low extracellular pH of the tumor microen-
vironment has been shown to promote angio-
genesis, accelerate the digestion and remodeling 
of the extracellular matrix by facilitating the 
action of acidic proteases that are secreted by 
tumor cells, and create genomic instability and 
radiotherapy resistance [ 85 ,  86 ]. Therefore trig-
gering MRI contrast agents by pH variation 
seems a promising method for highlighting 
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tumors. Overall pH is an important physiologi-
cal indicator; many research groups have 
designed pH-sensitive contrast agents [ 87 ]. 

 Different pH-sensitive contrast agents based 
on a different macrocyclic gadolinium complex-
ing structures have been developed. A pH- 
sensitive contrast agent with multiple Gd 3+  
chelates and ornithine residues was described 
[ 88 ]: The chelates are conjugated to the amino 
acid chain via squaric esters, which readily react 
with amines. This agent is sensitive in the physi-
ological range from pH 4.5 to 8.5. Likewise, a 
DO3A derivative with a tertiary amine containing 
side arm has been developed [ 89 ]. The side arm 
amine contains two long alkyl chains. For another 
compound, an interesting pH sensitivity of a Gd 3+  
complex based on a DOTA-tetramide has been 
observed [ 90 ]. Here, the relaxivity increases with 
pH from 4 to 6, but subsequently decreases 
between pH 6 and 8.5. The relaxivity remains 
constant thereafter at pH 8.5–10.5. Alternatively, 
a ternary complex between a Gd 3+  chelate and 
carbonate ions has been developed [ 91 ]. 
Following a different approach, toluenesulfon-
amide as a pH-labile ligation group in Gd(DO3A) 
chelates was proposed; as the pH of a solution is 
reduced, the sulfonamide becomes protonated 
and dissociates from the metal center [ 92 ]. A 
similar pH-sensitive dissociation in complexes 
with one  p -nitrophenolic ligating group was syn-
thesized [ 93 ].  

   Smart MR Contrast Agents as Sensors 
for Ions 
 The use of MRI to detect fl uctuations of vital 
metal ion concentrations has recently received 
much attention. The pioneering work in this area 
was conferred by Meade and coworkers who 
focused on the important role played by intracel-
lular calcium(II) in signal transduction [ 94 ,  95 ]. 
Zinc(II) is another metal ion that regulates synap-
tic transmission and cell death and is often used 
as a nutritional supplement. Selectively sensing 
Zn 2+  ions with contrast agents had been previ-
ously discussed [ 96 ,  97 ]. Iron-activated 
GdDO3A-based contrast agents [ 98 ] and 
copper(II)-sensitive contrast agents [ 99 ] have 
been developed recently. 

 Application to cancer can be envisaged. 
However, a full in vivo characterization remains 
challenging, as besides the stability of the com-
plex, other abnormal ion concentrations might 
infl uence the relaxivity behavior of the suggested 
smart contrast agents.  

   Smart MR Contrast Agents as Sensor 
for Biomolecules 
 The sensitivity of MRI contrast agents to specifi c 
enzymes depends on the mechanism of their 
interaction [ 100 ]. Provided the interactions 
between a contrast agent and an enzyme are suf-
fi ciently strong, a large increase in relaxivity will 
be observed due to the increased rotational cor-
relation time of the adduct [ 101 ]. Gene expres-
sion during an imaging experiment was followed 
[ 102 ,  103 ]. Alternatively, a magnetic nanoparti-
cle assembly was developed to allow screening of 
DNA-cleaving agents [ 104 ]. The fi rst enzyme 
activated macrocyclic MR contrast agents was 
reported [ 94 ]; hereby, the enzyme cleavages a 
molecule to free one coordination position of the 
Gd 3+  and thus increases the relaxivity. A DTPA 
derivative was synthesized which can detect car-
bonic anhydrase [ 105 ]. The gadolinium complex 
contains a sulfonamide group in place of one of 
the carboxylic acid arms of the DTPA, helping it 
to selectively target the enzyme carbonic 
anhydrase.  

   Potential Translation of Smart Contrast 
Agents into Clinics 
 Smart contrast agents offer the potential to gain 
insight into the tumor microenvironment with 
high specifi city. As such, the interest to translate 
them into humans is desirable. Diagnosis would 
fi rst have to establish that a tumor is present, and 
as such, MRI diagnosis might require fi rst an 
administration of the currently marketed contrast 
agent. Thus, clinical trials would have to estab-
lish the time frame when the smart contrast agents 
might be administered (e.g., 1 week later) with-
out being infl uenced by the initial one. Ultimately, 
as a diagnostic agent, it would have to be benefi -
cial for the patient and as such would have to 
demonstrate suitability in one of the three aspects: 
(a) a specifi c imaging biomarker that can replace 
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surgical resection or sampling; (b) as pharmaco-
logical biomarker to assess treatment interaction, 
and as such, can infl uence the treatment regimen; 
or (c) an early diagnostic agent. As large-scale 
MR clinical studies are not cheap, it remains 
doubtful if specifi c agents fi nd a sponsor who can 
bring a smart contrast agent to the market. 
Alternatively, following similar approaches of 
various PET tracers, an approval and thus reim-
bursement will be not requested, and smart con-
trast agents may be used as an investigational 
medicinal products to serve as an imaging bio-
marker in clinical trials, either as drug response 
readout or for patient stratifi cation.   

22.2.2.2    Hyperpolarization 
 As outlined in previous chapters, MRI and MRS 
are powerful tools in biomedicine and clinics. 
Magnetic resonance imaging offers excellent soft 
tissue contrast at high temporal spatial resolu-
tion. When compared to PET and computerized 
tomography (CT), it has the main advantage of 
being noninvasive and thus can be frequently 
repeated in the same subject. As a molecular 
imaging methodology, MRS and MRI have one 
main weakness when compared to the above: a 
relative low sensitivity. At room temperature, the 
population of the two energy levels with respect 
to the applied magnetic fi eld  B  0  = 3 T differs only 
by 1 proton in 100,000 (Fig.  22.13a ). Other rele-
vant biological nuclei, such as  13 C and  15  N, have 
lower gyromagnetic ratios γ, ¼ or 1/10 that of 
protons. Moreover, as a rule of thumb, sensitivity 

scales with γ 3 , largely due to lower receptivity. 
Thus,  13 C and  15  N are rarely used in clinical prac-
tice but are valuable exploratory tools in biomed-
ical research [ 106 ,  107 ].

   Nuclei with low γ tend to have higher T1, 
especially if the main relaxation mechanism 
relies on dipole–dipole interactions. Thus, in 
vivo selective  13 C and  15  N relaxation times can 
increase up to several minutes [ 108 ]. To take 
advantage of long relaxation times, hyperpolar-
ization techniques demonstrated a signal 
enhancement of up to 100,000 for different  13 C- 
and  15  N-containing compounds (Fig.  22.13b ) 
[ 109 – 112 ]. With the use of parahydrogen- 
induced polarization (PHIP), unsaturated com-
pounds can be hyperpolarized by parahydrogen 
addition and subsequent spin order transfer to 
the  13 C [ 111 ,  112 ]. Thus, it is ideally suited to 
hyperpolarize alkenes and alkynes by  cis  addi-
tion of parahydrogen using a ruthenium cata-
lyst in water. This makes PHIP methods fast, 
cost- effective and mobile and requires low 
maintenance. 

 Alternatively, dynamic nuclear polarization 
(DNP) [ 109 ,  110 ] is potentially the general 
method of choice, as they allow the transfer of 
polarization through dipolar interactions from 
electrons of paramagnetic centers (usually stable 
radicals like trityl) to neighboring nuclear spins 
of interest at low temperatures down to 1 K. 
Biomedical applications in general, became only 
feasible by the introduction of the dissolution 
method [ 110 ], allowing the rapid defrosting of the 
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  Fig. 22.13    Enhancement of nuclear spin alignment by hyperpolarization       
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mixture to room temperature while maintaining 
hyperpolarizations of up to 40 %. Moreover, the 
technique is generally applicable and has been 
used to hyperpolarize  1 H,  6 Li,  13 C,  15  N, and  89 Y in 
a variety of molecules or nanoparticles [ 108 , 
 113 – 120 ], and in theory any molecule/structure 
can be hyperpolarized. In practice, relaxation 
times are often too short to allow suffi cient hyper-
polarization for in vivo applications. Nevertheless, 
biomedical molecules of interest like pyruvate, 
bicarbonate, lactate, and others can be hyperpo-
larized and have been applied in cancer research 
[ 82 ]. Importantly, most of these are natural prod-
ucts and can be considered inherently safe. 

   [1- 13 C] Pyruvate 
 Fluxes through the LDH (lactate dehydrogenase), 
ALT (alanine transaminase), and PDH (pyruvate 
dehydrogenase) catalyzed reaction of hyperpolar-
ized [1- 13 C] pyruvate are of special interest for 
cancer (Fig.  22.14 ). The conversion of the hyper-
polarized label from pyruvate to lactate was 
shown to decrease early after chemotherapy in a 
murine lymphoma model [ 121 ]. A decrease in 

FDG uptake was found to precede the decrease in 
fl ux between pyruvate and lactate [ 122 ]. However, 
24 h after drug treatment, the magnitude of the 
decrease in FDG uptake and the decrease in pyru-
vate to lactate fl ux was comparable.

   Increased levels of lactate following the injec-
tion of hyperpolarized [1- 13 C] pyruvate were 
observed in a transgenic mouse prostate tumor 
[ 123 ]. Hereby, as the levels of hyperpolarized 
lactate correlate with increasing tumor grade, the 
readout might serve as a translatable marker of 
prostate cancer progression. The reactions cata-
lyzed by both LDH and ALT are readily revers-
ible in the cell, and therefore, the polarized  13 C 
label introduced in [1- 13 C]pyruvate, [1- 13 C]lac-
tate, or [1- 13 C]alanine can effectively exchange 
with pre-existing pools [ 124 ]. 

 An alternative to the lactate–pyruvate ratio, 
which is critically dependent on the timing of 
injection and subsequent data acquisition, is to 
measure the lactate and pyruvate signals over 
time and fi t these to a kinetic model [ 121 ,  125 –
 127 ]. Spatially resolved dynamic data of hyper-
polarized pyruvate metabolism and variable 
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uptake of pyruvate and the pyruvate to lactate fl ux 
observed in transgenic prostate tumors was con-
sistent with tumor cellularity and necrosis [ 128 ].  

   Potential Translation into Clinics 
 A translation to the clinic of the PHIP method 
would require that an interesting molecule that 
could be hyperpolarized by this method can be 
identifi ed. Moreover, safety concerns arising 
from potential contamination of the Rh-catalyst 
would have to be addressed with high priority. 
Hospital infrastructures and insurance companies 
might not appreciate the use of hydrogen to per-
form chemical reactions. 

 Unlike microdosing in PET, hyperpolarization 
still requires high concentrations of a compound, 
and thus, parent compound and its metabolites 
pose potential dose-dependent safety concerns. 
As such, hyperpolarized [1- 13 C]pyruvate, for 
example, is being developed for clinical studies 
of prostate cancer. In preparation for human stud-
ies, initial dose-escalation safety and tolerability 
studies were performed preclinically and nonhy-
perpolarized [1- 13 C]pyruvate in human volun-
teers [ 129 ]. To date, no signifi cant adverse effects 
have been reported, and hyperpolarized [1- 13 C]
pyruvate has investigational medicinal product 
status approval for initial use in prostate cancer 
patients, with a phase 1 clinical trial started in 
Oct. 2010 with an anticipated completion date of 
Dec. 2015 ( ClinicalTrials.gov Identifi er : 
NCT01229618). 

 Theoretically, following an approval of a 
hyperpolarized compound, validated GMP- 
certifi ed hyperpolarizer would be required to dis-
pose the polarized product steril, and at an 
acceptable temperature and pH. As the hyperpo-
larized compound must be delivered to the sub-
ject quickly, the MR scanner and the polarizer 
should be placed within the same environment. 
Similar to PET/radiochemistry facility, the GMP 
production of hyperpolarized compounds within 
an imaging unit will undoubtedly increase the 
administrative burden and thus, might be only 
reserved for specialized centers. 

 From the MR acquisition side, no technical 
challenges are paramount that would prevent the 
translation of specifi c hyperpolarized compounds 

in the clinics. Initial proof of concept experi-
ments of hyperpolarized compounds like [1- 13 C]
pyruvate can be conducted in specialized centers 
that have multinuclear MR capabilities. Hereby, 
 13 C is commonly available; 15  N potentially might 
require new hardware in the form of radiofre-
quency coils (rf-coils) and fi lters. As always in 
MR optimizations, depending on the organ of 
interest, a special rf-coil might be required to 
improve the signal to noise ratio. New pulse 
sequences would have to be implemented, and 
thus, the user requires access to the data acquisi-
tion software, which, with a proper research 
agreement with MR manufacturers, hardly poses 
a problem. If a research agreement is not in place, 
intellectual property (IP)-related issues concern-
ing new software developments would have to be 
negotiated. This is potentially a time-consuming 
process that could last several years and might 
still be unresolved, as MR manufactures tend to 
impose potentially unacceptable conditions con-
cerning the transfer of IP. As such, the purchase 
of a hyperpolarizer with a dedicated MR system 
may circumvent any potential IP issues, but may 
restrict price competition.    

22.2.3     Optical Imaging 

 Bioluminescence imaging requires illumination 
arising from within the body, whereby fl uores-
cence imaging requires an external light for exci-
tation, followed by the release of a longer 
wavelength, lower energy light for imaging. 
Importantly, light propagation in biological sam-
ples depends on the wavelength; the most favor-
able spectral window in terms of depth penetration 
is situated in the near-infrared range (wavelengths 
between [600 and 1,000] nm). 

 Currently, we use QDs as a general biomedi-
cal platform description, to highlight the almost- 
endless possibilities of nanoscale systems in 
imaging applications, as well as the challenges 
that currently prevent an easy translation into the 
clinical environment. 

 Unfortunately, currently hot topics that relate to 
fl uorescence [ 130 ] or bioluminescence resonance 
energy transfer (FRET and BRET) as well as new 
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developments in photoacoustic imaging are out of 
the scope of the chapter. The interested reader is 
directed to excellent books [ 131 ,  132 ] addressing 
technological fundamental and advances as well 
as giving a detailed overview of optical and endo-
scopic imaging applied to cancer. 

22.2.3.1    Quantum Dots 
 With chemical advantages in preparation of QDs, 
QD-based nanotechnology is helpful in con-
structing a biomedical imaging platform for can-
cer, covering cell studies to preclinical 
applications [ 133 ]. The physicochemical charac-
terization of QDs such as size, shape, composi-
tion, and surface features yield unique optical 
properties; besides the possibility of working as 
an ideal core for adding coating structures and 
functionalization with target ligand of interest 
(Fig.  22.15 ). QDs offer multiple advantages over 

traditional organic fl uorescent dyes as summa-
rized in Table  22.3 . Importantly, a shift of light 
excitation and ultrabright fl uorescence emission 
towards near-infrared (NIR) of NIR-QDs would 
be able to penetrate “deep” tissues (approxi-
mately 1 cm below the skin surface), making 
them suitable for in vivo imaging with high sig-
nal to background ratio [ 134 – 136 ]. Additionally, 
endogenous tissue autofl uorescence in conven-
tional in vivo fl uorescence imaging might be 
overcome by using bioluminescence or BRET as 
they do not require extrinsic excitation. BRET–
QDs with various emission wavelength have 
been developed [ 137 ]. The BRET–QDs were 
evaluated for lymphatic imaging and compared 
to conventional bioluminescence and fl uores-
cence imaging [ 138 ].

    As described earlier, the EPR effect has 
inspired the development of a variety of 

   Table 22.3    Comparison of the different properties between traditional fl uorophores and quantum dots   

 Property  Traditional organic fl uorophores  Quantum dots 

 Size scale  Molecular <0.5 nm  Colloidal 1.5–10 nm diameter 
 Hydrodynamic radius  Small <0.6 nm  Variable 1.4–40 nm 
 Absorption spectra  Discrete bands, FWHM * , 35 nm to 80 nm to 100 nm  Strong and broad 
 Emission spectra  Broad, red-tailed, and asymmetric FWHM * , 35 nm 

to 70 nm to 100 nm 
 Narrow symmetric FWHM *  
30–90 nm 

 Fluorescence lifetime  Short <5 ns. Mono-exponential decay  Long >10 ns, typically multi- 
exponential decay 

 Photostability  Usually poor  Resistance to photobleaching, 
observation time of minutes to hours 

 Multifunctionality  Diffi cult and few  Great potential 
 Toxicity  Variable, based on dye  Related to the heavy metal 

   FWHM  full width at half height of the maximum. Based on the table in Fang [ 133 ]  

QD Core

QD

Excitation wavelength

Antibodies SiRNA

PET Tracer Emission wavelength

NH2

COOH

Functional groups

  Fig. 22.15    Schematic illustration of a multifunctionalized quantum dot       
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nanotherapeutics and nanoparticles for the imag-
ing and treatment of cancer by passive targeting. 
Thus, many nontargeted QDs can be used for cell 
traffi cking [ 139 ], vasculature imaging [ 140 ], sen-
tinel lymph node mapping [ 141 – 143 ], and neural 
imaging [ 144 ]. 

 Given the potential toxicity of the heavy met-
als in QDs (e.g., Cd, Se, Zn), traditional QDs 
might require modifi cation in size, valences, 
composition, and surface coating. Hereby, spe-
cial consideration should be given to potential 
degradation of the coating polymer and its bio-
compatibility not to exert toxicological effects on 
its own (see Sect.  22.1 ). However, generally, it is 
assumed that QDs below 5.5 nm in diameter are 
cleared via the kidney [ 145 ]. Larger QDs are cir-
culating longer in the blood and thus would be 
able to reach the tumor, but will be also scav-
enged by the reticuloendothelial system. Thus, 
despite the potential toxicity, newly developed 
functionalized QDs will continue to fi nd in vitro 
and preclinical applications to foster our under-
standing about basic applications of optics, cel-
lular mechanism, targets, and transport. 
Unfortunately, the heavy metal exposure remains 
a concern and is a large hurdle to translate QDs 
into clinics.  

22.2.3.2    Multimodal Quantum Dots 
 The combination of multiple molecular imaging 
modalities can offer synergistic advantages over 
any modality alone, mainly with respect to tem-
poral spatial resolution and sensitivity. As such, 
ultrasound, MRI, PET, SPECT, MRS, optical 
fl uorescence, and bioluminescence imaging can 
be either sequentially or, depending on the hard-
ware, simultaneously employed. The creation of 
multimodular probes is often facilitated by the 
use of a “core” nanoparticle structure (e.g., iron 
oxide for MRI, QDs for optical imaging) with a 
subsequent functionalization and incorporation 
of a tracer that is sensitive to an alternative tech-
nology of choice (e.g., metal chelating macrocy-
clic to complex a PET or SPECT radionuclei). 

 Constructs can be created with ease in the 
laboratory, leading to potentially indefi nite num-
ber of combinations. Nevertheless, the feasibility 
of multimodular probes was demonstrated suc-

cessfully [ 146 ,  147 ]. Hereby, the MR-fl uorescence 
bimodal QDs were used to study targeted tumor 
angiogenesis. To improve the biocompatibility, 
the QDs bimodal probes were incorporated in a 
silica nanoparticle [ 148 ]. QD-based probes 
enabled PET after chelation with  64 Cu [ 149 ]. 

 To summarize, QDs are one example that can 
be used in nanomedicine to combine therapeutic 
components and multimodality imaging, thus 
addressing the ultimate goal of nanomedicine by 
monitoring the effi cient targeted drug delivery 
noninvasively. As purely diagnostic agents, the 
hurdles concerning toxicity and traditional 
request for PK/PD profi les, metabolite analysis, 
stability, etc. might be just too high to justify an 
investment towards a selected diagnostic 
biomarker.    

22.3     New Perspectives 
and Conclusions 

 In this chapter we have collected a relatively high 
amount of information regarding the use of the 
new molecular and functional imaging tech-
niques in oncology. Though the fi rst impression 
of the reader could be that the new technologies 
refl ect a very variable and complex set of possi-
bilities in diagnostic and therapy, the truth is that 
all that has been developed is just the implemen-
tation of the past and present knowledge of basic 
scientist fi elds such as biology, physics, and 
chemistry in a way that we can combine a dis-
crete number of properties of the matter in order 
to fi nd the best solution for the detection of the 
lesion in the organism (in this case cancer) or its 
possible cure. 

 In order to achieve these purposes, the new 
technologies presented here have to deal with dif-
ferent aspects ranging from scientifi c to econom-
ical and social issues. First of all, there is a 
considerable amount of strategies under research 
due to the possible combination of disciplines. 
Then, the selection of real promising solutions 
becomes more diffi cult. Additionally, the cost of 
clinical and preclinical research becomes higher, 
so a deep consideration about the candidate tech-
nique must be made. 
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 Current methodologies tend to go further and 
deal with the theranostics, trying to fi nd a simul-
taneously diagnosis and therapy. In this case, the 
diffi culties increase as effi cacy of both aspects 
has to be taken into account.     
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US Ultrasound
VEGF Vascular Endothelial Growth Factor
VOI Volume of interest

23.1  Introduction

Conventional imaging plays a pivotal role in can-
cer diagnosis and follow-up. Technical develop-
ments in image acquisition and display are 
changing the way radiologists interact with the 
oncological problem. Nowadays, the develop-
ment of new imaging techniques and the optimi-
sation of image quality facilitate the understanding 
of the mechanisms, causes and factors related to 
different oncological diseases. The main objec-
tive of these developments is the improvement of 
tumour diagnosis, grading and staging, as well as 
the precise treatment definition, monitoring and 
prediction of the therapeutic response.

Developed countries have reached high pene-
tration indexes of different imaging modalities, 
both for preclinical and clinical purposes. 
Nowadays, researchers and clinicians can have 
access to a wide range of techniques, including 
long-standing modalities that are continuously 
improved and upgraded and the most advanced 
developments in the molecular imaging armamen-
tarium [1]. In this context, the amount of available 
data has increased exponentially, and choosing the 
most suitable modality or sequence is becoming 
more and more difficult. This has led to the devel-
opment of multimodality imaging, which tries to 
combine different imaging modalities or sequences 
in order to improve the sensitivity and specificity 
of each independent component [2–4].

Imaging offers the possibility of noninvasively 
assessing multiple facets of pathophysiological 
processes that exist simultaneously. Different 
imaging modalities will give complementary 
information on a specific tumour-related aspect. 
In most oncological centres, multimodal co-reg-
istered imaging is routinely used in tumour stag-
ing and treatment evaluation [5]. Combining 
multiple imaging contrasts that reflect different 
aspects of pathophysiological processes may pro-
vide additional insight over what can be gleaned 
from a single imaging parameter. Multimodal 

imaging can be defined as the combination of the 
information given by two different imaging 
modalities in the same subject and close in time. 
In multimodality imaging, the need to chain mor-
phofunctional information is solved by the syn-
chronous acquisition of images from the different 
sources and merging them automatically to guar-
antee consistency in time and space. Clear exam-
ples of this type of examination are PET-CT and 
SPECT-CT procedures where final images are 
the voxel-by-voxel combination of the PET/
SPECT and CT images. Both images contribute 
to the final visualisation, although there is no 
post-acquisition signal modelling apart from reg-
istration and overlay.

Next steps are under active development and 
investigation in multimodal imaging. The devel-
opment of efficient detector systems and electron-
ics capable of detecting the two modalities signal 
at once, and the combination of new different 
source images such as MR-PET or US-optical 
fluorescence, will surely improve the capabilities 
of multimodality imaging in the oncological field.

A completely different approach is to extract 
multiple relevant tissue parameters by modelling 
the relationship between a set of registered medi-
cal images (raw data) obtained using the same 
imaging modality. A model is a simplified descrip-
tion of a system or process to assist calculations 
and predictions. A voxel-based approach will 
identify spatially heterogeneous changes on the 
analysed tissue properties that are not readily dis-
cernible. By doing this, data dimensionality 
reduction will generate intuitive interpretable 
maps with potential applications in the daily clini-
cal routine. The answer to a simple clinical ques-
tion in a personalised medicine environment, such 
as ‘do I have a prostate cancer?’ or ‘do I have to 
worry about my prostate cancer?’, must be also 
simple and understandable and not a complex dis-
play of different maps of cancer-related aspects 
such as permeability, cellularity and choline maps 
that radiologists have to subjectively integrate in 
their readings. This is the base of the combined 
multiparametric imaging development.

The objective of this chapter is to properly 
define and evaluate the contribution of multipara-
metric imaging in oncology.
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23.2  Imaging Biomarkers 
and Data

Parametric imaging and their multiparametric 
derivatives are based on signal modelling, pro-
cessing and quantitation. Although the conven-
tional image-based diagnostic, based on the 
radiologist’s integration and qualitative assess-
ment of imaging findings, is the most important 
process in the daily workflow, there is additional 
information that needs to be quantitatively 
extracted, processed and analysed for the radiolo-
gists to achieve a better monitoring about what is 
happening in the specific patient-disease interac-
tion. These quantitative measures help to deter-
mine whether there are structural, functional or 
molecular changes caused by the presence of the 
tumour, modifying its biological boundaries. 
These predictive markers help to envisage the 
outcome of cancer and to establish the best use of 
available drugs to determine the efficacy of the 
different therapies.

According to the National Institute of Health, 
a biomarker is defined as ‘a characteristic that is 
objectively measured and evaluated as an indica-
tor of normal biological processes, pathogenic 
processes, or pharmacologic responses to a thera-
peutic intervention’ [6]. This approach has two 
main advantages. First, numeric measurements 
represent quantitative variables that characterise 
and measure several different normalised param-
eters, which can be associated to a specific onco-
logical process. Second, parametric maps are 
generated and used to show the topological distri-
bution of the abnormal biomarkers in the affected 
area by a voxel-based analysis and display.

This quantitative information, obtained to anal-
yse a lesion or a biological process that is not quali-
tatively evident, is calculated by analysing different 
tissue properties whose values may then be com-
bined and simplified into a multivariate model that 
include the relevant information. The potential to 
spatially display and qualitatively measure a wide 
range of biological and physiological tumour-
related variables makes imaging biomarkers one of 
the most active fields in cancer research.

To Control data redundancy and improve 
data relevance are the most important aspects of 

medical imaging biomarkers implementation 
and quality assurance. As several parameters 
may be obtained and represented as parametric 
images from the same organ or lesion, the con-
tribution of each one to the final answer must be 
clearly evaluated and weighted. Multiparametric 
imaging is a type of multivariate analysis and 
data display dealing with the statistical defini-
tion and pattern combination of data reduction 
and data relevance increments. With the help of 
computing, statistical modelling, data mining 
and image representation, multiparametric maps 
will give a simple answer about the disease: is it 
present, where is it located, how aggressive is it 
and how will it respond to therapy.

23.2.1  Biomarker Definition: Main 
Steps

The biomarker extraction methodology and clini-
cal implementation require a careful imaging 
acquisition process, data normalisation, extrac-
tion, analysis, measurement and visualisation of 
the obtained results. Figure 23.1 shows the differ-
ent stages in the pipeline steps and data flow. The 
use of biomarkers in clinical practice and clini-
cal trials must consider several implementation 
aspects, including:
• Sensitivity. The relationship between the 

dynamic variability of the biomarker and the 
variable to be measured has to be appropriate 
in order to detect the desired effects.

• Specificity. The probability of obtaining a neg-
ative result has to be large when the target is 
not present.

• Reproducibility. The variability calculated 
after repeating the same measurement must be 
minimal in order to allow replication of the 
findings. These precision values must be 
smaller than those differences intended to be 
detected by the biomarker.

• Accuracy. The degree of closeness of the mea-
surement to the quantity’s true value.
A clinical methodology is valid if it is both 

sensitive and specific. A measurement methodol-
ogy is valid if it is both reproducible and accu-
rate. Taking into account these principles, the 
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definition of a new biomarker should involve the 
following steps [7, 8]:
• Proof of concept. Evaluate if a specific bio-

logical process can be observed with the 
available imaging and computational 
techniques.

• Proof of mechanism. To study the effect that a 
specific disease or therapeutic strategy exerts 
on the biomarker.

• Proof of principle. To perform a validation of 
the proofs of concept and mechanism in a 
small data set, before using a large number of 
subjects in a clinical trial.

• Proof of efficacy. Analyse the ability of the 
biomarker in large sample sizes to achieve 
correct measurements controlling all the steps 
involved in their calculation.

• Proof of effectiveness. Analyse the sensitivity 
of the biomarker to a specific clinical 
endpoint.

23.2.2  Biomarkers in Oncology

Cancer is a complex entity that affects several 
systems including metabolism, gene expression, 
functional proteins, vascular recruitment and cell 
growth [9]. The role of quantitative imaging sig-
nal biomarkers and sample biomarkers in cancer 
involves many fields (Fig. 23.2), including mainly 
cancer diagnosis, prognosis, therapeutic response 
and oncological drug development.
• Diagnosis. The use of biomarkers can help in 

the diagnosis of cancer by determining, for 
example, whether a tumour located in the 
brain is primary or not. This aspect can be 
tested by evaluating the chromosomal altera-
tions in the affected area, which are different 
in primary tumours and metastases [10] or by 
the in vivo MR spectroscopy of the lesion 
[11].

• Prognosis. Biomarkers can also predict the 
course of cancer. This helps in estimating the 
outcome of the illness in order to establish the 
most effective (more or less aggressive) 
patient-specific treatment. For example, some 
studies have demonstrated that an increased 
level of TIMP-1 (tissue inhibitor of metallo-
proteinases) has a good correlation and pre-
dicts for poor survival in patients with 
advanced myeloma [12] and that quantitative 
pharmacokinetic assessment of dynamic 
contrast- enhanced MR parametric images of 
hepatocellular carcinoma can separate lesions 

Proof of concept

Proof of mechanism

Proof of principle

Proof of efficacy

Proof of
effectiveness

Definition of a
new biomarker

Fig. 23.1 Stages during the definition of a new 
biomarker

Biomarkers in Drug development

Biomarkers for
Diagnosis

Biomarkers for
Prognosis

Before cancer After cancer

Time

Biomarkers for
Therapeutic response

Fig. 23.2 Use of biomarkers 
in the oncological workflow
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with different microvascular properties and 
biological evolution [8].

• Therapeutic response. Biomarkers may help to 
predict response to treatments, analysing the 
effects that a particular therapy has in a spe-
cific patient. For instance, the oncogene HER2/
Neu (human epidermal growth factor receptor) 
has been validated as a predictor of response to 
HER2-targeting therapy [13], as the HER2 
over-expression is detected when there is a sig-
nificant increment in the cellular growth and 
division, showing a more aggressive cancer. It 
is also known that functional imaging tech-
niques such as diffusion- weighted (DW) and 
dynamic contrast- enhanced (DCE) MR imag-
ing have the ability to depict important 
tumoural biological features and are able to 
predict therapy response based on assessments 
of cellularity and tumour vascularity, which 
often precede morphologic alterations [14].

• Drug development. The use of biomarkers may 
decrease the duration of the clinical trials by 
earlier showing the relevant changes to the 
tumour and the evaluated drug effect. Many 
oncological treatments have promising results 
in phase 1 and phase 2 trials but nevertheless 
do not achieve the desired success level in 
phase 3 trials. For example, PET imaging with 
Carbon11 radiotracers is useful to study the 
pharmacokinetics in new anticancer drugs 
obtaining information about the metabolic pro-
cesses and active molecules [15], which can be 
potentially useful to improve the development 
times. Also emerging evidence indicates that 
multiparametric analysis of DCE-MRI data 
offers greater insight into the mechanism of 
drug action in early-phase trial design than 
studies measuring a single parameter, such as 
the blood vessel permeability Ktrans value [16].

23.3  Parametric Imaging

One of the key factors in the clinical acceptability 
and success of an imaging biomarker is the way it 
is represented and the amount of information pro-
vided to the specialist interpreting the results and 
integrating them into the patient-specific status. 

Images are treated as raw data by post- processing 
techniques and computational models. Imaging 
biomarkers are calculated from specific math-
ematical models applied to the signal obtained in 
the acquisition modality. In this sense, the extrac-
tion of the biomarker can be performed either 
from the application of the model to the averaged 
intensities contained in a certain region of inter-
est (ROI) or from a voxel-by-voxel basis. The 
first method ignores any information regarding 
the spatial distribution of the signal variations, 
obviating the heterogeneous distribution of the 
biomarker (e.g. as it occurs in  cancerous tissue, 
where different physiologic and biological sce-
narios coexist). Therefore, the voxel-by-voxel 
parametric approach is preferable.

Parametric imaging consists in the generation 
of synthetic maps representing the spatial distri-
bution of imaging biomarkers and is the most 
suitable tool to analyse the heterogeneity of the 
distribution of the biomarker at the examined 
lesions, organ or tissue. This quantitative 
approach tends to be as automated as possible, 
reducing user interaction to maximise reproduc-
ibility. The output is a series of colour parametric 
images and, as these biomarkers often show 
functional information, they are superimposed on 
anatomical images to help user interpretation.

The main advantage of multiparametric imag-
ing is that images do not represent arbitrary 
intensity units but quantitative biological-related 
data obtained by the analysis of a model and usu-
ally represented in a colour scale (compared to 
the greyscale of the original source images) [17]. 
These parametric images are also widely consid-
ered as univariate maps, since they represent a 
certain variable or parameter that has been 
extracted from a model and has, usually, a spe-
cific measurement unit (e.g. the apparent diffu-
sion coefficient obtained from DW MR images; 
parameter: ADC; units: mm2/s).

23.3.1  From Source Data and 
Redundancy to Parameters

The generation of parametric images can be 
understood not only as the process to obtained 
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hidden tissue properties by signal modelling but 
also as a process of data reduction, passing from 
a huge amount of acquired data in the obtained 
images to the spatial parametric representation of 
the imaging biomarker that is relevant to the dis-
ease (Fig. 23.3). As an example, several temporal 
acquisitions are performed in perfusion studies 
ending up with a high number (typically hun-
dreds) of images containing information that is 
not directly relevant to the radiologists, while the 
application of the proper pharmacokinetic model 
to the enhancement curves allows the extraction 
of the relevant parametric distribution of the vas-
cular permeability coefficient (Ktrans) in all the 
slices of the acquired volume (tens of images).

23.3.2  Synthesizing Matrices 
and Volumes

In the data reduction process, in order to synthe-
size parametric images, a mathematical function 
included in a computational algorithm processes 
the image intensities in each voxel to produce the 

measurable values of the imaging biomarker, Pim 
(Eq. 23.1)

 
P i j f I i jim , ,b k( ) = ( )   

(23.1)

where Ik represent the intensities of different 
images, k is the type of image and i, j are the posi-
tions of the pixel in the planar image matrices.

Although parametric images obtained from 
the processing of medical images can be directly 
related to the 2D dimension due to the concept 
‘image’, the reasoning in Eq. 23.1 can be per-
fectly extrapolated to 3D information data sets in 
order to generate parametric volumes.

There are different types of parametric imaging 
extraction techniques, depending on the type of 
functions applied for the extraction of the imaging 
biomarker. The main ones are the following:
• Voxel-wise curve fitting: A mathematical model 

is applied to signals built from images of an ana-
tomical region acquired repeated times with the 
variation of a certain parameter (e.g. temporal 
variation in dynamic perfusion studies or 
b-value changes in MR DW imaging studies).

Computational
analysis

Parametric
image

Fig. 23.3 Data reduction for the parametric image generation in the extraction of an imaging biomarker of perfusion 
from a dynamic study
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• Static morphology-texture analysis: Direct 
morphology or texture characteristics are 
extracted from the images acquired in a spe-
cific anatomical region (e.g. cortical thickness 
from high spatial resolution MR).

• 3D model simulation: Generation and simula-
tion of 3D models of organs or tissues from a 
set of images acquired in a specific anatomical 
region (e.g. computational fluid dynamics 
analysis in a model of the aorta extracted from 
CT images).

23.3.3  The 2D and 3D Spatial 
Localisation of Biomarkers

It is important not only to generate parametric 
images containing the spatial distribution of a 
biomarker but also to identify the exact spatial 
position of its major alterations and pathological 
changes. As tumours are highly heterogeneous 

tissues, it is desirable that the generated para-
metric images are spatially registered to anatom-
ical images, improving the quality of the 
quantitative data available for the accurate diag-
nosis and also guiding the biopsy and/or thera-
peutic procedures. An example of registration 
and image fusion of DW parametric maps calcu-
lated after the application of the intra-voxel inco-
herent motions (IVIM) theory [18] can be 
observed in Fig. 23.4.

Parametric volume reconstructions can also be 
generated from the 3D source data set. These 
images may be obtained, after the proper seg-
mentation of any organ or volume of interest 
(VOI), from the selected tissue, reducing the 
computational burden. In this case, the biomarker 
is also calculated voxel-base and then the ‘cloud’ 
of values superimposed to the reconstructed VOI. 
An example of a parametric volume reconstruc-
tion of the metabolic profile in a prostate can be 
appreciated in Fig. 23.5.

DWI - IVIM

T2

IVM – Bi-exponential model.
Computational analysis

Parametric images
of D, D*, f

Image fusion
Spatial localization

Fig. 23.4 Calculation of diffusion parametric maps and registration to anatomical T2 by the application of a biexpo-
nential mathematic model to diffusion images acquired with different b-values
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23.4  Multiparametric Imaging

Combining multiple imaging quantitative param-
eters that reflect different aspects of pathophysi-
ological processes will provide new insight over 
what can be collected from single parametric 
maps. As noticed, the advances in imaging tech-
nology have boosted the availability and speci-
ficity of imaging modalities. Following the 
modern tendencies of medicine to provide tai-
lored diagnosis and treatments, a whole variety 
of imaging- derived quantitative measures com-
pete to be the gold standard for each piece of the 
cancer management items and hallmarks’ evalu-
ation. However, it seems that there are not single 
winning candidates comparing different proto-
cols inside particular modalities. As this race 
needs to take into account many factors, includ-
ing clinical and technical aspects, researchers 
are interested not only in developing advanced 
imaging tools but also in making the most of 
what is currently available in conventional clini-
cal centres.

An interesting new approach, currently work 
in progress, is the multiparametric imaging. 
Some approaches involve evaluating different 
imaging data sets that are typically acquired at 
the same imaging session, while other approaches 
concentrate on the evaluation of longitudinally 
acquired single parametric maps [19]. One clear 
example of the first way is the MR study of the 
prostate using perfusion, diffusion and spectros-
copy. In this case, different sequences from the 
same imaging modality are used and combined, 

but there are still several issues that need to be 
addressed for this approach to be standardised 
and widely used [20, 21]. The longitudinal multi-
parametric approach is given by the change in 
time of the relevant parameters, which typically 
evaluate the treatment effect in a given disease. 
The statistical analysis of large image series can 
also provide secondary images that minimise any 
redundant data [22].

Multiparametric imaging biomarkers extracted 
by post-processing manipulation can also be con-
sidered secondary images to be further analysed 
and included in the multidimensional imaging 
workflow. Figure 23.6 shows a theoretical frame-
work in which several imaging modalities, proto-
cols and biomarkers can be used and where 
multiparametric imaging can be applied at differ-
ent levels.

The levels described above may release a sig-
nificant number of images, describing either 
gross alterations or different biological behav-
iours at a group of pixels. However, these results 
may be difficult to summarise in a single report 
and it becomes necessary to reduce the amount of 
data to just the relevant, mainly by statistical 
regression. At this level, statistics or pattern 
recognition- based techniques play an essential 
role to determine which images (either original 
images or computationally derived imaging bio-
markers) and with which weights provide the 
most useful information about the clinical ques-
tion being evaluated.

The final output can be considered as a noso-
logical image that shows on a pixel-by-pixel 

1.3

1.1

0.9

0.7

0.5

(Cho+Cr)/Cit

Fig. 23.5 Parametric volume reconstruction of the Choline-Creatine to Citrate (Cho + Cr/Cit) ratio in a prostate, 
extracted from the processing of MR spectroscopy data
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basis the probability of a disease or any other bio-
logical condition the model takes into account 
[23]. For localisation purposes, it is again 
 common to show the nosological image superim-
posed on an anatomical image.

Obtaining nosological images in multipara-
metric imaging is not a simple task, and the tech-
niques used to compute these images vary greatly 
depending on the output information that the 
nosological image should include. Nosological 
images may be based on rules or models based on 
statistical studies (as in the case of the creation of 
nosological images for prostate tumours from 
MR spectroscopy imaging based on ratios 
between metabolites) or may be based on pattern 
recognition approaches (Fig. 23.7).

Techniques based on pattern recognition anal-
yse voxel-wise or region similarities between 
image biomarkers in order to establish mathe-
matical relations between them. There are two 

main approaches for creating an image from dif-
ferent parametric biomarkers using pattern rec-
ognition techniques. The first and most common 
is the supervised classification approach. The 
supervised classification is a specific case of pat-
tern recognition task where the goal is identify-
ing a relationship between observations and a set 
of known categories so that new, previously 
unseen observations of unknown categorisation 
can be assigned a category or class label [24, 25]. 
On the other hand, it can occur that we do not 
have the pixels labelled in order to train a super-
vised classifier or that our goal is to obtain a blind 
segmentation of the different tissues existing in 
the parametric image according only to the bio-
markers values. In this case we can use unsuper-
vised classification methods [26].

It is important to note that in most cases, the 
biomarkers included in the multiparametric 
imaging studies present a high degree of 

Subject

Imaging modalities
and protocols

Biological Tissue classifier
Nosologic images

Multimodal
fusion images

Parametric images

Fig. 23.6 Diagram showing the different levels of multi-
parametric imaging. Multimodal images are acquired from 
the subject and they can be directly combined to obtain 
descriptive fusion multiparametric images. If post-process-
ing algorithms are applied on the original images, imaging 

biomarkers can be extracted and combined in new multipa-
rametric images. Finally, if there is enough data and proof, 
statistic models can be built to generate multiparametric 
nosological images
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 redundancy. Therefore, it is desirable to use 
dimensionality reduction techniques over the set 
of biomarkers to reduce the input variables of the 
model in which the nosological image is based. 
Dimensionality reduction techniques can be 
based on feature selection techniques (relief, 
stepwise, statistical selection), multivariate pro-
jections algorithms (PCA, LDA, CNMF) or man-
ifold learning techniques (isomap, locally linear 
embedding, semi-definite embedding).

Statistically or pattern recognition-derived 
multiparametric images are based on data-driven 
models and therefore need even larger databases 
to build significant knowledge models that mini-
mise bias from different sources. This demand 
for standard methodologies and large databases 
has set a hotspot for research taskforces both in 
preclinical and clinical oncology studies.

It is important to know that while descriptive 
multimodality images only need to take into 
account a correct registration of the images so 
that the functional information is correctly 

 overlaid on the anatomical image, multiparamet-
ric images need more robust standardised acqui-
sition protocols and image processing workflows. 
Also, it is necessary to previously evaluate how 
accurate and reproducible the biomarker is (i.e. 
with large databases of samples and subjects) to 
ensure a standard methodology. Finally, it is also 
important to notice that adequate visualisation 
tools are required, as radiologists and physicians 
need to interpret the resulting images accurately. 
False colour images overlaid on greyscale ana-
tomic images are usually the best option, so that 
a colour bar indicates the value of the parameter 
or nosological output at each pixel (Fig. 23.8).

23.5  Examples of Multiparametric 
Imaging in Oncology

Despite the direct clinical utility of the spatial 
distribution of an imaging biomarker in a 
 parametric map or combined biomarkers in a 
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Fig. 23.7 Stepwise process in the development of multiparametric nosological images through signature models

L. Martí-Bonmatí et al.



533

multiparametric nosological image, its integra-
tion in the clinical routine is an issue of current 
concern. Nowadays, the DICOM Structured 
Reporting (DICOM-SR) is being established as 
the main way to complement the traditional qual-
itative reports in medical imaging with new quan-
titative information that may improve not only 
the diagnosis but also the treatment response and 
follow-up.

As mentioned, the display of too many imag-
ing biomarkers also presents a saturation risk, as 
the amount of parameters that can be calculated 
today may become a confounding factor for 
appropriate clinical use. That is why many of 
these parameters, spatially represented by para-
metric images, may be further analysed in con-
junction with data reduction techniques that 
permit the generation of multivariate parametric 
maps, more oriented to the simplified manage-
ment of the clinical endpoints of the disease.

Multiparametric imaging combines 
 quantitative information from a number of tech-
niques to provide a multidimensional-multispec-
tral, spatial and temporally resolved, depiction of 
tumour morphology and biology [27]. In oncol-
ogy, multiparametric imaging enables complex 
and multifaceted depiction of tumour phenotype, 
improved characterisation of lesion pathology 

and more accurate assessment of the therapeutic 
response [28].

MRI biomarkers of tumour oedema, vascular 
permeability, blood volume and average vessel 
calibre are increasingly being employed to assess 
the efficacy of tumour therapies.

The main biomarkers evaluated by imaging 
that can be related to the different tumour hall-
marks are cell density, interstitial space volume, 
perfusion changes (such as blood flow, blood vol-
ume, mean transit time, contrast transfer coeffi-
cients and vascular fractions), oxygen and choline 
concentration. However, the dependence of these 
biomarkers on a number of physiological factors 
can compromise their sensitivity and complicate 
the assessment of therapeutic efficacy [29].

Tumour cellularity can be approached by the 
apparent diffusion coefficients (ADCs) calcu-
lated from diffusion MR imaging. A decrease in 
ADC has been shown to correlate with an 
increase in tumour cellularity, while an increased 
ADC correlates with a decrease in cellularity as a 
result of successful treatment and/or radiation- 
induced necrosis [30]. Even more precisely, the 
slow component (D) of the biexponential behav-
iour of the signal decay in a multiple b-values 
DW IVIM experiment more closely relates to cell 
density.

2.5 (Tumor)

- 0.7 (Infiltration)

- 1.8 (Non-Tumor)

Fig. 23.8 Nosological image obtained after the multipa-
rametric analysis of dynamic susceptibility-weighted 
MR images of a glioblastoma. The colorbar shows the 
value of a discriminant function obtained from a linear 

combination of different quantitative perfusion parame-
ters. The centroids of tumour, infiltration and nontu-
moural regions are indicated
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Measurements of tumour perfusion are based 
on the temporal analysis of the signal behaviour 
after the administration of a contrast agent. 
Although the acquisition techniques may be dif-
ferent (DCE-US, DCE-CT, DCE-MRI), the 
dynamic analysis reflects tumour vascular den-
sity (typically correlates with peak enhancement, 
blood volume and/or permeability-surface area 
product). Vascular density is related to tumour 
oxygenation and hypoxia-inducible transcription 
factor (HIF-1) activity, which increases angio-
genesis via vascular growth factors, thereby sup-
porting tumour growth and survival [28].

Even more, oxygen parametric maps can be 
obtained by the extraction of the transverse relax-
ation time (R2) in a multi-echo MR sequence. 
Multivoxel MR spectroscopy gives information 
on the local concentration of choline, having the 
potential to perform truly quantitative tissue 
characterisation.

Although several examples of parametric 
assessment of tumours are now being evaluated, 
the relevance of multiparametric imaging has not 
been exploited. The most advanced case in multi-
functional imaging is prostate cancer in tumour 
detection and grading. These data can also be 
extrapolated to understand targeted therapy defi-
nition and response, personalising diagnosis and 
therapy. However, nosological images are not 
implemented already.

Also, combined imaging of glucose metabo-
lism (FDG-PET) and angiogenesis (DCE-CT) 
can allow vascular-metabolic phenotyping of 
rectal tumours. A mismatch between tumour 
vascularity and metabolism reflects adaptation 
to hypoxia and adverse tumour biology. The 
high metabolic/low vascularity phenotype is 
common in colorectal tumours with greater 
expression of VEGF and HIF-1, suggesting an 
adaptation to hypoxia via angiogenesis. Even 
more, high blood flow and blood volume in rec-
tal cancer has strong predictive value in response 
to either adjuvant or neo-adjuvant chemo/
radiotherapy.

Finally, in the brain and breast, multiparamet-
ric images can be used to predict tumour aggres-
siveness and response to treatment. Perfusion, 
metabolic and cellularity images, as well as elas-

tograms, have proved their efficiency in this mat-
ter, although their combination is still work in 
progress.

23.6  Texture-Based Imaging

Tumour tissue properties can be also analysed by 
the examination of the texture characteristics. 
These texture-based techniques permit the char-
acterisation of the imaging findings in terms of 
touch properties like smoothness, uniformity, 
roughness and granularity. Furthermore, texture 
analysis methods can be applied both to original 
and parametric or multiparametric images.

The main methodology for the application of 
texture analysis is based on the use of co- 
occurrence matrices in order to analyse repetition 
patterns in the image. If a certain voxel of the 
image is taken as the reference, the co-occurrence 
matrix is then generated by the analysis of the 
neighbouring voxels that have similar intensity 
values and the distance between them. In other 
words, a texture mapping is a measure of the rela-
tionship between different signal intensities. The 
co-occurrence matrix needs to be normalised in 
order to calculate concrete parameters which rep-
resent some texture characteristics like the cor-
relation, contrast, entropy, energy and 
homogeneity  [31].

Regarding oncological analysis, the correla-
tion is increased when the difference or distance 
of the tumour voxels to the average tumour value 
is smaller. The texture contrast properties detect 
abrupt signal intensity changes within the anal-
ysed region. Contrast can be mathematically ana-
lysed by the distance of elements to the main 
diagonal of the co-occurrence matrix, which con-
tains the elements with similar intensities; thus, 
the contrast is higher if the corresponding ele-
ments are distant from the diagonal. In terms of 
imaging, when the probabilities of having spe-
cific intensities are similar, high entropy values 
are obtained since there is uncertainty. However, 
the entropy value will be lower if we have high 
probabilities of having a specific intensity in a 
uniform texture. The energy can be extracted 
from the convolution of the image of the tumour 
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with filters for specific spatial frequencies. 
Finally, homogeneity is a marker of texture simi-
larity in a certain region and is higher as probabil-
ities of occurrence increase.

The study of tumour heterogeneity through 
textures analysis can be directly performed on the 
original images, parametric images or multipara-
metric images. As an example, such texture anal-
ysis techniques can be applied to simple MR 
diffusion images acquired at a b-value of 1,000 s/
mm2 or to the resulting parametric maps of the 
diffusion coefficient (D) extracted from the appli-
cation of the intra-voxel incoherent motion 
(IVIM) theory [18] (Fig. 23.9). By this approach, 
we can quantitatively analyse the degree of het-
erogeneity in the cell density within the lesion.
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 interferon , 88  
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 technical and interpretational imaging errors , 62  
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 interpretation of , 354  
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 18-FDG PET 
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 bone marrow biopsy , 194  
 response assessment , 199–201  
 SUV measurements , 194–195  
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 complications , 480  
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 pathology , 477–478  
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  Radiotherapy 
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